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ABSTRACT OF THE DISSERTATION 

Genomics and transcriptomics of the Greater Duckweed, Spirodela polyrhiza, a model 

for aquatic biology 

 

 

By WENQIN WANG 

 

Dissertation Director: 

Dr. Joachim Messing 

 

My thesis provides the first whole genome analysis of an aquatic plant, Spirodela 

polyrhiza and a reference genome for a new order among the monocotelydonous 

angiosperms. The Lemnoideae belong to the order of the Alismatales and are commonly 

known as duckweeds, the smallest, fastest growing, and simplest of aquatic plants, thus 

telling them apart is not a trivial task. Whereas a simple and accessible protocol has been 

established for land plants by the Consortium for the Barcode of Life with seven 

universal DNA barcoding markers, we found that atpF-atpH noncoding spacer is the 

most promising marker for duckweed species-level identification. Furthermore, our 

assembly and annotation of the Spirodela chloroplast and mitochondrial genomes open an 

opportunity of population-level classification.  

A key to our understanding of the evolution of a species and its potential use is 

the gene content of the organism. Therefore, we sequenced Spirodela polyrhiza 7498 that 

has one of the smallest genomes with 158 Mb within this subfamily of species. The 
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genome contains 19,623 predicted protein-coding genes, sharing a total of 8,255 common 

gene families with Arabidopsis, tomato, banana, and rice despite a significantly reduced 

gene number. Reduced gene families and missing genes reflect changes consistent with 

its compact and reduced morphogenesis or forever-young life style, aquatic suspension, 

and suppression of juvenile-to-adult transition. 

Spirodela exhibits a remarkable phenotypic plasticity to adapt to cold weather in 

winter. We identified and functionally annotated 362 differentially expressed genes, 

which open a major step towards understanding the molecular network underlying 

vegetative frond dormancy. Moreover, the expression data for lipid and starch 

biosynthesis together with the turion-specific transcriptional genes from our RNA-Seq 

data could be ideal targets to develop duckweeds into oil crops. 

Thanks to its unique and fascinating biology, applications of duckweed in water 

remediation and as a renewable energy source are predicted to have a bright future. The 

genome sequence of Spirodela provides the first step to identify, understand, and improve 

relevant traits for specific target applications. 
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CHAPTER 0    Overview: duckweed biology, genomics and transcriptomics 

0.1 Abstract 

Duckweeds have been studied at the botanic and biochemical level. However, 

their reduced morphology and constant environmental selection have not been subjected 

to molecular analysis. Therefore, my first but preferential task has been to screen a large 

duckweed collection from the late Dr. Landolt of Switzerland for genome size variation 

and to develop DNA bar-coding markers in order to replace the previously ambiguous 

classical systematics. Comparing different species and ecotypes, I found that atpF-atpH 

was the preferred barcoding marker due to its ease of amplification and sufficient 

polymorphism.  

Furthermore, I was able to choose the species with the smallest genome size for 

whole-genome sequencing. This was Spirodela polyrhiza with 158 Mb. For sequencing 

genomes and predicting the gene content of Spirodela, I took two approaches. I used a 

next generation sequencing platform to sequence total plant DNA and assembled the 

organelle genome sequences with a dosage-sensitive algorithm. I also provided nuclear 

genomic DNA for community-service sequencing center at the Department of Energy 

Joint Genome Institute (JGI). To reach chromosome-size pseudo-molecules from the JGI 

data, I used the genomic DNA to construct a 10X Spirodela bacterial artificial 

chromosome (BAC) library, which was DNA fingerprinted with a high-throughput 

method by Dr. Luo at the University of California at Davis. The BACs were also end-

sequenced with long reads using the traditional ABI capillary sequencers so that a 

physical map could be aligned with contigs from sequence assemblies. A key finding of 
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the analysis of the chromosome-size DNA sequences is that the reduced gene families 

and missing genes are consistent with its compact morphogenesis, aquatic suspension and 

suppression of juvenile-to-adult transition. The contraction or expansion of special gene 

families provides new information of how to design new transgenic duckweed for 

industrial applications like animal feeding, wastewater treatment, and biofuel.  

In respect to gene expression, I provided cDNAs for transcriptome sequencing at 

JGI to aid in the annotation of the gene content. I also investigated one example of gene 

expression involved in starch biosynthesis switching from growth to dormant phase of the 

life cycle. In addition, RNA deep sequencing was performed at the Waksman Genomics 

Facility and I was able to obtain detailed information for dormancy related gene 

expression.  

Rapid advances in sequencing technologies will continue to promote a 

proliferation of genome sequences for additional ecotypes as well as other duckweed 

species. Here, we review the current status of genome research in duckweed for my 

projects. 

0.2 Morphology, life cycle and applications 

Lemmnoideae, called duckweeds, are aquatic plants seen on water surfaces 

broadly distributed around the world. They are remarkably adaptive in aquatic 

environments and exhibit an extreme compact structure and a fast clonal growth [1]. 

They include five genera of Spirodela, Landoltia, Lemna, Wolffiella and Wolffia, and a 

total of 38 species [2]. The leaf-like organ, called frond is the simple version of the 
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combination of leaf and stem. The whole plant size is extremely small, ranging from 1 to 

10 mm (Figure 0.1).  

 

Figure 0.1 Five genera of duckweeds. 

The relative size of Spirodela, Landoltia, Lemna, Wolffiella and Wolffia compared to an 
American quarter. The figure was modified from [3]. 

Duckweeds have a very unique life cycle with seasonal change [4]. Fronds, as a 

growing state, engaging in photosynthesis grow fast and mainly collect biomass under 

optimal conditions in spring and summer. When it is getting cold and they are deprived of 

nutrients at the end of growing season in the fall, fronds shift to a dormant phase termed 

turions (Figure 0.2). Turions allow duckweeds to endure harsh cold winter and adapt to a 

life worldwide [5, 6]. Especially, the facts of abundant starch in turions as well as little 

amount of lignin become a luminous point for biofuel use either by converting starch into 

ethanol or redirecting carbon flow into oil [7].  
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Figure 0.2 Life cycle of Spirodela. 

Under	
  the	
  optimal	
  conditions	
  of	
  nutrition	
  and	
  temperature,	
  Spirodela	
  does	
  fast	
  
vegetative	
  growing	
  by	
  the	
  format	
  of	
  fronds,	
  while	
  under	
  the	
  poor	
  conditions	
  such	
  as	
  
stress	
  of	
  ABA,	
  starvation	
  and	
  cold,	
  fronds	
  are	
  switched	
  into	
  dormant	
  state	
  of	
  turions	
  
that	
  accumulate	
  starch	
  and	
  sink	
  to	
  the	
  bottom	
  of	
  the	
  ponds	
  
	
  

For long time duckweed has been used to study photosynthesis because of its 

ability to convert sun energy into biomass efficiently. They are also used as monitoring 

device for measuring water quality by the Environmental Protection Agency because they 

take up nutrients directly out of the water [8]. With fast biomass accumulation and the 

need of little amount of lignin to support their floating body, it has attracted a lot of 

attention in industrial applications, such as wastewater treatment and biofuel processing 

[9-11].  

0.3 DNA barcode 

Their miniature plant size, highly reduced morphology and rare flowering impose 

a big challenge to distinguish the nearly 38 species. Some progress had been made with 
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the analysis of metabolites like flavonoids, anthocyanins, and allozymes in combination 

of morphological traits [2, 12]. However, the high resolution of DNA polymorphism, 

permits us to use the chloroplast genes of rbcL and matK together with introns of trnK 

and rpl16 in phylogenetic and systematic analysis of these species [2]. The Consortium 

for the Barcode of Life (CBOL) plant-working group proposes seven leading candidate 

barcoding markers. Four plastid-coding genes are rpoB, rpoC1, rbcL and matK and three 

noncoding spacers are atpF-atpH, psbK-psbI and trnH-psbA [13]. Based on these 

markers, we evaluated DNA sequence polymorphism in 97 ecotypes from 31 duckweed 

species. We found that atpF-atpH appears to be the most promising DNA barcode marker 

based on its reliable amplification, straightforward sequence alignment, and rates of DNA 

variation between species and within species [14] (See Chapter 1). 

0.4 DNA sizing 

To estimate the genome size and to provide a basic reference for a duckweed 

genome sequence project, we measured the DNA content for 115 different ecotypes of 23 

duckweed species by flow cytometry (FCM). Surprisingly, there is a continuous increase 

of DNA content that parallels a morphological reduction in size, ranging from 150 Mb in 

Spirodela to 1,881 Mb in Wolffia (Figure 0.3). There is a significant intraspecific 

variation in the genus Lemna. However, no such variation was found in the genera of 

Spirodela and Landoltia.  With few samples for the same species in Wolffiella, and 

Wolffia, it is unclear if the intraspecific variation exists or not [3] (See Chapter 2).  
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Figure 0.3 Genome sizes of duckweeds. 
The x-axis shows the total of tested number for each genus and y-axis shows the genome 
size in Mb. The tested species are Spirodela polyrhiza, Landoltia punctata, Lemna 
aequinoctialis, Lemna valdiviana, Lemna minor, Lemna gibba G-3, Lemna trisulca, 
Lemna japonica, Lemna obscura, Wolffiella hyaline, Wolffiella gladiata, Wolffiella 
lingulata, Wolffia brasiliensis, Wolffia borealis, Wolffia australiana, Wolffia 
microscopica, Wolffia globosa, Wolffia angusta, Wolffia neglecta, Wolffia elongata, 
Wolffia Columbiana, Wolffia cylindracea, Wolffia arrhiza. The figure was modified from 
[3]. 

0.5 Chloroplast genome 

Ecotypes refer to the population of the same species but from different 

geographical locations. Whereas we find that the same species for different ecotypes has 

undifferentiated morphology and almost identical DNA barcode sequence of atpF-atpH, 

they still could represent distinct physiological attributes [15]. For example, the ecotypes 

of Spirodela polyrhiza have a very broad range of turion yield from 0.22 to 5.9 times of 

the vegetative frond. Previous findings also indicate that phenotypic differences are 
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probably inherited as the result of DNA mutations [16]. Therefore, in an effort to screen 

and isolate suitable ecotypes with high starch, protein or rapid growth, or with heavy 

metal tolerance for the application of animal food, biofuel, wastewater treatment, it is a 

prerequisite to differentiate ecotypes as well [17]. It has so far proved to be difficult to 

genotype ecotypes only based on limited DNA markers. Additional polymorphism is 

needed to delineate ecotypes of the same species. Thus, the full plastid genome becomes 

the best avenue due to their highly conserved sequence but increased resolution and 

informative sequence variation. Together with the fast improvement of next-generation 

sequencing technology, it is feasible to get multiple plastid genomes simultaneously 

using the multiplex bar-coded library system [18].  

We have sequenced total frond DNA from Spirodela using SOLiD sequencing 

platform. It generates about 1,000-times coverage of chloroplast, 100-times of 

mitochondria and 10-times of nuclear genome at the same time in a quarter slide. 

Therefore, the plastid genome with its copy number could be de novo assembled into 

contigs by setting up higher coverage threshold in order to computationally filter the 

nuclear and mitochondrial reads. Although the chloroplast genome is conserved in gene 

number and organization with respect to other species, higher nucleotide substitutions, 

abundant deletions and insertions occur in non-coding regions [19], facilitating its 

utilization for ecotype identification and evolutionary studies. The complete organelle 

genomes in duckweeds also provide a wealth of information to understand photosynthesis 

and energy utilization especially under aquatic environments (See Chapter 3). 
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0.6 Mitochondrial genome 

The same plant DNA sequences that have been used to assemble chloroplast 

genomes can also be used to assemble the Spirodela polyrhiza mitochondrial genome by 

adjusting the parameters for the relative copy number of mitochondria. Furthermore, the 

assembled chloroplast sequence can be used to filter chloroplast reads computationally 

prior to the assembly of the mitochondrial sequences. The Spirodela mitochondrial 

genome is the most compact among monocots with 228,493 bp. It shares the conserved 

protein-coding genes with other monocots, but after eliminating genes, introns, ORFs, 

and plastid-derived DNA, nearly four-fifths of the genome is of unknown origin and 

function [20] (See Chapter 4). 

0.7 Nuclear genome 

Although a number of genomes of monocot species in particular within the grass 

family [21-24] and one example outside, banana [25] have been sequenced and 

annotated, a high quality genome sequence of a different order than the two above will be 

invaluable for gene discovery and evolutionary analysis of basal monocot species. 

Therefore, the genome sequence of a duckweed species cannot rely on a pre-existing 

reference genome for assembly and has to be sequenced based on a physical map that is 

derived independently from sequencing. Furthermore, to avoid a genome with a high 

content of repetitive DNA, such as retrotransposons, Spirodela polyrhiza 7498 with the 

small genome size of 158 Mb was selected for such a reference genome [3].  

A critical factor in keeping sequencing cost down has been the elimination of the 

huge number of DNA preparations for sequencing with the BAC-by-BAC approach. This 



	
   9	
  

was first illustrated for viral genomes, when Sanger’s group sequenced phiX174 

fragment-by-fragment [26] and Messing’s group Cauliflower Mosaic virus with DNA 

libraries [27]. This concept of parallelization of sequencing reactions has greatly been 

accelerated with next generation sequencing platforms that permit us to sequence DNA 

ligations without the separation of individual templates by cloning [28]. Therefore, we 

have used in the case of Spirodela the “454” platform, a compromise in throughput and 

read length. In these ligation reactions, genomic DNA is size-selected so that DNA 

fragments can be sequenced from both ends [29]. When distances between two sequences 

are known, assembly of larger contigs can be facilitated. We also sequenced the ends of 

BAC clones with traditional methods to emphasize read length over longer physical, but 

linked distances. These BACs were also fingerprinted and assembled into a physical map, 

which allowed us to align assembled sequences along this map [30]. Given such 

alignments with the physical map, the assembled scaffolds have been ordered into 32 

chromosome-sized pseudomolecules.  

A wealth of information on plant biology can be drawn from comparative analysis 

by examine the expansion or contraction of gene families with other known genomes. 

The Spirodela genome has only 19,623 predicted protein-coding genes, 28% less than 

dicotyledonous Arabidopsis thaliana and 50% less than monocotyledonous rice. The 

Spirodela genome contains very similar patterns of orthologous gene sets in comparison 

to four representative species (Arabidopsis, tomato, banana, and rice), sharing a total of 

8,255 common gene families despite a significantly reduced gene number. Reduced gene 

families and missing genes reflect changes consistent with its compact and reduced 

morphogenesis or forever-young life style, aquatic suspension, and promotion of 
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juvenile-to-adult transition. It is based on skipping the development of organs like roots, 

stems, and flowers. This is reflected in reduced gene numbers for cellulose/lignin 

biosynthesis, expansins, MADS-box factors, miRNA172, and miRNA169.  

Despite a genome-wide reduction in gene number, copy numbers of certain gene 

families are retained or even amplified in Spirodela. For example, there are up to four 

times more copies of glutamate synthase for nitrogen absorption in Spirodela compared 

to Arabidopsis and rice. This could be the reason that Spirodela requires the efficient 

usage of nutrients matching its high growth and thus has been successfully exploited for 

wastewater remediation because of its ability to remove excess nitrogen from polluted 

water. Another good example is miRNA156 gene also with increased copy number 

known for suppressing the juvenile-to-adult transition (See Chapter 5).  

0.8 Starch synthesis at turion formation 

To understand the starch accumulation in Spirodela turion development, we used 

a plant hormone of abscisic acid (ABA) to initiate the process. We investigated ultra-

structural characteristics and starch content both in fronds and turions along the time 

course. Turions, as a dormant state, were rich in anthocyanin pigmentation. When 

checked under transmission electron microscopy (TEM), turion cells exhibit shrunken 

vacuoles, smaller intercellular space, and abundant starch granules surrounded by 

thylakoid membranes (Figure 0.4). They could even collect more than 60% starch in dry 

mass after two weeks of ABA treatment. One of the key genes involved in starch 

biosynthesis is ADP-glucose pyrophosphorylases including both large (APLs) and small 

subunits (APSs). When we quantitatively measured the level of APL expression by 
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qPCR, we found they were developmentally dependant. APL2 and APL3 were highly 

expressed in earlier stages of turion development, while APL1 expression was reduced 

throughout turion development (See chapter 6). 

 

Figure 0.4 Comparsion between frond and mature turion by TEM. 

A. A frond cell with a big vacuole and well-shaped chloroplasts but few and less starch 
granules, Bar = 2 μm; B. A turion cell with thick cell wall and abundant starch granules, 
Bar = 2 μm; Abbreviation: cell wall (CW), chloroplast (C), starch granule (S) and 
nucleus (N). 

0.9 Expression profiling with onset of dormancy 

To help annotation and validate genome assembly, the whole-genome 

transcriptome has been sequenced from RNA pools derived from plants grown under 

different conditions, in order to maximally capture a representative gene set. Eventually, 

379,502 assembled ESTs with high quality were aligned back to the genome to delimit 

gene regions and also validate the computationally predicted gene content of Spirodela.  

Access to the annotated gene sets allows us to addresses significant biological 

questions regarding environmental adaptation and ecology. As described above, 
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Spirodela undergoes dormancy without seeds by forming turions. Therefore, expression 

profiling of this transition not only offers insight into the life-cycle of duckweeds, but 

also dormancy in the absence of reproduction. To investigate this profile, RNA-Seq data 

from frond and developing turion was generated with the SOLiD 5500 platform and the 

cDNA sequence reads were mapped back to the annotated genes. The result shows that 

the 208 up-regulated genes are associated with signal transduction, seed dehydration, 

carbohydrate and secondary metabolism, and senescence. On the other side, the 154 

down-regulated genes are responsible for rapid growth and biomass accumulation 

through histone synthesis that packages with DNA after its replication, protein synthesis 

and carbon fixation. Particularly, we highlighted three turion-specific genes. The 

understanding of the mechanism of turion formation is helpful to manipulate bud and 

seed dormancy in agricultural and horticultural fields. These results provide a valuable 

genomic resource for duckweed and pave the way for the further molecular biological 

studies and the application of duckweed as a bioenergy crop (See Chapter 7). 
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CHAPTER 1          DNA BARCODE 

1.1 Abstract 

Members of the aquatic monocot subfamily Lemnoideae (commonly called 

duckweeds) represent the smallest and fastest growing flowering plants. Their highly 

reduced morphology and infrequent flowering result in a dearth of characters for 

distinguishing between the nearly 38 species that exhibit these tiny, closely-related and 

often morphologically similar features within the same family of plants.  

We developed a simple and rapid DNA-based molecular identification system for 

the Lemnoideae based on sequence polymorphisms. We compared the barcoding 

potential of the seven plastid-markers proposed by the CBOL (Consortium for the 

Barcode of Life) plant-working group to discriminate species within the land plants in 97 

accessions representing 31 species from the family of Lemnoideae. A Lemnoideae-

specific set of PCR and sequencing primers were designed for four plastid coding genes 

(rpoB, rpoC1, rbcL and matK) and three noncoding spacers (atpF-atpH, psbK-psbI and 

trnH-psbA) based on the Lemna minor chloroplast genome sequence. We assessed the 

ease of amplification and sequencing for these markers, examined the extent of the 

barcoding gap between intra- and inter-specific variation by pairwise distances, evaluated 

successful identifications based on direct sequence comparison of the “best close match” 

and the construction of a phylogenetic tree.  

Based on its reliable amplification, straightforward sequence alignment, and rates 

of DNA variation between species and within species, we propose that the atpF-atpH 
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noncoding spacer could serve as a universal DNA barcoding marker for species-level 

identification of duckweeds. 

1.2 Introduction 

The cost of DNA purification and sequencing has dropped considerably in recent 

years so that identification of individual species by DNA barcoding has become an 

independent, subtler method than solely morphological-based classification to distinguish 

closely related species, which also defines the systematic relationships by analysis of 

genetic distance. The key element for a robust barcode is a suitable threshold between 

inter- and intra-specific genetic distances. Sequence variation between species has to be 

high enough to tell them apart while the distances within species must be low enough for 

them to cluster together [1]. The mitochondrial cytochrome c oxidase subunit I (COI) 

gene has proven to be a reliable, cost-effective, and easily recovered barcode marker to 

successfully identify animal species [2], but its application in the plant kingdom is 

impeded by a slow nucleotide substitution rate, which is insufficient for the diagnosis of 

individual species [3, 4]. However, the Consortium for the Barcode of Life (CBOL) 

plant-working group recently proposed seven leading candidate sequences for use as 

barcoding markers [5]. Four plastid coding genes (rpoB, rpoC1, rbcL and matK) and 

three noncoding spacers (atpF-atpH, psbK-psbI and trnH-psbA) have been selected based 

on previous investigations among different plant families [6-8]. However, the utility of 

each of these sequences for individual families of species within the plant kingdom is 

hardly predictable [9, 10]. 
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Although there have been attempts to use the single-locus of matK [6], a 

combination of two loci, rbcL and trnH-psbA [7], and even multi-loci combinations [11] 

as barcoding sequences, the use of a unified barcode for the identification of all the land 

plants would be difficult due to conflicting needs of different researchers. For example, 

an optimal barcode marker that has been determined empirically to distinguish plants at 

the family level may prove less useful for making accurate species level identifications. 

Most of the proposed plant barcode markers were designed primarily for identifying 

distantly related organisms in biodiversity hotspots such as Panama [12] and Kruger 

National Park in South Africa [6]. So far, little attention and only a few studies have been 

devoted to developing unified barcodes suitable for making identifications within a 

family, within a genus, or between closely related sister species. A test of seven other 

candidate barcoding sequences in the family of Myristicaceae was applied to eight 

species within a genus and yielded two suitable barcodes [13]. Recently, it has been 

shown that all three markers (rbcL, trnH-psbA and matK) can discriminate 4 sister 

species of Acacia across three continents [14]. The marker matK has been reported to 

distinguish 5 Dendrobium species [15]. More complex approaches have been developed 

at the subfamily level identification of larger groups of related plants [16]. Although an 

extensive barcode study for 31 Carex species suggested that a single locus or even 

multiple loci cannot provide a resolution of greater than 60%, it did not include some of 

the new markers (atpF-atpH and psbK-psbI) [17]. When atpF-atpH and psbK-psbI were 

included for distinguishing Carex and Kobresia, it could be shown that matK identifies 

95% as single-locus or 100% of the species when combined with another marker. 

However, this study used material from a well defined regional perspective, the Canadian 
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Arctic Archipelago, where the number of co-existing closely related species is limited 

[18]. Our objective was to determine whether one or more of the markers proposed by the 

CBOL plant-working group would serve as an optimal marker for species-level 

identification within the family Lemnoideae.  

Until now, the most readily observed anatomical feature of the minute and highly 

reduced duckweeds are their fronds with or without roots. These few and somewhat 

variable morphological characters and rarely emerging flowers or fruits make 

identification of duckweeds extremely difficult even for professional taxonomists [19]. 

Complementing traditional classification methods with a DNA-based method would be 

highly applicable for such a family of species. It would permit these species to be 

classified in a highly reproducible and cost effective manner because DNA-based 

methods are independent of morphology, integrity, and developmental stage of the 

organism and can distinguish among species that superficially look alike [20]. 

Here, we present a simple and accessible protocol to barcode duckweeds and 

establish a sequence database against which unknown species may be compared and 

tentative species identifications can be validated. This database also provides a high-

resolution phylogenetic resource for this important plant monocot family. 

1.3 Results  

Sampling criteria 

The duckweed family consists of 38 species classified into 5 genera [21]. A 

worldwide collection has been characterized by genome sizes [22]. From this collection, 
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97 ecotypes were sampled for the current work representing all five genera and 31 

species (81.6% of the known species) (Table 1.1). The ecotypes selected encompass the 

worldwide geographical distribution of duckweeds originating from different climates 

and geographical regions, ranging from N60o to S42o latitude and 9 m to 1287 m in 

altitude (Figure 1.1) (Table 1.1). 85 ecotypes from 19 species were used for statistical 

calculations and candidate barcode evaluations. An additional 12 single-ecotype species 

were examined to determine the broader applicability of the barcode markers for 

identification.  

 

Figure 1.1   Google map of duckweed collection. 
The distribution of duckweeds was made by GPS with corresponding latitude and 
longitude. 
 
	
  

Ecotype Altitude & GPS psbK-psbI trnH-
psbA 

matK atpF-
atpH 

rpoB rpoC1 rbcL 
Spirodela intermedia 7125 547 S34º W56º 454290  454125 454194 454030 453933 454387 
Spirodela intermedia 7178 548 S34º W58º 454291  454126 454195 454031 453934 454388 
Spirodela intermedia 7291 550 S3º W60º 454292 454484 454127 454196 454032 453935 454389 
Spirodela intermedia 7355 567 N5º W55º 454293 454485 454128 454197 454033 453936 454390 
Spirodela intermedia 7450 555 N28º E77º 454294  454129 454198 454034 453937 454391 
Spirodela intermedia 7747 558 S11º W76º 454295 454486 454130 454199 454035 453938 454392 
Spirodela intermedia 8410 563 N30º W85º 454296  454131 454200 454036 453939 454393 
Spirodela polyrrhiza 7205 643 N22º E114º 454297 454487 454132 454201 454037 453940 454394 
Spirodela polyrrhiza 7212 1253 N23º E87º 454298 454488 454133 454202 454038 453941 454395 
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Spirodela polyrrhiza 7222 646 N3º E101º 454299 454489 454134 454203 454039 453942 454396 
Spirodela polyrrhiza 7498 658 N35º W78º 454300 454490 454135 454204 454040 453943 454397 
Spirodela polyrrhiza 7657 663 N18º W94º 454301 454491 454136 454205 454041 453944 454398 
Spirodela polyrrhiza 8790 702 N54º W124º 454302 454492 454137 454206 454042 453945 454399 
Spirodela polyrrhiza 9203 1202 N6º W72º 454303  454138 454207 454043 453946 454400 
Spirodela polyrrhiza SJ   454304 454493 454139 454208 454044 453947 454401 
Landoltia punctata 7248 589 S33º E18º 454305 454494 454140 454209 454045 453948 454402 
Landoltia punctata 7260 590 S38º E141º 454306 454495 454141 454210 454046 453949 454403 
Landoltia punctata 7449 597 N28º E77º 454307 454496 454142 454211 454047 453950 454404 
Landoltia punctata 7487 600 N27º W82º 454308 454497 454143 454212 454048 453951 454405 
Landoltia punctata 8721 616 S17º E145º 454309 454498 454144 454213 454049 453952 454406 
Landoltia  punctata 9278  N30º E114º 454310 454499 454145 454214 454050 453953 454407 
Lemna aequinoctialis 6612 131 N36º W120º 454311 454500 454146 454215 454051 453954 454408 
Lemna aequinoctialis 6746 132 N37º W121º 454312 454501 454147 454216 454052 453955 454409 
Lemna aequinoctialis 7126 136 N30º W97º 454313 454502 454148 454217 454053 453956 454410 
Lemna disperma 7269 273 S42º E147º 454314 454503 454149 454218 454054 453957 454411 
Lemna gibba 7589 317 N34º W117º 454315 454504 454150 454219 454055 453958 454412 
Lemna gibba 7741 324 N37º E15º 454316 454505 454151 454220 454056 453959 454413 
Lemna gibba 7784 327 N9º E38º 454317 454506 454152 454221 454057 453960 454414 
Lemna gibba 8703 344 N36º E138º 454318 454507 454153 454222 454058 453961 454415 
Lemna gibba JS 6F7-11   454319 454508 454154 454223 454059 453962 454416 
Lemna gibba JS parent line   454320 454509 454155 454224 454060 453963 454417 
Lemna japonica 7182 357 N33º E130º 454321 454510 454156 454225 454061 453964 454418 
Lemna minor 7018 9 N39º E39º 454322 454511 454157 454226 454062 453965 454419 
Lemna minor 7136 15 N39º W89º 454323 454512 454158 454227 454063 453966 454420 
Lemna minor 7210 21 S33º E26º 454324 454513 454159 454228 454064 453967 454421 
Lemna minor 9016 70 N36º E138º 454325 454514 454160 454229 454065 453968 454422 
Lemna minor 9253 1242 N60º E24º 454326 454515 454161 454230 454066 453969 454423 
Lemna minor 9417  N50º E8º 454327 454516 454162 454231 454067 453970 454424 
Lemna minuta 7284 1219 S34º W56º 454328 454517 454163 454232 454068 453971 454425 
Lemna minuta 7726 97 S33º W71º 454329 454518 454164 454233 454069 453972 454426 
Lemna minuta 8065 99 N29º W95º 454330 454519 454165 454234 454070 453973 454427 
Lemna obscura 7856 1177 N30º W91º 454331 454520 454166 454235 454071 453974 454428 
Lemna trisulca 7579 429 N43º W79º 454332 454521 454167 454236 454072 453975 454429 
Lemna trisulca 8137 440 N35º W115º 454333 454522 454168 454237 454073 453976 454430 
Lemna trisulca UTCC 399   454334 454523 454169 454238 454074 453977 454431 
Lemna turionifera 8339 362 N32º E118º 454335 454524 454170 454239 454075 453978 454432 
Lemna turionifera 8760 1239 N49º E15º 454336 454525 454171 454240 454076 453979 454433 
Lemna valdiviana 7288 500 S1º W63º 454337 454526 454172 454241 454077 453980 454434 
Lemna valdiviana 8634 106 N18º W77º 454338 454527 454173 454242 454078 453981 454435 
Lemna valdiviana 9229 1257 S0º W78º 454339 454528 454174 454243 454079 453982 454436 
Lemna valdiviana 9232 1258 S0º W78º 454340 454529 454175 454244 454080 453983 454437 
Wolffiella denticulata 8221 984 S28º E30º 454341 454530 454176 454245 454081 453984 454438 
Wolffiella gladiata 7595 990 N37º W77º 454342 454531 454177 454246 454082 453985 454439 
Wolffiella gladiata 7852 991 N30º W91º 454343 454532 454178 454247 454083 453986 454440 
Wolffiella gladiata 8066 992 N28º W96º 454344 454533 454179 454248 454084 453987 454441 
Wolffiella gladiata 8261 993 N41º W80º 454345 454534  454249 454085 453988 454442 
Wolffiella gladiata 8350 994 N39º W88º 454346 454535  454250 454086 453989 454443 
Wolffiella hyalina 8640 1003 S2º E36º 454347 454536 454180 454251 454087 453990 454444 
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Wolffiella lingulata 7289 1007 S1º W63º 454348 454537  454252 454088 453991 454445 
Wolffiella lingulata 7464 1011 N10º W66º 454349 454538 454181 454253 454089 453992 454446 
Wolffiella lingulata 7655 1013 N18º W92º 454350 454539 454182 454254  453993 454447 
Wolffiella lingulata 7725 1015 S28º W58º 454351 454540 454183 454255 454090 453994 454448 
Wolffiella lingulata 8742 1023 S27º W58º 454352 454541   454091 453995 454449 
Wolffiella neotropica 7290 1056 S1º W63º 454353 454542 454184 454256 454092 453996 454450 
Wolffiella neotropica 7609 1057 S19º W40º 454354 454543 454185 454257 454093 453997 454451 
Wolffiella neotropica 8848 1058 S23º W43º 454355 454544 454186 454258 454094 453998 454452 
Wolffiella oblonga 7164 1063 N29º W90º 454356 454545 454187 454259 454095 453999 454453 
Wolffiella oblonga 7201 1065 S34º W58º 454357 454546  454260 454096 454000 454454 
Wolffiella oblonga 7343 1066 S34º W58º 454358 454547  454261 454097 454001 454455 
Wolffiella oblonga 8072 1075 N28º W96º 454359 454548  454262 454098 454002 454456 
Wolffiella oblonga 9136 1086 S17º W57º 454360 454549 454188 454263 454099 454003 454457 
Wolffiella rotunda 9072 1285 S19º E29º 454361 454550 454189 454264 454100 454004 454458 
Wolffiella rotunda 9121 1216 S16º E28º 454362 454551 454190 454265 454101 454005 454459 
Wolffia angusta 7476 711 S36º E145º 454363 454552  454266 454102 454006 454460 
Wolffia arrhiza 8872 753 N46º E20º 454364 454553  454267 454103 454007 454461 
Wolffia australiana 7733 766 S34º E138º 454365 454554 454191 454268 454104 454008 454462 
Wolffia australiana 8730 769 S32º E151º 454366 454555 454192 454269 454105 454009 454463 
Wolffia borealis 9123 1207 N33º W117º 454367 454556  454270 454106 454010 454464 
Wolffia brasiliensis 7150 784 N29º W98º 454368 454557  454271 454107 454011 454465 
Wolffia brasiliensis 7306 786 N19º W99º 454369 454558  454272 454108 454012 454466 
Wolffia brasiliensis 8743 809 S27º W58º 454370 454559  454273 454109 454013 454467 
Wolffia columbiana 7310 862 N19º W99º 454371 454560  454274 454110 454014 454468 
Wolffia columbiana 7972 880 N30º W87º 454372 454561  454275 454111 454015 454469 
Wolffia columbiana 8265 884 N41º W80º 454373 454562  454276 454112 454016 454470 
Wolffia columbiana 8856 888 S24º W64º 454374 454563  454277 454113 454017 454471 
Wolffia columbiana 8890 890 N15º W88º 454375 454564  454278 454114 454018 454472 
Wolffia cylindracea 9080 913 S19º E29º 454376 454565  454279 454115 454019 454473 
Wolffia elongata 9188 1211 S10º W74º 454377 454566  454280 454116 454020 454474 
Wolffia globosa 8152 1151 N36º W120º 454378 454567  454281 454117 454021 454475 
Wolffia globosa 8441 949 N13º E100º 454379 454568  454282 454118 454022 454476 
Wolffia globosa 8691 950 N35º E136º 454380 454569  454283 454119 454023 454477 
Wolffia globosa 8789 953 N27º E84º 454381 454570  454284 454120 454024 454478 
Wolffia globosa 8973 960 N15º E100º 454382 454571  454285 454121 454025 454479 
Wolffia globosa 9196 964 N9º W75º 454383 454572 454193 454286 454122 454026 454480 
Wolffia globosa 9317  N26º E73º 454384 454573  454287 454123 454027 454481 
Wolffia microscopica 9276 1287 N28º E77º 454385 454574  454288 454124 454028 454482 
Wolffia neglecta 9149 969 N24º E67º 454386 454575  454289  454029 454483 

	
  
Table 1.1   Information of sampled duckweeds. 

The table lists the altitude and GPS locations of collected samples as well as Genbank 

IDs. To save the space, all Genbank IDs omit the initial “GU”. 
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Validation of DNA barcoding markers 

To simplify identification of different species by DNA barcodes, a target DNA 

sequence marker has to meet two basic requirements: the first is a high success rate 

during PCR amplification and DNA sequencing, the second is sufficient DNA sequence 

polymorphism to permit different species to be distinguished and evolutionary distances 

between them to be calculated [1]. The CBOL plant-working group proposed 7 leading 

candidates [5], i.e., 4 coding genes (rpoB, rpoC1, rbcL and matK) and 3 noncoding 

spacers (atpF-atpH, psbK-psbI and trnH-psbA). To evaluate the seven markers, genomic 

DNA extracted from the 97 ecotypes was subjected to PCR amplification with the primer 

pairs based on the chloroplast sequence of Lemna minor. The PCR primers were also 

used for sequencing (See Materials and methods). PCR and sequencing were generally 

successful (≥95%) for all the barcode candidates except matK (71%) (Table 1.2). The 

maximal and minimal alignment length of PCR product for rpoB, rpoC1, rbcL and matK 

were identical, while that of atpF-atpH, psbK-psbI and trnH-psbA were quite variable, 

with a range of 579-622 bp, 185-576 bp and 286-504 bp, respectively. It was not 

unexpected that the coding markers (rpoB, rpoC1, rbcL and matK) were conserved in 

PCR product length, while the noncoding spacers (atpF-atpH, psbK-psbI and trnH-psbA) 

displayed more variability due to extensive insertions/deletions (Table 1.2). These results 

indicate that the selection of markers by the COBL plant-working group should provide a 

reasonable level of success for new untested plant families. 
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Table 1.2   Success ratios of PCR amplification and sequencing 

∗ The analyzed product length becomes shorter than corresponding one’s due to removal 
of the end of ambiguous nucleotides 
 

Intra- and inter-specific DNA sequence polymorphism 

To assess the degree of DNA polymorphism between DNA samples, sequence 

divergences between and within species were calculated by Kimura 2-parameter (K2P) 

and uncorrected p-distance, respectively. Both models exhibited the same tendency: 

higher average interspecific diversity and lower intraspecific distance. For example, the 

K2P distance within and between species is as follows: psbK-psbI (0.1648 and 0.0072), 

trnH-psbA (0.1133 and 0.0058), matK (0.0715 and 0.0019), atpF-atpH (0.0633 and 

0.0008) rpoB (0.0388 and 0.0069), rpoC1 (0.0303 and 0.0006), rbcL (0.0216 and 

0.0004). The noncoding spacer psbK-psbI showed the highest interspecific diversity (66 

average substitution sites among 675 bp), while the coding marker rbcL is the most 

conserved one (11 average substitution sites among 522 bp) (Table 1.3). The most 

variable barcode between species was psbK-psbI, followed by trnH-psbA, matK and 

atpF-atpH (Table 1.3). The lowest intraspecific distance was provided by atpF-atpH and 

rbcL, whereas the highest is trnH-psbA, psbK-psbI and matK (Table 1.3). Although none 
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of the seven proposed markers possessed both the highest variation between species and 

the lowest distance within a species, atpF-atpH seemed to show sufficient interspecific 

but relatively low intraspecific divergence, compared to the other six markers (Table 1.3). 

Region psbK-psbI trnH-
psbA 

matK atpF-
atpH 

rpoB rpoC1 rbcL 

Aligned length (bp) * 675 520 725 674 389 450 522 
Interspecific substitution 66 32 48 44 13 13 11 
Interspecific K2P 0.1648±0.

0221 
0.1133±
0.0120 

0.0715±
0.0061 

0.0633±
0.0068 

0.0338±
0.0051 

0.0303±
0.0050 

0.0216±
0.0038 

Intraspecific K2P 0.0072±0.
0015 

0.0058±
0.0014 

0.0019±
0.0003 

0.0008±
0.0002 

0.0069±
0.0008 

0.0006±
0.0002 

0.0004±
0.0002 

Interspecific P- 
distances 

0.1435±0.
0156 

0.0986±
0.0095 

0.0671±
0.0052 

0.0601±
0.0059 

0.0327±
0.0048 

0.0295±
0.0048 

0.0212±
0.0037 

Intraspecific P-distance 0.0066±0.
0012 

0.0057±
0.0014 

0.0019±
0.0003 

0.0008±
0.0002 

0.0062±
0.0007 

0.0006±
0.0002 

0.0004±
0.0002 

 

Table 1.3   Measurement of inter- and intra-specific divergences 

∗ Aligned length becomes longer than corresponding ones due to addition of the gap. 
K2P= Kimura 2-parameter distances. 
 
 

The accuracy of barcoding for species identification depended to a large extent on 

the barcoding gap between intraspecific and interspecific sequence variations. Effective 

barcoding became weaker when interspecific and intraspecific distances overlapped. To 

evaluate whether there was a significant barcoding gap, we calculated the distribution of 

divergences for the seven markers (Figure 1.2). Median and Mann–Whitney U tests 

inferred that the mean of intraspecific divergence was significantly lower than that of 

interspecific distance in each case (p<0.0001). Even though psbK-psbI and trnH-psbA 

exhibited the highest rates of divergence between species, they were also most diverged 

within species, which could easily result in misidentification (Table 1.3) (Figure 

1.2)(Figure 1.3). On the other hand, the adequate variation and the narrow overlapping 
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distance of the atpF-atpH marker would ensure accurate ecotype and species 

identification (Table 1.3)(Figure 1.2). 

 

Figure 1.2   Relative distribution of intra- and inter-specific divergence.  

(A) rpoC1. (B) rpoB. (C) rbcL. (D) matK.  (E) psbK-psbI. (F) trnH-psbA. (G) atpF-atpH. 
(H) atpF-atpH+ psbK-psbI. X axis is uncorrected p-distance with corresponding 
increment unit based on variation of each marker. Y axis is the number of occurrences. 
Barcoding gaps were evaluated with high significance (p<0.0001) by Median and Mann–
Whitney U tests for all markers. Blue bars indicate intraspecific distance and red bars are 
interspecific distance.   
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DNA sequence similarity–based identification 

In order to test whether accurate species identification can be made in our 

samples, we adopted the “best match” function in the program TAXONDNA [23]. The 

rank order for the correct identification is atpF-atpH (92.85%) psbK-psbI (84.7%), trnH-

psbA (82.5%), matK (77.77%), rpoB (77.5%), rpoC1 (70.58%), rbcL (70.58%) (Table 

1.4). Generally, the three noncoding spacers produced higher rates of successful 

identifications than those of the four coding markers. Consistent with Table 1.5, atpF-

atpH yielded the best result with 92.85% successful identifications. Among 84 ecotypes 

(not including species with single sampled ecotypes), 78 samples were successfully 

discriminated, three were ambiguous and three were incorrectly identified using atpF-

atpH. When we combined atpF-atpH with one of the other five barcoding markers, the 

percentage of correct identification dropped, except for psbK-psbI, which gave an 

increase of 1.19% (Table 1.4). The markers matK + atpF-atpH were not counted because 

of the small number of sequence comparisons done with matK. 
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Table 1.4  Identification success based on "best close match" tools 

"best close match"  was analyzed by TAXONDNA program [23] with single region or 
two-region combinations. The ecotypes was classified into correct, ambiguous, incorrect 
and no match group. The group number was shown in each well. Number in bracket 
indicates percentage in all barcoding ecotypes. matK + atpF-atpH was not counted due to 
the small number of sequence comparison done for matK. Percentage in the bracket was 
calculated by dividing each item by all tested sample. 
	
  
 

Tree-based sequence classification 

As an alternative to sequence similarity-based identification, we estimated the 

proportion of recovered monophyly from multiple conspecific ecotypes per species in the 

phylogenetic tree for each barcoding marker. Here, we need to stress that the primary 

purpose of the tree is not so much the evolutionary relationship, but the species 

identification. The atpF-atpH attained the highest score of monophyletic species (73.7%, 

i.e., 14 correctly identified out of 19 species) (Table 1.5). The number of successfully 

identified species with the other six markers was rpoB (11), rpoC1 (11), rbcL (11), trnH-

psbA (10), psbK-psbI (8). The atpF-atpH marker did not distinguish closely-related pairs 

of sister species such as W. gladiata and W. oblonga and L. minuta and L. valdiviana. 

Although the location of most grouped ecotypes in the taxonomic trees did not 

change in regard to each marker, a close examination consistently revealed two 

interesting connections. First, despite the fact that very little is known about how cross 

pollination in these tiny flowering plants occurs, L. japonica has been suspected to 

originate from a hybridization event between L. minor and L. turionifera based on 

morphological characters [24]. Our data indicates that sequence from each of the seven 
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tested markers of L. japonica 7182 was always identical to and clustered with L. minor. 

Since the chloroplast is maternally inherited in many (but not all) plants, our data is 

consistent with L. japonica arising from a cross between L. minor and L. turionifera.  

The second connection was S. polyrhiza 9203, which consistently clusters with S. 

intermedia rather than other S. polyrhiza in all seven tested markers. We examined 34 

ecotypes of S. polyrhiza from the collection using the atpF-atpH marker and found four 

additional ecotypes that grouped closely with S. intermedia (Figure 1.3). This suggested 

that these accessions might have been misidentified as S. polyrhiza due to the overlap in 

morphological characteristics between these species. 

Loci UPGMA MP 
psbK-psbI 8(93.3) 8 (87.5) 
trnH-psbA 10 (87.5) 10 (85.7) 
matK  /  / 
atpF-atpH 14 (100) 14 (94.1) 
rpoB 11 (83.3) 11 (68.8) 
rpoC1 11 (85.7) 11 (68.8) 
rbcL 11 (85.7) 12 (68.8) 
	
  
Table 1.5   Number of monophyletic species recovered with the best two 

phylogenetic methods  

The number of monophyletic species out 19 species was shown in each well. Proportions 
supported by bootstrap >50% are in brackets. 
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Figure 1.3   UPGMA tree for Spirodela based atpF-atpH sequences.  
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1.4 Discussion  

Here, we present data validating the most useful DNA barcoding markers for the 

family of Lemnoideae from among those proposed by the CBOL plant-working group. 

Such a fundamental, whole family-wide analysis lays the groundwork for phylogenetic 

and genomic studies. Our samples represent a worldwide collection from the same family 

with many sister species (Figure 1.1) (Table 1.1).  Specimens in previous taxonomic 

classifications using barcoding markers were mainly from distantly related groups from 

broadly different families that originated from the local or more defined regions, such as 

the National Park [6], the Amazon [25], and the Panama region [12].  Because of the 

diversity of the collection that has accumulated over the years, duckweeds provide a 

unique system to test the proposed barcoding markers for closely related species. 

Furthermore, it is difficult to classify members of this family by morphology alone. 

Therefore, we can not only validate the universal application of barcoding markers, but 

also apply it to species that may be solely dependent on such an approach for 

conservation. The advantage of universal barcoding markers is the design of universal 

primers for barcoding markers from reference sequences, which in this case was L. minor 

[26]. The primers worked very well for all the samples (31 species and 97 ecotypes) with 

PCR amplification and the sequencing success rates better than 95%, except in the case 

of matK, which yielded a rate as low as 71% (Table 1.2). In addition, a lower PCR 

annealing temperature than optimal for Lemna minor permits primers to anneal to the 

target sequences despite sequence polymorphism in related species. It is interesting that 

most PCR failure existed in the Wolffioideae subfamily (Table 1.1). The locus matK has 

been shown to be very variable in numerous phylogenetic studies [27, 28]} and other 
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studies have also noted the difficulties of its utilization due to PCR failure and lack of 

truly universal primer sites [7, 8]. Further improvement of primer designs for matK for 

other targets could increase amplification success, but might fail because of less 

conserved sites near the most variable sequences of the locus. Although matK DNA 

sequences exhibited the highest interspecific variation among the four coding markers 

(Table 1.3), the low percentage of successful PCR amplification and sequencing in 

duckweeds would restrict its extensive use.  

It was not surprising that the noncoding spacers showed dramatically higher 

sequence variability than the coding markers (Table 1.3). Given the slow evolutionary 

rate of rpoB, rpoC1 and rbcL (especially for rbcL, which is strongly recommended for 

barcoding across all land plants), they work well to distinguish distantly related species 

either alone or when combined with other more variable regions [4, 7]. However, their 

sequence polymorphisms might not be sufficient to distinguish closely related species. 

The non-coding spacers of psbK-psbI and trnH-psbA were the most polymorphic plastid 

sequences with variable sequence length in duckweeds (Table 1.2). The size of trnH-

psbA in Spirodela (~504 bp) was 218 bp longer than in the other four genera (~286 bp). 

The length of the psbK-psbI sequence was the most variable, ranging from ~185 bp in S. 

polyrhiza to ~479 bp in S. intermedia even though they were sister-species (Table 1.2). 

These significant length variations caused by deletion/insertion, simple sequence repeats 

and rearrangements were problematic for accurate alignment, but could potentially be 

adapted for simple diagnostic tests that would not require DNA sequencing. Furthermore, 

the high sequence polymorphisms of the aligned sequences of psbK-psbI and trnH-psbA 

could offer greater distinction between species in a diverse set of genera in certain 



	
  

	
  

32	
  

32	
  

families [3, 6]. Still, one has to use caution for intraspecies comparison where the 

relatively higher intraspecific distance compromised their power in barcoding duckweed 

species. One nearly has to cluster samples into two groups, one for ecotypes of the same 

species and one for species to species comparison (Table 1.3). Failure to do so would 

prevent the detection of true differences between congeneric species and conspecific 

ecotypes and therefore impede the use of a universal duckweed barcode (Figure 1.2). 

Although previous studies showed that atpF-atpH as a barcoding marker was 

inferior to psbK-psbI, trnH-psbA and matK based on distantly related species [3, 6, 7], 

our data suggested that it was the most promising barcoding marker for duckweeds with 

respect to high PCR amplification, ease of alignment, and sufficient sequence divergence 

(Figure 1.2)(Table 1.2)(Table 1.3)(Table 1.4)(Table 1.5). Therefore, our data differed 

from the conclusions of evaluating barcoding markers made from unrelated species. 

Although it was shown that barcoding plants by more than one region tended to be more 

effective [9-11], combination of atpF-atpH with any of the other markers resulted in only 

slight increases or drops of the rate of successful identification of species compared to 

itself alone (Table 1.4), indicating that the discriminatory power of atpF-atpH has already 

reached an optimum. When the atpF-atpH marker was combined with other markers, the 

reduced resolution lowered the differential value without complementary benefits. A 

similar finding that a combination of matK and trnH-psbA did not improve species 

identification has been reported as well [6].  

Generally speaking of members of the duckweed family, the more derived they 

are, the simpler their morphologies. The reduction in size and simplification in structure 
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make the fronds more mobile and better successfully adapt to variable conditions [24]. S. 

intermedia was characterized by a slight degree of primitivism of more nerves, roots, and 

ovules compared to S. polyrhiza, which suggested that S. intermedia was differentiated 

into S. polyrhiza potentially through gradual morphological reduction and isolation. 

However, gradual differences were sometimes difficult to distinguish from each other due 

to overlapping characteristics [24]. Our studies for 34 ecotypes of S. polyrhiza using 

atpF-atpH markers showed five ecotypes that have been clustered with S. intermedia 

(Figure 1.3), which is mainly restricted to South America [24]. Among five ecotypes, 

three are derived from South America, while another two are from India. Therefore, a 

refined classification is necessary to determine whether another four ecotypes except S. 

polyrhiza 9203 should be classified as S. intermedia rather than S. polyrhiza.  

Both phylogenetic data [21] and our barcoding data showed that closely related 

species W. gladiata and W. oblonga, L. minuta and L. valdiviana could not be separated 

from each other. These sister-species share identical sequences for barcoding markers, 

which would require a search for additional barcoding markers with greater sequence 

polymorphism. In fact, a universal DNA barcoding marker has not been reported to 

distinguish more than 90% of species tested until now [6, 25]. Elucidation of recently 

evolved species sharing identical barcoding sequences still needs further taxonomic or 

case-by-case morphological, flavonoid, and allozyme analyses. On the other hand, use of 

next-generation sequencing technologies and corresponding software applications are 

emerging where low pass coverage of different specimen could provide the necessary 

resolution. 
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1.5 Materials and methods 

Plant materials 

The Lemnoideae collection originated from the Institut für Integrative Biologie 

(Zürich, Switzerland), the BIOLEX company (North Carolina, USA), and the University 

of Toronto Culture Collection of Algae and Cyanobacteria (UTCC, Toronto, Canada) 

where it was maintained for many years. Detailed information about many of these 

accessions is included in Dr. Landolt’s monographic study [19]. In total, 97 ecotypes 

representing 31 species (81.6% of the known species) were sampled in this study. Since 

the intraspecific distance is very important for evaluating a suitable barcoding marker, 2 

to 8 representatives per species are included for 19 species, whereas another 12 species 

are represented by a single ecotype. Moreover, the selected ecotypes represent a 

worldwide geographical distribution (Figure 1.1).  

DNA amplification, sequencing and alignment 

All duckweed fronds were grown aseptically in half-strength Schenk and 

Hildebrandt medium (Sigma, S6765). Total DNA was extracted using CTAB [29]. The 

chloroplast markers rpoB, rpoC1, rbcL, matK, atpF-atpH, trnH-psbA, and psbK-psbI, 

which were proposed by the CBOL plant-working group, were amplified with a set of 

modified primers based on reference sequences from Lemna minor [26]. The amplicon 

sizes were also estimated according to Lemna minor (Table 1.6). PCR reaction conditions 

also followed guidelines from the CBOL plant-working group. Briefly, 50-100 ng 

genomic DNA and 5 pmol of each primer are added with the JumpStartTM REDTaq® 

ReadyMixTM Reaction Mix (P1107, Sigma) Redix in 25 ml of final volume. To improve 
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the universal application of these primers, they were designed to have an annealing 

temperature (Ta) of 50°C, which is 1 to 6 °C lower than the optimal Ta of Lemna minor 

(Table 1.6). The program uses the following formula: optimal Ta = 0.3 × Tm (primer) + 

0.7 Tm (product) -14.9 [30]. After the ambiguous nucleotides (~30bp) at the ends of 

reads were removed, the length of products was measured and multiple DNA sequence 

alignments were generated using ClustalW in MEGA 4.1 [31]. 

Genetic distance analysis 

Genetic distance was calculated using pairwise alignments of sequences between 

and within species (Table 1.3). The average intraspecific distance was calculated with the 

mean pairwise distance in each species with more than one representative, which 

eliminated biases due to unbalanced sampling among taxa. Median and Mann–Whitney U 

tests were executed to examine the extent of DNA barcoding gap/overlap between intra- 

and inter-specific divergences [6]. 

Evaluation of DNA barcoding markers based on sequence similarity 

For assessing success in species assignment or identification among our data set, 

we adopted the “best match” function in the program TAXONDNA [23]. We calculated 

pairwise distances as uncorrected pairwise distances and compared two sequences over at 

least 300 bp except for psbK-psbI (230 bp). Since the best match was based on direct 

sequence comparison with other conspecific ecotypes, the analysis only counted species 

with multiple ecotypes per species. 

Evaluation of DNA barcoding markers using phylogenetic analysis 



	
  

	
  

36	
  

36	
  

The other criterion used to measure success of species identification was based on 

generating a phylogenetic tree. We built trees with MEGA 4.1 by using the best 

algorithms methods of UPGMA and MP compared with other tree building techniques 

for DNA barcoding [6].  

Ta 
Optimum 

Marker Primer sequence 

Amplicon 
size    

(Lemna 
minor) 

(Lemna 
minor) 

psbK-psbI Forward: 5’-TTAGCATTTGTTTGGCAAG-3’; 544 bp 51 °C 
 Reverse: 5’- AAAGTTTGAGAGTAAGCAT -3’   
trnH-psbA Forward: 5’-GTTATGCACGAACGTAATGCTC-3’; 300 bp 55 °C 
 Reverse: 5’- CGCGCGTGGTGGATTCACAATCC-3’   
matK Forward: 5’-CGTACTGTACTTTTATGTTTACGAG-3’; 862 bp 55 °C 
 Reverse: 5’- ATCCGGTCCATCTAGAAATATTGGTTC -3’   
atpF-atpH Forward: 5’-ACTCGCACACACTCCCTTTCC-3’; 675 bp 53 °C 
 Reverse: 5’- GCTTTTATGGAAGCTTTAACAAT -3’   
rpoB Forward: 5’-ATGCAGCGTCAAGCAGTTCC-3’; 406 bp 55 °C 
 Reverse: 5’- TCGGATGTGAAAAGAAGTATA -3’   
rpoC1 Forward: 5’-GGAAAAGAGGGAAGATTCCG-3’; 509 bp 56 °C 
 Reverse: 5’- CAATTAGCATATCTTGAGTTGG -3’   
rbcL Forward: 5’-GTAAAATCAAGTCCACCACG-3’; 580 bp 56 °C 

 Reverse: 5’-ATGTCACCACAAACAGAGACTAAAGC -3’   

	
  
Table 1.6   List of primers for the seven proposed DNA barcoding markers. 
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CHAPTER 2  DNA sizing 

2.1 Abstract 

To extensively estimate the DNA content and to provide a basic reference for 

duckweed genome sequence research, the nuclear DNA content for 115 different 

accessions of 23 duckweed species was measured by flow cytometry (FCM) stained with 

propidium iodide as DNA stain. The 1C-value of DNA content in duckweed family 

varied nearly thirteen-fold, ranging from 150 megabases (Mbp) in Spirodela polyrhiza to 

1,881 Mbp in Wolffia arrhiza. There is a continuous increase of DNA content in 

Spirodela, Lemna, Wolffiella and Wolffia that parallels a morphological reduction in size. 

There is a significant intraspecific variation in the genus Lemna. However, no such 

variation was found in other studied species with multiple accessions of genera 

Spirodela, Landoltia, Wolffiella, and Wolffia.  

2.2 Introduction 

The advent of high-throughput sequencing technologies has enabled a new 

generation of model plant systems [1]. In an effort to initiate duckweed genomic research 

we endeavoured to identify species with small genomes that would be ideal for 

sequencing. First, we queried the Kew plant genome database 

(http://data.kew.org/cvalues/) and found that only 6 duckweed accessions had been 

measured by the Feulgen method [2, 3]. DNA content of single species from each genus 
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was determined and showed obvious difference. Due to it being laborious and time 

consuming, the popularity of Feulgen technique has waned. Feulgen has been largely 

replaced by flow cytometry (FCM) [4], a faster, easier, and more accurate method, and 

the current preferred technique for genome size estimations and DNA ploidy analyses in 

plants [5]. 

In order to find the smallest duckweed genome for sequencing and also explore 

previous observations about genome complexity in duckweeds, we estimated the genome 

size of all of the five duckweed genera using FCM. These genome size measurements 

will form the foundation for future work in sequencing duckweed genome, and enabling 

duckweeds as a model and applied system. 

2.3 Results 

Intra- and inter-species variations of genome sizes 

The genome sizes of 115 accessions from 23 species representing 5 genera were 

estimated by FCM (Table 2.1). The DNA content estimates varied nearly thirteen-fold, 

ranging from 150 Mbp in Spirodela polyrhiza to 1,881 Mbp in Wolffia arrhiza. We 

superimposed the estimated 1C-value on a phylogenetic tree for Lemnoideae based on 

combination of morphological, flavonoid, allozyme and DNA sequence analysis [6] and 

found there is a continuous increase of DNA content in order of Spirodela, Landoltia, 

Lemna, Wolffiella and Wolffia, which correlates well with the morphological reduction 



 

 

41 

within the family (Figure 2.1 and 2.2).  

In the genus Spirodela, we measured genome size for 34 accessions and found 

that the 1C DNA content only varies from 150 to 167 Mbp (Figure 2.1 and Table 2.1). 

The analysis of variance (ANOVA: single factor test) revealed that there was not a 

significant difference in Spirodela polyrhiza genome sizes (P > 0.05). Similarly, the 1C 

DNA content for 19 accessions of Landoltia punctata from 372 to 397 Mbp did not show 

significant variation (Figure 2.1). In the genus Wolffiella, the genome sizes range from 

623 Mbp to 973 Mbp (Figure 2.1), which is almost as 4-6 times large as Spirodela 

polyrhiza. Like Spirodela polyrhiza and Landoltia punctata, there are no obvious 

intraspecific genome size variations in Wolffiella hyalina and Wolffiella lingulata. In the 

genus Wolffia, we measured 11 species and found they have the largest genome sizes on 

average among the duckweed family (Figure 2.1). 5.3-fold difference was observed from 

Wolffia australiana (357 Mbp) to Wolffia arrhiza (1,881 Mbp).  
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Figure 2.1 Genome size variation across the duckweeds. 

Estimated 1C-value superimposed on a phylogenetic tree for Lemnoideae based on 

combination of morphological, flavonoid, allozyme and DNA sequence analysis [6]. The 

species in black were what we tested and the species in the grey were the ones we did not 

examine in this experiment. In the bracket is the number of different accessions we 

tested.  
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Figure 2.2 Average genome sizes of duckweed species.  

Duckweed species are arranged on the x-axis from lower to higher evolutionary status, 

deduced from primitive and derived morphological traits [2].  

In the genus Lemna, 7 species were investigated. There is a large amount of 

genome size variation in this genus. Lemna valdiviana has the smallest genome size (323 

Mbp), while Lemna aequinoctialis has the biggest (760 Mbp). Surprisingly, intraspecific 

genome-size fluctuations are also impressive. For Lemna minor, 26 accessions have 

genome sizes ranging from 356 to 604 Mbp with up to 69.6% of the intraspecific DNA 

content variance. We confirmed the intraspecific difference of them by randomly 

choosing 2 Lemna minor with simultaneous measurement of both accessions (26.0% 

difference between 6591 Lm and 7436 Lm, Figure 2.3B). Statistical analyses revealed 
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significant differences among the Lemna minor accessions (P < 0.01). As well, Lemna 

aequinoctialis (424-760 Mbp, 79.2%) (Figure 2.3C), Lemna trisulca (446-709 Mbp, 

59.0%), and Lemna japonica (426-600 Mbp, 40.8%) all show intraspecific difference, 

indicating a drastically uneven evolution of intraspecific genome expansion in Lemna. 

 

Figure 2.3 Flow cytometry (FCM) histograms.  

(A) Histogram showing relative DNA content of Spirodela polyrhiza (1, 151 Mbp) and 

internal standard Brachypodium distachyon Bd21 (2, 300 Mbp) based on relative PI 

fluorescent intensity (channel number). Linear PI fluorescence intensity of G1 nuclei was 
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used for the calculation of DNA content (3500 particles were counted); (B) Difference in 

relative DNA content of two simultaneously measured Lemna minor accessions (2, 

Lm6591, 444 Mbp; 3, Lm7436, 560 Mbp) with internal standard Bd21 (1); 5000 

particles were counted. (C) Difference in relative DNA content of two simultaneously 

measured Lemna aequinoctialis accessions (2, La6612, 410 Mbp; 3, La7126, 748 Mbp) 

with internal standard Bd21 (1); 5000 particles were counted. 

1C-value and latitude, longitude and altitude 

To investigate whether there is a correlation between genome-size variations and 

the geographic distribution in the duckweed, we compared genome size estimates with 

the latitude, longitude and altitude of recorded collection. However, genome size 

variation was not correlated with latitude by Pearson coefficient (r-value: Spirodela =-

0.05, Landoltia =0.17, Lemna=-0.07, Wolffiella =-0.17, Wolffia =0.34) (Figure 2.4B), nor 

with longitude (r-value: Spirodela =0.17, Landoltia =0.04, Lemna =0.26, Wolffia=-0.41) 

(Figure 2.4C) except Wolffiella with a high r-value -0.86 possibly due to limited 

accessions (n=8). No correlation was found between C-values and altitude, either (r-

value: Spirodela =0.13, Landoltia =-0.25, Lemna =-0.33, Wolffiella =-0.41, Wolffia 

=0.13) (Figure 2.4D). It is interesting we found that most of Spirodela, Landoltia, 

Wolffiella and Wolffia were collected from a similar geographic range between 0° to 45° 

and preferred to localize above 600 m to 1200 m of altitude. In contrast, most of Lemna 

species were collected between 30° to 60° and preferred to distribute below 600 m. 
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However, this most likely represents a sampling bias, and could also explain the absence 

of a relationship between genome size and the environment in duckweed. 

 

Figure 2.4 1C DNA content with geographical coordinates and altitude.  

(A) Geographical origin of the duckweed samples analyzed; (B) Latitude and 1C DNA 

content; (C) Longitude and 1C DNA content; (D) Altitude and 1C DNA content. 

Name Genus Species 1C 
DNA 

pg Chr Lat Hem Lon Hem Alt Country 

8683 Spirodela polyrhiza 150±6 0.15 ns 0 N 37 E 698 Kenya 
8118 Spirodela polyrhiza 150±6 0.15 40 31 N 100 W 681 USA 
7205 Spirodela polyrhiza 153±9 0.16 40 22 N 114 E 643 Hong Kong 
7652 Spirodela polyrhiza 153±12 0.16 30 18 N 92 W 1147 Mexico 
7120 Spirodela polyrhiza 154±6 0.16 40 30 N 102 W 640 USA 
7160 Spirodela polyrhiza 154±7 0.16 40 32 N 105 W 641 USA 
7687 Spirodela polyrhiza 155±12 0.16 40 42 N 88 W 667 USA 
8787 Spirodela polyrhiza 156±8 0.16 ns 27 N 85 E 701 Nepal 
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9295 Spirodela polyrhiza 156±11 0.16  22 N 88 E  India 
8483 Spirodela polyrhiza 156±8 0.16 40 35 N 75 W 694 USA 
8403 Spirodela polyrhiza 156±10 0.16 40 44 N 0 W 691 France 
8409 Spirodela polyrhiza 156±8 0.16 40 35 N 90 W 692 USA 
9203 Spirodela polyrhiza 157±4 0.16 ns 6 N 72 W 1202 Colombia 
6613 Spirodela polyrhiza 157±6 0.16 40 36 N 120 W 635 USA 
7003 Spirodela polyrhiza 157±7 0.16 40 29 N 91 W 637 USA 
9305 Spirodela polyrhiza 157±9 0.16  17 N 78 E  India 
7206 Spirodela polyrhiza 159±12 0.16 40 13 N 100 E 644 Thailand 
6731 Spirodela polyrhiza 159±9 0.16 40 43 N 124 W 636 USA 
7498 Spirodela polyrhiza 159±2 0.16 40 35 N 78 W 658 USA 
8756 Spirodela polyrhiza 159±1 0.16 ns 9 N 40 E 700 Ethiopia 
8442 Spirodela polyrhiza 160±14 0.16 40 25 N 85 E 1160 India 
8790 Spirodela polyrhiza 160±9 0.16 ns 54 N 124 W 702 Canada 
8229 Spirodela polyrhiza 162±2 0.17 40 5 N 100 E 684 Malaysia 
7212 Spirodela polyrhiza 162±5 0.17 40 23 N 87 E 1253 India 
7551 Spirodela polyrhiza 162±4 0.17 40 14 S 133 E 1146 Northern 

Territory 
7674 Spirodela polyrhiza 163±2 0.17 40 27 N 85 E 665 Nepal 
7960 Spirodela polyrhiza 163±3 0.17 40 36 N 89 W 680 USA 
SJ Spirodela polyrhiza 164±8 0.17       Europe 
7657 Spirodela polyrhiza 164±3 0.17 30 18 N 94 W 663 Mexico 
7364 Spirodela polyrhiza 164±1 0.17 30 28 S 30 E 649 South Africa 
7222 Spirodela polyrhiza 164±8 0.17 40 3 N 101 E 646 Malaysia 
9290 Spirodela polyrhiza 164±1 0.17  28 N 77 E  India 
7379 Spirodela polyrhiza 165±2 0.17 40 12 N 79 E 1142 India 
6581 Spirodela polyrhiza 165±10 0.17 40 40 N 74 W 634 USA 
7487 Landoltia punctata 372±14 0.38 40 27 N 82 W 600 USA 
9279 Landoltia punctata 372±2 0.38  30 N 114 E  China 
9348 Landoltia punctata 372±8 0.38       Brazil 
9278 Landoltia  punctata 373±18 0.38  30 N 114 E  China 
9393 Landoltia punctata 374±15 0.38  10 N 63 W  Venezuela 
9376 Landoltia punctata 375±15 0.38  4 N 67 W  Venezuela 
9323 Landoltia  punctata 376±5 0.38  19 N 72 E  India 
9328 Landoltia  punctata 376±10 0.38  30 N 114 E  China 
7449 Landoltia punctata 377±6 0.39 40 28 N 77 E 597 India 
9387 Landoltia punctata 377±7 0.39  9 N 66 W  Venezuela 
9234 Landoltia punctata 378±6 0.39 ns 0 S 79 W 1205 Ecuador 
9245 Landoltia punctata 378±7 0.39 ns 9 N 104 E 1206 Vietnam 
9354 Landoltia punctata 380±16 0.39  45 N 9 E  Switzerland 
9289 Landoltia  punctata 381±15 0.39  28 N 77 E  India 
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9264 Landoltia punctata 384±2 0.39  21 N 157 W 1225 USA 
7260 Landoltia punctata 387±20 0.40 50 38 S 141 E 590 Victoria 
7248 Landoltia punctata 388±24 0.40 40 33 S 18 E 589 South Africa 
8721 Landoltia punctata 395±18 0.40 ns 17 S 145 E 616 Queensland 
9332 Landoltia punctata 397±26 0.41  26 S 48 W  ? 
6612 Lemna aequinoct

ialis 
424±7 0.43 40 36 N 120 W 131 USA 

6746 Lemna aequinoct
ialis 

709±13 0.72 80 37 N 121 W 132 USA 

7126 Lemna aequinoct
ialis 

760±27 0.78 60 30 N 97 W 136 USA 

7288 Lemna valdivian
a 

323±12 0.33 40 1 S 63 W 500 Brazil 

9253  Lemna minor 356±22 0.36  60  N 24  E 1242  Finland 
8731  Lemna minor 357±29 0.37 ns 37  S 175  E 63  New Zealand 
9223  Lemna minor 364±22 0.37  52  N 3  W 1241  United 

Kingdom 
9345  Lemna minor 364±3 0.37  45  N 9  E  Switzerland 
9415  Lemna minor 368±20 0.38  44  N 12  E  Italy 
9441  Lemna minor 373±21 0.38  49  N 9  E  Germany 
8676  Lemna minor 376±8 0.38 ns 34  N 74  E 62  India 
8623  Lemna minor 377±25 0.39 40  57  N 10  E 55  Denmark 
7018  Lemna minor 383±26 0.39 40  39  N 39  E 9  Turkey 
9417  Lemna minor 387±34 0.40  50  N 8  E  Germany 
utcc49
1 

Lemna minor 392±25 0.40        

9438  Lemna minor 394±33 0.40  49  N 15  E  Czech 
Republic 

utcc49
0 

Lemna minor 403±23 0.41        

7210  Lemna minor 407±36 0.42 40  33  S 26  E 21  South Africa 
utcc49
2 

Lemna minor 411±25 0.42        

7123  Lemna minor 414±10 0.42 42  52  N 106  W 1172  Canada 
8434  Lemna minor 419±3 0.43 40  43  N 79  W 53  Canada 
utcc27
0 

Lemna minor 446±25 0.44        

6591  Lemna minor 451±13 0.46 42      USA 
7436  Lemna minor 557±20 0.57 40  63  N 38  E 28  USSR 
9016  Lemna minor 561±24 0.57 ns 36  N 138  E 70  Japan 
9436a Lemna minor 568±12 0.58  41  N 20  E  Albania 
9436b Lemna minor 591±15 0.58  41  N 20  E  Albania 
9439  Lemna minor 572±26 0.58  50  N 11  E  Germany 
9440  Lemna minor 578±32 0.59  50  N 10  E  Germany  
7136  Lemna minor 604±30 0.62 40  39  N 89  W 15  USA 
BIOL Lemna gibba G-3 440±11 0.45        



 

 

49 

EX 
JS6F7-
11 

Lemna gibba G-3 447±3 0.46        

JSPL Lemna gibba G-3 449±4 0.46        
utcc31
0 

Lemna gibba G-3 475±12 0.49        

Japan Lemna gibba G-3 486±6 0.50        
7943 Lemna trisulca 446±9 0.46 40 48 N 114 W 438 USA 
7579 Lemna trisulca 451±7 0.46 80 43 N 79 W 429 Canada 
8137 Lemna trisulca 452±18 0.46 60 35 N 115 W 440 USA 
UTCC 
399 

Lemna trisulca 709±3 0.72        

8339 Lemna japonica 426±9 0.44        
7182 Lemna japonica 600±23 0.61 50 33 N 130 E 357 Japan 
CA/S
D 

Lemna obscura 487±8 0.50       USA 

7378 Wolffiella hyalina 894±30 0.91 40 26 N 30 E 1002 Egypt 
7376 Wolffiella hyalina 911±17 0.93 40 26 N 30 E 1001 Egypt 
8640 Wolffiella hyalina 973±35 0.99 40 2 S 36 E 1003 Tanzania 
8350 Wolffiella gladiata 623±12 0.64 40 39 N 88 W 994 USA 
7725 Wolffiella lingulata 629±8 0.64 20 28 S 58 W 1015 Argentina 
7464 Wolffiella lingulata 633±19 0.65 20 10 N 66 W 1011 Venezuela 
7655 Wolffiella lingulata 635±25 0.65 40 18 N 92 W 1013 Mexico 
7289 Wolffiella lingulata 655±13 0.67 50 1 S 63 W 1007 Brazil 
8743 Wolffia brasiliens

is 
776±52 0.79 ns 27 S 58 W 809 Argentina 

9123 Wolffia borealis 889±64 0.91 ns 33 N 117 W 1207 USA 
7733 Wolffia australian

a 
357±25 0.37 20 34 S 138 E 766 South 

Australia 
8730 Wolffia australian

a 
375±8 0.38 ns 32 S 151 E 769 New South 

Wales 
9276 Wolffia microscop

ica 
1661±12 1.70  28 N 77 E 1287 India 

8152 Wolffia globosa 1295±42 1.32 60 36 N 120 W 1151 USA 
7476 Wolffia angusta 1663±34 1.70 40 36 S 145 E 711 Victoria 
9149 Wolffia neglecta 1176±40 1.20 ns 24 N 67 E 969 Pakistan 
9188 Wolffia elongata 847±42 0.87 ns 10 S 74 W 1211 Colombia 
7972 Wolffia columbia

na 
874±69 0.89 40 30 N 87 W 880 USA 

9080 Wolffia cylindrac
ea 

1076±86 1.10 ns 19 S 29 E 913 Zimbabwe 

8872 Wolffia arrhiza 1881±83 1.92 ns 46 N 20 E 753 Hungary 

 

Table 2.1 Genome size across duckweeds.  
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1C-value expressed in megabase (Mbp) with standard deviation and picograms (1pg = 

978 Mbp), somatic chromosome number (2n), latitude, longitude, altitude and location 

(when recorded) were deposited in this table. 

2.4 Discussion 

Genome evolution in duckweeds 

In the phylogeny of Lemnoideae there is a strong relationship observed between 

genome size evolution and morphological progression. We found that the ancestral genus 

Spirodela has the smallest genome size, while the most advanced genus Wolffia contains 

biggest genome size (Figure 2.2), which correlates with the morphological reduction 

rather than organism complexity within the family. This result is consistent with Geber’s 

finding, which showed there was a relationship between DNA content and degree of 

primitivity [7].  

Genome doubling has been a pervasive force in plant evolution, which has 

occurred repeatedly [8]. Even the smaller genome of Arabidopsis thaliana has been 

impacted by genome duplication [9]. Cytological variation by counting the chromosomes 

was extensively investigated within duckweed. Landolt concluded that polyploidy 

(2n=20, 30, 40, 50, 60 and 80) is the main intra-populational variation [10], which means 

polyploidization was very active and occurred in the duckweeds for multiple rounds in 

the past. After polyploidization, transposable element mobility, insertions, deletion, and 
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epigenome restructuring contribute to the successful development of a new species and 

also genome size changes [11]. Changes in genome structure could lead to differential 

gene loss, extensive changes in gene expression [12], and have immediate effects on the 

phenotype and fitness of an individual [13]. It is likely polyploidy might drive the 

divergence during duckweed evolution. 

Geographic distribution and genome size variation 

It was suggested that variation in DNA content has adaptive significance and is 

correlated with the environmental traits of species [14]. The environmental conditions of 

plants are to a large extent determined by latitude, longitude and altitude. Previous 

studies have indicated a positive correlation between genome size and latitude 

(associated with the length of sun light with the growing season and the temperature), 

and also altitude (associated with the temperatures) among plant species. For example, 

the increase of DNA content corresponded with the increasing latitude found in the 

Pinaceae family [15] and with increasing altitude observed in Zea mays [16]. Duckweeds 

are distributed broadly around the world (Figure 2.4A). Our result shows there is no 

significant overall correlation of genome size with latitude, longitude and altitude (Figure 

2.4). The same result was found in Vicia faba [17], Sesleria albicans [18], and 

Asteraceae [19]. A summary revealed that these relationships were not straightforward 

and not clear. Five studies (Picea sitchensis, Berberis, Poaceae and Fabaceae, Tropical 

vs. temperate grasses, 329 tropical vs. 527 temperate plants) found positive, seven 
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(Arachis duranensis, Festuca arundinacea, North American cultivars of Zea mays, 162 

British plants, 23 Arctic plants, 22 North American Zea mays, 11 North American Zea 

mays) found negative, and five (Allium cepa, Dactylis glomerata, Helianthus) found non-

significant correlations between genome size and latitude. Additionally, nine were 

positive, eight were negative, and six were not statistically significant between genome 

size and altitude [20]. But the different environmental distribution of the Lemna genus 

(30° to 60° of latitude and below 600m of altitude) with the other four duckweed genera 

(0° to 45° of latitude and 600m to 1200m of altitude) might explain the large intraspecific 

genome size variation.   

Intraspecific variation in genome size 

Intraspecific genome consistency has been reported in Allium cepa [21], Glycine 

max [22] and Capsicum and Gossypium [23]. We also found a similar result for 

Spirodela polyrhiza, Landoltia punctata, Wolffiella hyalina, Wolffiella lingulata, and 

Wolffia australiana, which don’t have statistical intraspecific differences in genome size. 

However, more samples are needed for Wolffiella and Wolffia species to further confirm 

their genome stability. One explanation is that these species have a mechanism to 

maintain genome size constancy, e.g., by intraspecific stabilizing selection on genome 

size [24]. On the other hand, we found obvious intraspecific variation in Lemna minor, 

Lemna aequinoctialis, Lemna trisulca and Lemna japonica. Some artifacts of 

intraspecific variation in genome size have been noted, such as environmentally induced 
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variations, secondary compounds and fluorescence staining inhibitor, and erroneously 

determined species [4, 25]. However, our experiments are not complicated by these 

factors. We developed an easy bar-coding method to correctly identify duckweed 

species, which allowed us to correct any misnamed duckweed in the collection [26]. As 

cytosolic components may change in response to changes in the environment, we grew 

the duckweed plants under identical conditions. We used internal standardization such as 

Brachypodium distachyon, Arabidopsis thaliana and Physcomitrella patens that were 

prepared simultaneously and under the same experimental conditions as the duckweed 

accessions. Both duckweed and the internal standard have very little secondary 

compounds, which may affect genome size estimates. Additionally, we performed 

biological replicate on different days to eliminate instrument bias. In addition, 

intraspecific differences were independently confirmed by simultaneously measuring two 

accessions of the same species by FCM (Figure 2.3B and C).  

The intraspecific variation may result from different numbers of repeated 

sequences, including satellite DNA [27], transposable elements [28] and ribosomal genes 

[29]. Large-scale polymorphism of heterochromatic repeats exist in the DNA of 

Arabidopsis thaliana and could account for about 50% of the variance among the 

Arabidopsis thaliana accession [30]. In addition, the amount of rDNA accounts for the 

differences in genome size between closely related lines of Linum usitatissimum (flax) 

[29]. The activity of transposable elements (TE) potentially multiply 20~100 times (~0.1-
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1 Mbp) in a single generation [31]. For example, the BARE-1 TE is positively correlated 

with genome size within wild barley (Hordeum spontaneum) in response to sharp 

microclimatic divergence [28]. Deletions and insertions (INDELs) are most likely not 

candidates for genome size differences in duckweed. In Drosophila melanogaster, 

genome loss is only less than 1 bp per generation [32], indicating a small contribution to 

genome-size variation. However, in the fast growing duckweeds, which only need 2~5 

days for each generation, one could imagine it is more likely that TE have higher rate 

than other flowering plants to influence genome size within and between species. 

This is the first extensive analysis of genome sizes in duckweeds and examination 

of genome size variations across a range of taxonomic levels. We showed that 

duckweeds, in general, have remarkable smaller genome size compared with other 

flowering plants. The smallest genome size of Spirodela polyrhiza, combined with its 

sterile and controllable culture, fast growing, and promising application in research, 

suggest that this species may be good candidates for ongoing whole-genome sequencing 

projects and a model experimental tool. The 157 Mbp Spirodela polyrhiza genome is 

being sequenced by the DOE-JGI community-sequencing program (CSP), which will 

address challenges in alternative energy, bioremediation, and global carbon cycling. 

Also, the availability of a DNA C-values database of duckweeds and a consensus higher-

level phylogenetic tree has opened the way for exploring the general processes 

underlying the evolution of genomes. Obvious intraspecific variation in duckweeds will 
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also provide nice material to study the mechanism of within-species and between-species 

variation in genome size. However, the main force driving the intraspecific variance and 

how the genome size affects the phenotype still requires more research.  

2.5 Materials and methods 

Plant materials 

115 accessions of 23 duckweed species representing all 5 genera were measured 

in this study. Elias Landolt collected most of the duckweed accessions described in this 

work over the past 50 years (Landolt Duckweed Collection) [10]. Accessions were either 

obtained directly from Elias Landolt, BIOLEX (North Carolina, USA) or The University 

of Toronto Culture Collection of Algae and Cyanobacteria (UTCC). Currently the 

Landolt Duckweed Collection has been moved to Rutgers University. Plants were grown 

aseptically for 2 weeks with 1/2 full concentration of Schenk and Hildebrandt Basal Salt 

mixture (Sigma, USA) liquid culture medium under short day growth condition (8h light 

and 16h darkness with constant temperature 23°C). We bar-coded all the determined and 

undetermined species by identification of polymorphisms of chloroplast atpF-atpH 

noncoding spacer [26].  

Isolation and staining of nuclei 

To estimate nuclear DNA contents with flow cytometry (FCM), sample tissue 
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nuclei were stained with propidium iodide (PI) [33]. Briefly, 10 mg of fresh duckweed 

tissue and the same amount of the internal standard were chopped simultaneously with 

new razor blades and isolation buffer in a plastic Petri dish [34]. Isolates were filtered 

through a 30-µm nylon mesh into an Eppendorf tube. The suspensions of nuclei were 

stained with 50 µg ml-1 PI mixed with 50 µg ml-1 RNase (R4875,Sigma). The samples 

were incubated on ice for a few minutes before estimation by FCM. 

Analysis of nuclear DNA content by FCM 

PI-stained nuclei were analyzed for DNA content with a Coulter Cytomics FC500 

Flow Cytometer (Beckman Coulter, Inc., Miami, FL). In all experiments, the 

fluorescence of at least 3000 G1-phase nuclei was measured. DNA content of each target 

sample was calculated by comparing its mean nuclear fluorescence with that of an 

internal standard (Figure 2.3A). We utilized internal controls that closely match the 

duckweed genome sizes being measured to ensure accuracy. The internal standard is a 

Brachypodium distachyon line, (Bd21, 300 Mbp) [5], Arabidopsis thaliana Columbia., 

(At, 147 Mbp) [35] and Physcomitrella patens ssp patens, (Pp, 480 Mbp) [36]. The 

numbers in bracket were generated by our flow cytometry equipment and our methods. 

Therefore, the validated genome sizes are not exactly the same but very close to cited 

references. Both duckweed and internal standards have very little secondary compounds, 

which will interfere with quantitative DNA staining. The absolute DNA content of a 

sample is calculated based on the values of the G1 peak means: 
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Sample 1C DNA content = [(sample G1 peak mean)/(standard G1 peak 

mean)]×standard 1C DNA content (Mbp). At least three independent biological 

replicates for each sample were analyzed on different days to estimate the mean DNA 

content. The transformation factor from pg to Mbp is: 1pg =978 Mbp [37]. 

Statistical analysis 

Data on intraspecies variation of genome size were analysed by ANOVA: single 

factor test. To test whether genome size variation was correlated with geographic 

location or altitude of populations, the Spearman correlation coefficient (r) was used. 
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CHAPTER 3 CHLOROPLAST GENOME 

3.1 Abstract 

Chloroplast genomes provide a wealth of information for evolutionary and 

population genetic studies. Chloroplasts play a particularly important role in the adaption 

for aquatic plants because they float on water and their major surface is exposed 

continuously to sunlight. The subfamily of Lemnoideae represents such a collection of 

aquatic species that because of photosynthesis represents one of the fastest growing plant 

species on earth.  

 We sequenced the chloroplast genomes from three different genera of 

Lemnoideae, Spirodela polyrhiza, Wolffiella lingulata and Wolffia australiana by high-

throughput DNA sequencing of genomic DNA using the SOLiD platform. Unfractionated 

total DNA contains high copies of plastid DNA so that sequences from the nucleus and 

mitochondria can easily be filtered computationally. Remaining sequence reads were 

assembled into contiguous sequences (contigs) using SOLiD software tools. Contigs were 

mapped to a reference genome of Lemna minor and gaps, selected by PCR, were 

sequenced on the ABI3730xl platform.  

This combinatorial approach yielded whole genomic contiguous sequences in a 

cost-effective manner. Over 1,000-time coverage of chloroplast from total DNA were 

reached by SOLiD platform in an individual spot on a quadrant slide without purification. 

Comparative analysis indicated that the chloroplast genome was conserved in gene 

number and organization with respect to the reference genome of L. minor. However, 

higher nucleotide substitution, abundant deletion and insertion occurred in non-coding 
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regions of these genomes, indicating a greater genomic dynamics than expected from the 

comparison of other related species in Pooideae. Noticeably, there was no transition bias 

over transversion in Lemnoideae. The data should have immediate applications in 

evolutionary biology and plant taxonomy with increased resolution and statistical power. 

3.2 Introduction 

Each plant cell has three genomes, separated in three subcellular compartments, 

the nucleus, the chloroplasts, and the mitochondria. Chloroplasts are key organelles of 

green plants for photosynthesis. They are also responsible for storage of starch, and 

synthesizing chlorophyll, nucleic acids, and 50% of soluble protein in leaves. 

Chloroplasts are highly conserved in terms of their structure, genome size (from 120 to 

217 Kb) and its gene content (~130 genes) [1]. Chloroplasts contain multiple copies of a 

circular, double-stranded DNA molecule. For instance, leaf cells of tobacco and pea 

typically have ~100 chloroplasts and up to 10,000 DNA copies [2]. Total genomic DNA 

could have as many as 5,000 times the copies of chloroplast DNA relative to nuclear gene 

copies as tested in monocots and dicots [3]. In addition to its important biological roles, 

chloroplast genome sequences are widely used in evolutionary studies, comparative 

genomics [4], and biotechnology [5]. 

Lemnoideae (duckweeds) are a subfamily of the Araceae of aquatic flowering 

monocot plants [6]. However, their minute size and simple morphologically 

characteristics made them extremely difficult in systematic analysis and species 

identification. atpF-atpH barcode markers has been proposed to serve as species-level 

identification [7], while distinguishing the populations of a same species (ecotype) from 
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different geographical locations is still a problem. The distinct physiological attributes 

make ecotype-level discrimination intrigue [8]. For example, the ecotypes of Spirodela 

polyrhiza have a very broad of turion yield from 0.22 to 5.9 by one vegetative frond. 

Their finding also indicated that their phenotypic difference is inherited by the result of 

DNA mutations [9]. Therefore, in an effort to screen and isolate the right ecotypes with 

high starch, protein or rapid growth, or with heavy metal tolerance for the application of 

animal food, biofuel, wastewater treatment, it is prerequisite to identify ecotypes besides 

species [10]. It has so far proved to be difficult to genotype ecotypes only by looking for 

the very limited DNA markers. More informative polymorphism is needed to delimitate 

the border of ecotypes inside of the same species. Thus, the full plastid genome becomes 

the best option due to their highly conserved sequence but still increased resolution and 

informative sequence variation. Together with the fast improvement of next-generation 

sequencing technology, it is feasible to get multiple plastid genomes simultaneously with 

the multiplex bar-coded library system [11].  

Compared with the traditional way of primer walking based on closely related 

known genomes which is time-consuming and labor-intensive [12], a recent study 

reported that chloroplast genome sequences were recovered from total DNA including 

nuclei, chloroplasts, and mitochondria by using an Illumina-based sequencing platform. 

Still, many gaps could not be bridged because of highly divergent regions [13]. However, 

here we could demonstrate that it is possible to assemble complete chloroplast genome 

sequences from total leaf DNA with the SOLiD sequencing platform. To obtain regions 

from the chloroplast genome that diverged from a reference genome, de novo assembly 

was employed using paired reads. Before assembly, SOLiD reads from mitochondrial and 
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nuclear DNA, were filtered electronically. Furthermore, we could use the chloroplast 

genome of the closely related species L. minor as a reference that has been sequenced 

with traditional overlapping long reads [12]. Genome assembly, the comparative and 

phylogenetic analyses of these genomes are presented here. 

3.3 Results 

De novo assembly of short sequence reads yields high quality contigs 

The sequenced species S. polyrhiza, W. lingulata and W. australiana in this study 

were selected to comprise the phylogenetic diversity of the subfamily Lemnoideae and 

also to represent their extensively variation of nuclear genome sizes (Table 3.1) [14]. The 

three genomes were sequenced using mate-paired libraries on the SOLiDTM 3 System. 

The previously sequenced L. minor chloroplast genome was used as reference to retrieve 

chloroplast reads from the mixture of nuclei, mitochondria and chloroplasts. Considering 

the identical feature of two inverted repeats, we first assembled 136 Kb of the chloroplast 

genome from the LSC, IRa, SSC regions. All three genomes were each processed into 

one single large scaffold of 92 Kb (S.pol), 136Kb (W.lin), and 134 Kb (W.aus), 

respectively. Assembly of SOLiD reads resulted between 39 to 60 contigs and 1 to 3 

scaffolds per genome (Table 3.2). With the second largest scaffold of 40 Kb for S.pol, the 

length of all the added contigs already reached a size expected for a chloroplast genome 

excluding the IRb region. However, alignment of these assemblies with the reference 

genome suggested between one to three misassembled scaffolds that needed to be 

corrected. Most contigs were interrupted by mononucleotide repeats and low complexity 

sequences.  
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Species Nuclear 
Genome 
Sizeb (Mbp) 

Chloroplast 
Genome Size  
(bp) 

 Inverted 
Repeats Size 
(bp) 

Genbank # 

S. polyrhiza 7498 160 168788 31755 JN160603 
L. minor  (Reference)a 356-604 165955 31223 DQ400350 
W. lingulata 7289 655 169337 31683 JN160604 
W. australiana 7733 357 168704 31930 JN160605 
 

Table 3.1 Species used for comparative genomic analysis. 

aReference chloroplast genome [12]; bNuclear genome sizes [14]. 

By comparison of assembly of chloroplast genome with or without selection of 

pure chloroplast reads, we found that both ways were accessible to get the complete 

genome. De novo assembly from total reads generated 60 - 82 contigs with 2333 – 4062 

bp of N50 contig length, while assembly from pure chloroplast reads gave us better 

results: 18% to 35% less contig number but up to one time longer N50 of contig length 

(Table 3.2). Technically, 13 - 29 more PCR reactions need to close the gaps from total 

reads assembly than from pure chloroplast reads. 

Using the ends of contigs separated by Ns, primers were designed for PCR 

amplification. Because of the alignment with the reference genome, the correct ordering 

of contigs could be confirmed by the fact that PCR amplification occurred. Furthermore, 

when PCR products were sequenced by the CE ABI 3730XL platform, overlapping 

sequences could be used to close gaps and validate the order of contigs. Accumulative 

overlaps for the three genomes totaled 48 Kb. When short read assemblies were 

compared with CE long read sequences, the cumulative differences amounted to just 

0.041%, reflecting a high consensus between the two sequencing methods. We also could 

test the short read assembler by mapping de novo assemblies back to the complete 
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genome. Although only 2.5~12.9% of the reads were successfully aligned, keeping in 

mind the DNA mixture from plant tissue, this was sufficient to give a mean coverage 

between 1,070 to 5,474 times (Table 3.2 and Figure 3.1). The IRa and IRb regions had 

lower coverage due to random placement of repetitive read pairs when mapping. For 

nuclear genome sequences, we found 12 to 42-fold coverage by ignoring mitochondrial 

DNA reads (Table 3.2). Based on these assessments, there were approximately 100 

chloroplast genome copies for every nuclear genome copy.  

Figure 3.1 Coverage of Lemnoideae chloroplast genomes.  

Depth of coverage was plotted along the genome coordinates. Blue peaks show the 
coverage. 

 

 

 

 

Species  

Read 
processing   
(with 
selection) 

Scaffolds  
# 

N50 scaffolds 
(bp) 

Contigs   
# 

N50 contigs 
(bp) 

Sum 
contig 
length 
(bp) 

Spirodela polyrhiza 7498 yes 3 92558 60 4246 136597 
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 no 6 36267 73 4062 132134 

Wolffiella lingulata 7289 yes 1 136457 53 4708 139523 

 no 8 25221 82 2333 133615 

Wolffia australiana 7733 yes 2 134892 39 8677 137183 

 no 3 98687 60 3743 132446 
       

Species  Read 
processing 

Coverage 
cut-offa 

Total reads 
(X10^6) 

Aligned 
reads (%) 

Chloroplast 
coverage 

Nuclear 
coverage 

Spirodela polyrhiza 7498 yes 11 153 12.9 5474 42 

 no 30     

Wolffiella lingulata 7289 yes 11 155 2.5 1070 12 

 no 6     

Wolffia australiana 7733 yes 11 111 6.2 1912 15 

 no 11     

 
Table 3.2 De novo assembly statistics.  

aCoverage cut-off: minimum coverage required to form a contig.  

 

Sequence comparison and phylogeny among Lemnoideae chloroplast genomes 

The chloroplast genomes of duckweeds appeared to be within a short range of 

165,955 bp to 169,337 bp in length (Table 3.1). All of them include a pair of inverted 

repeats of around 31 Kb separated by SSC and LSC. Large single copy (LSC) and Small 

Single Copy (SSC) regions were close to 90 Kb and 10 Kb long, respectively. S. 

polyrhiza, W. lingulata and W. australiana contain the same gene number and order as 

the reference genome L. minor . The representative map of S. Polyrhiza was shown here 

(Figure 3.2).  
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Figure 3.2 The chloroplast genome map of Spirodela. 

The conservation of the overall structure of the chloroplast genomes allowed us to 

align the sequences of four duckweed species at the genome-wide level. Comparison of 

the sequences revealed multiple hotspots of high sequence length polymorphism (Figure 

3.3). The IRs showed lower sequence divergence than the single-copy regions. The 

majority of highly divergent regions were in non-coding regions as illustrated in a 
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mVISTA alignment plot. The region between rpoB and psbD from position 28 Kb to 36 

Kb is one of the most polymorphic regions. For example, W. australiana has a 425-bp 

deletion in the 29 Kb rpoB-tRNA-Cys region. S. polyrhiza has a 505-bp deletion 

compared with 100-bp deletions in W. lingulata, while a 353-bp insertion occurred at 31 

Kb of the intergenic petN-psbM region of W. australiana. Both W. lingulata and W. 

australiana have a 460-bp deletion in the 32 Kb psbM-tRNA-Asp region. Moreover, 

some INDELs existed in introns, such as a 123-bp insertion in atpF of Spirodela at 13 

Kb, and 114-bp deletion in ndhA for W. lingulata and 105-bp for W. australiana at the 

132 Kb region (Figure 3.3). 
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Figure 3.3 Alignment of Lemnoideae chloroplast genomes.  
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The sequence of L. minor chloroplast genome was compared to those of S. polyrhiza 
(top), W. lingulata (middle), W. australiana (bottom). Sequences were aligned in 
mVISTA and the annotation shown above the alignment corresponds to the L. minor 
genome. Grey arrows above the alignment indicate genes and their orientation. Thick 
black lines show the position of the IRs. The grey peaks determine the percent identity 
between two sequences of L. minor as the reference and our sequenced genomes. 

Maximum parsimony produced a single fully resolved tree with strong node 

support (Figure 3.4). Our phylogenetic results showed Wolffiella and Wolffia were more 

closely related than the others. Furthermore, our analysis strongly supported that 

Spirodela was at the basal position of the taxon, followed by Lemna and Wolffiella, 

whereas Wolffia was the most derived (Figure 3.4). 

 

Figure 3.4 Complete chloroplast genome phylogeny of Lemnoideae. 

 The phylogram was drawn by Maximum Parsimony with 1000 replicates of bootstrap 
test. The tree was rooted by Phoenix dactylifera as an outgroup. Support from bootstrap 
value was shown at the nodes. The GenBank accessions used for the analyses are 
JN160603 (S. polyrhiza), DQ400350 (L. minor), JN160604 (W. lingulata), JN160605 (W. 
australiana) and GU811709 (P. dactylifera). The whole genome sequences were aligned 
by Multi-LAGAN and MEGA 5 was used to draw the tree. 

 

Evolution of Lemnoideae and Pooideae, with chloroplast genomes in different orders 
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To further evaluate the pace of evolutionary divergence, we compared chloroplast 

genomes from different monocot orders by quantifying nucleotide substitution rates and 

INDELs ratios. The subfamily of Pooideae within the Poaceae belongs to the order of 

the Poales, whereas the Lemnoideae belong to the order of the Alismatales. When such a 

comparison is made, duckweeds have a higher rate of substitution than species of the 

Pooideae at the whole genome level and in protein-coding regions. Moreover, INDELs 

were very prominent in duckweed genomes with ratios of 0.061 to 0.095, whereas it is 

much lower as expected in conservative coding regions from 0.006 to 0.012. When we 

compared duckweeds with species of the Pooideae, duckweeds had twice as many 

INDELs in their chloroplast genomes than the Pooideae’s species based on the same 

level of intra-tribe or inter-tribe comparisons (Table 3.3). Based on INDELs length in 

genome and coding regions (Table 3.3), we could conclude that most INDELs were 

located in non-coding regions. Interestingly, we found that transversions were higher than 

transitions in the subfamily of Lemnoideae with R-values from 0.6 to 0.7 of the total 

genome. The same result was discovered in protein coding regions except between S. 

polyrhiza and L. minor (R=1.1). However, these values were completely the opposite in 

the species of the subfamily of Pooideae with R-values from 1.2 to 1.7, where transitions 

were more numerous than transversions (Table 3.3). 

Comparative 
Type 

Alignment Region Pair Alignment Alignment 
Length 

Substitution 
Ratea 

R= INDELs 
Length 

INDELs 
Ratiod 

     sib/svc   

intra-tribe whole genome S.pol+L.min 141014 0.05 0.7 10262 0.073 
intra-tribe whole genome W.lin+W.aus 141506 0.04 0.6 8635 0.061 
inter-tribe whole genome S.pol+W.lin 143722 0.07 0.6 12757 0.089 
inter-tribe whole genome S.pol+W.aus 142828 0.07 0.6 11849 0.083 
inter-tribe whole genome L.min+W.lin 142965 0.07 0.6 13543 0.095 
inter-tribe whole genome L.min+W.aus 141968 0.07 0.6 12429 0.088 
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intra-tribe whole genome wheat+barley 115940 0.02 1.2 4365 0.038 
inter-tribe whole genome wheat+B.dis 117055 0.04 1.2 6615 0.057 
inter-tribe whole genome barley+B.dis 116768 0.04 1.3 6196 0.053 
intra-tribe 81 Protein genes S.pol+L.min 69247 0.03 1.1 420 0.006 
intra-tribe 81 Protein genes W.lin+W.aus 69503 0.03 0.8 633 0.009 
inter-tribe 81 Protein genes S.pol+W.lin 69539 0.04 0.9 819 0.012 
inter-tribe 81 Protein genes S.pol+W.aus 69459 0.04 0.9 682 0.01 
inter-tribe 81 Protein genes L.min+W.lin 69521 0.04 0.9 831 0.012 
inter-tribe 81 Protein genes L.min+W.aus 69468 0.04 0.9 748 0.011 
intra-tribe 71 Protein genes wheat+barley 58607 0.01 1.5 290 0.005 
inter-tribe 71 Protein genes wheat+B.dis 58658 0.03 1.7 1045 0.018 
inter-tribe 71 Protein genes barley+B.dis 58647 0.03 1.7 1034 0.018 

 
Table 3.3 Pairwise sequence divergence of Lemnoideae and Pooideae.  

aSubstitution Rates = substitution/alignment length; bsi (Transitional Pairs) = AG+CT; csv 
(Transversional Pairs) = TA+TG+CA+CG; dINDELs Ratio = INDELs length/alignment 
length. AG means A is mutated to G and others follow the same rules. S.pol = S. 
polyrhiza, L.min = L. minor, W.lin = W. lingulata, W.aus = W. australiana, B.dis = B. 
distachon 

 

3.4 Discussion 

Next generation sequencing platforms have mainly been used for re-sequencing, 

SNP analysis, and expression profiling because it has been difficult to develop de novo 

assembly tools for short sequence reads [15]. Whereas re-sequencing or sequencing of 

related genomes can be very productive for SNP detection and for map-based cloning of 

mutant alleles, short-read assemblies often fail to detect large INDELs and variable 

regions in new genomes because technically there is no reference for them. De novo 

assemblies of short reads could cover all insertions, deletions, and rearrangements that 

would otherwise be incorrectly assembled based on alignments with a reference genome 

[11]. The pipeline of the SOLiD™ System de novo Accessory Tools 2.0, however, has 
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been well adapted to assemble high-coverage SOLiD reads of microbial genomes [16]. 

Because chloroplasts are even smaller than bacterial genomes, more in the order of large 

viruses, they represent an exception where such method can be applied. Moreover, we 

could use paired reads from the same DNA fragment to anchor one end to a contig and 

the other to a gap that could overlap with other unanchored ends. For this purpose, we 

used a module Assembly Assistant for SOLiDTM to maximally fill gaps in scaffolds by 

sufficiently utilizing benefits of these paired ends 

(http://solidsoftwaretools.com/gf/project/denovo/). Indeed, we got good assemblies by 

using high quality reads and minimizing non-target DNA from read mixtures. However, 

interference for contig building arose mainly from long mononucleotide repeats and low 

complexity sequence. Final mapping of SOLiD reads back to the complete chloroplast 

genome yielded only 2.5~12.9% alignment due to 1,000 times smaller genome size than 

nuclear genome. After comparison of assembly from pure chloroplast reads with that 

from total reads, we conclude that it is better to select the chloroplast reads before 

assembly if a reference is available. If without any reference, then the minimum coverage 

required to form a contig (coverage cut-off) for Velvet needs to be determined which 

allows only higher coverage of chloroplast reads rather than ones from much lower 

coverage of nuclei and mitochondria genome to go into assembly. Exploration of 

different filters, however, could be used to mask chloroplast sequences to assemble either 

nuclear or mitochondrial genomic DNA in parallel from the same data set, given a deep 

enough genome coverage.  

It is generally assumed that there is a universal transition bias over transversion, 

probably as a consequence of the fundamental biochemical basis of mutations [17]. This 
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rule appears to hold quite well in many vertebrate species [18] and it also works very well 

in the Pooideae subfamily as we have calculated here. Surprisingly, this is not the case 

for the Lemnoideae subfamily, where a transition bias is absent.  Although there is an 

exemption of transition bias in coding regions of Spirodela and Lemna, which could be 

explained by a selection of nonsynonymous substitutions. If all type of substitutions were 

to be equal, a 1:2 ratio of transition/transversion would be expected because of two 

possibilities of transitions (AG+CT) and four of transversions (AT+AC+GT+GC). 

Excluding nucleotide mutations in coding regions from whole genomes of duckweed 

chloroplasts, the number of R-values for non-coding region would be very close to 0.5. In 

such a case, there would be no significant difference between transition and transversion 

rates. However, in a study of grasshopper pseudogenes a transition/transversion bias was 

not universal and both substitution rates reached a 1:1 ratio [19]. Interestingly, 

transversions could also occur more frequently than transitions in chloroplasts of green 

algae [20].  

Despite the overall high conservation of genome content across different 

duckweed species, our results demonstrate that substitution rates, insertion and deletion 

events are more frequent in duckweed chloroplast genomes than in species of the 

Pooideae, especially in non-coding regions (Table 3.3, Figure 3.3). Recent studies also 

support the observation that Lemnoideae have a higher rate of chloroplast sequence 

evolution relative to Pistia and related Araceae [21].  

Nucleotide substitutions and INDEL mutations are generated during DNA 

replication or are due to DNA damage [22, 23]. Although the enzymes responsible for the 
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maintenance of chloroplast replication and DNA repair are highly faithful, under certain 

conditions chloroplasts may have to tolerate some level of oxidative damage that occurs 

spontaneously due to an abundance of reactive oxygen species from the water-splitting 

activity of the photosystem [20]. Because duckweeds float on water surface, are fully 

exposed to sunlight, and produce biomass at such a fast rate, their plastid genomes 

probably transmit and accumulate mutations more frequently than other plants. Once the 

genome of Spirodela has been sequenced, it will be interesting to analyze its nuclear 

genes that are involved in DNA replication and repair of the plastid genome and how 

they have evolved compared to terrestrial slow growing plants. 

So far, all phylogeny constructions of Lemnoideae have used selected genes or 

partial regions as markers. However, with sequenced chloroplast genomes of four species 

in this subfamily and the powerful program to align them, it is possible for the first time 

to perform whole chloroplast genome phylogenetic analysis. The topology of nodes, all 

with 100% bootstrap values, conforms to the accepted phylogeny based on extensive 

analysis from morphology and DNA sequence markers. However, there were two nodes 

that were problematic with only 42% and 53% bootstrap values in Wolffia [24]. 

Therefore, our results contradict the hypothesis that Wolffia arose from a merger of 

Wolffiella and Lemna, which was based on the trnL-trnF marker only [21]. Clearly, the 

addition of more informative sites from whole genome sequences will improve resolution 

and confidence in phylogenetic analyses. 

In summary, our data gave evidence that next-generation platforms have the 

capacity to sequence the chloroplast genome at over 1,000 times coverage in an 



 

 

76 

individual spot on a quadrant slide without purification (Table 3.2). In order to gain an 

improved understanding of genome evolution in members of the duckweed subfamily, we 

generated chloroplast genomes for three species from different genera using L. minor as a 

reference. Our analysis further suggests that (i) gene content is very conserved in 

duckweeds; (ii) Fast nucleotide substitution and abundant INDELs played a key role in 

the evolution of chloroplast genomes of duckweeds; (iii) duckweed chloroplast genome 

sequences are very promising to become an elusive single-locus plant barcode for 

systematic analysis. This information will be critical for the development of chloroplast 

transformation for improving duckweed biomass. 

3.5 Materials and methods 

DNA isolation and SOLiD DNA sequencing 

Duckweed was grown from a cluster of 3-5 fronds produced by a single mother 

frond. Total DNA was extracted from whole plant tissue by the CTAB method [25]. 

Sequencing runs were done on a SOLiD™ 3 Analyzer (Applied Biosystems, Foster City, 

CA) at the Waksman Genomics Core Facility of Rutgers University. Mate-paired 

libraries with approximately 1.5 Kb inserts were constructed from 20 µg of genomic 

DNA following the manufacturer’s instructions (SOLiD sample preparation protocol for 

Mate-Paired library sequencing), and deposited on one spot of a quadrant slide. Fifty base 

reads were obtained from each of the F3 and R3 tags, with more than 100 million reads 

obtained for each of the genomes. 
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Sequence data analysis pipeline 

To assemble the chloroplast genomes using SOLiD reads and close the remaining 

gaps with long reads from capillary electrophoresis (CE) sequencers, we used the 

following steps (Figure 3.5). Because all chloroplast genomes contain two identical 

inverted repeats (IRs), we first assembled genomes without IRb’s using 136 Kb of L. 

minor as a reference, including LSC, SSC, IRa, but added them later on for the full-

length molecules.  

1) Data filtering: SOLiD mate-paired short reads were preprocessed by Mean 

Filter of a Perl script [26]; i.e., reads were truncated to 40 bp and average quality of reads 

were set to exceed the threshold QV score of 20. Because coverage is very high, only 

successful mate-pair reads went into the next step. 2) Selection of chloroplast-related 

reads: The filtered mate-pair colorspace reads from each of the three samples were 

aligned to the chloroplast genome of L. minor [12] (GenBank accession number: 

DQ400350) using the BWA short-read alignment component with default parameters 

[27]. At least one end of the paired-end reads was anchored to the chloroplast genome of 

L. minor before interrogating the second end to map to a linked sequence or to a gap. 3) 

1st run of genome assembly: De novo assembly was performed with identified 

chloroplast-related reads using the SOLiD™ System de novo Accessory Tools 2.0 

(http://solidsoftwaretools.com/gf/project/denovo/), together with the Velvet assembly 

engine [28]. The tools are designed to simplify and optimize parameters for ease of usage 

and best performance. They sample an optimal sub-set of reads and automatically 

estimate optimal parameters for each step. Velvet parameters generated from the tools 
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were deposited in Table 3.2 with hash length 19 and coverage cut-off 11. Assembly 

assistant module in the tools took the input from Velvet and produced scaffolds with 120 

mate-pair confirmations to make confident scaffolding in the end. 4) 2nd run of genome 

assembly: After the first run, all scaffolds were concatenated into pseudomolecules. In 

order to maximize chloroplast-related reads, the artificial molecule functioned as a new 

reference and step 2 and 3 were then reiterated. 5) Correction of scaffold building: The 

biggest scaffolds of each genome were aligned with the most closely related reference 

genome of L. minor using BLAST2 (http://blast.ncbi.nlm.nih.gov/). Indeed in a few 

instances, non-contiguous genomic regions were found in juxtaposed positions at gap 

positions. At these gaps scaffolds were broken and contigs reordered in collinearity with 

the reference genome. Smaller contigs were manually ordered based on the reference 

genome. All scaffolds were then concatenated into a single full-length molecule, where 

each gap in the sequence was marked with one N. 6) Gap closure: Gaps were small 

enough so that flanking primer pairs could be chosen (Table S1) to isolate missing 

sequences by PCR and apply CE sequencing methods (ABI 3730XL) for closure [7]; 7) 

Assembly validation: Because PCR amplification of gaps required correct ordering of 

contigs into scaffolds, the long CE reads provided validation of overlapping sequences 

and the correct ordering of short read assemblies. Accumulative overlaps and 

discrepancies between alignments of sequences from both methods were summarized 

using DNASTAR (http://www.dnastar.com/), which could reflect sequence errors in the 

SOLiD platform. 8) GenBank deposition: The fully sequenced genomes of three species 

were annotated by DOGMA [29], checked manually and have been deposited to 

GenBank as a whole genome shotgun project. 
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Considering its universal application of this pipeline, we would like to know how 

efficient de novo assembly of chloroplast genome from total reads could be without such 

good reference-based selection. In this way, we couldn’t use default set-up parameters for 

the pipeline that is only feasible for uniform coverage of a genome, because the 

precomputed parameters will be shifted from sub-set reads which was actually a mixture 

of three genomes with different coverage. Instead of step 2, 3 and 4 after data filtering, 

we determined the optimized parameters shown in Table 3.2 by extensively initial testing 

and then manually provided to the SOLiD™ System de novo Accessory Tools 2.0. All 

other assembly steps were the same as the one with selected reads.

 

Figure 3.5 Pipeline of chloroplast genome assembly. 
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Whole genome alignments, comparison, and phylogenetic analysis 

Lemnoideae chloroplasts, S. polyrhiza 7498 (S.pol), L. minor  (L.min), W. 

lingulata 7289 (W.lin), W. australiana 7733 (W.aus) were aligned by a program of global 

multiple alignment of finished sequences  (Multi-LAGAN) [30] and annotation for the 

reference genome of L. minor  [12] was used to construct sequence conservation plots in 

the program mVISTA [31].  

The 81 protein coding nucleotide sequences from duckweeds were retrieved after 

annotation by DOGMA, concatenated as one full-length molecule and pair-wisely 

aligned with each other by Multi-LAGAN. MEGA 5 was used to detect transitions, 

transversions, and INDELs (insertion/deletion) for all genomes except the IRb regions 

and protein coding sequences. A similar analysis of 71 common genes was done for 

chloroplast genomes of species in the subfamily of the Pooideae, i.e., wheat (AB042240), 

barley (EF115541) and Brachypodium (EU325680). They were chosen because wheat 

and barley belong to the same tribe of Triticeae, while Brachypodium belongs to the 

different tribe of Brachypodieae within the same subfamily, which taxonomically is at 

the same level as the Lemnoideae, where Spirodela and Lemna belong to the same tribe, 

but Wolffiella and Wolffia to a different one [6, 24].  

To examine if the genome-wide phylogenetic analyses are consistent with those 

of morphological, flavonoid, and allozyme markers, as well as selected DNA sequences 

[24], we employed Maximum Parsimony to reconstruct Lemnoideae phylogeny with 

whole chloroplast sequences by using MEGA 5 [32]. Phoenix dactylifera is in the same 
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class of Liliopsida as Lemnoideae and functions as an outgroup here [33]. However, one 

of the two inverted repeat regions (IRb) was excluded from phylogenetic analyses. 
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CHAPTER 4 MITOCHONDRIAL GENOMICS 

4.1 Abstract 

 Spirodela polyrhiza is a species of the order Alismatales, which represent the 

basal lineage of monocots with more ancestral features than the Poales. Its complete 

sequence of the mitochondrial (mt) genome could provide clues for the understanding of 

the evolution of mt genomes in plant.  

 Spirodela polyrhiza mt genome was sequenced from total genomic DNA without 

physical separation of chloroplast and nuclear DNA using the SOLiD platform. Using a 

genome copy number sensitive assembly algorithm, the mt genome was successfully 

assembled. Gap closure and accuracy was determined with PCR products sequenced with 

the dideoxy method.  

 This is the most compact monocot mitochondrial genome with 228,493 bp. A 

total of 57 genes encode 35 known proteins, 3 ribosomal RNAs, and 19 tRNAs that 

recognize 15 amino acids. There are about 600 RNA editing sites predicted and three 

lineage specific protein-coding-gene losses. The mitochondrial genes, pseudogenes, and 

other hypothetical genes (ORFs) cover 71,783 bp (31.0%) of the genome. Imported 

plastid DNA accounts for an additional 9,295 bp (4.1%) of the mitochondrial DNA. 

Absence of transposable element sequences suggests that very few nuclear sequences 

have migrated into Spirodela mtDNA. Phylogenetic analysis of conserved protein-coding 

genes suggests that Spirodela shares the common ancestor with other monocots, but there 

is no obvious synteny between Spirodela and rice mtDNAs. After eliminating genes, 

introns, ORFs, and plastid-derived DNA, nearly four-fifths of the Spirodela 
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mitochondrial genome is of unknown origin and function. Although it contains a similar 

chloroplast DNA content and range of RNA editing as other monocots, it is void of 

nuclear insertions, active gene loss, and comprises large regions of sequences of 

unknown origin in non-coding regions. Moreover, the lack of synteny with known 

mitochondrial genomic sequences shed new light on the early evolution of monocot 

mitochondrial genomes. 

4.2 Introduction 

Usually, a plant cell contains three genomes: plastid, mitochondrial, and nuclear. 

In a typical Arabidopsis leaf cell, there are about 100 copies of mitochondrial DNA 

(mtDNA), about 1,000 copies of chloroplast DNA (cpDNA), and two copies of nuclear 

DNA (ncDNA) [1]. 

The mitochondrial genome plays fundamental roles in development and 

metabolism as the major ATP production center via oxidative phosphorylation [2]. The 

mitochondrial genetic system in flowering plants exhibit multiple characteristics that 

distinguish them from other eukaryotes: large genome size with dispersed genes, an 

incomplete set of tRNAs, trans-splicing, and frequent uptake of plastid DNA or of 

foreign DNA fragments by horizontal and intracellular gene transfer [2-6]. Plant mtDNAs 

are a major resource for evolutionary studies, because coding regions evolve slowly, in 

contrast to the flexible non-coding DNA. Therefore, the structural evolution and 

plasticity of plant mtDNAs make them powerful model for exploring the forces that 

affect their divergence and recombination. 
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With the emergence of second-generation sequencing technologies, the number of 

completed plant mitochondrial genomes deposited in the GenBank database 

(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=33090&opt=organelle

) has increased until August of 2012 to 69. Most are from Chlorophyta (17 of green 

algae) and seed plants (26 of eudicotyledons). So far, among 11 sequenced monocot mt 

genomes, 10 are from the Poales, which have been extensively studied and only one, 

Phoenix, a palm, from the order of Arecale has been sequenced [7]. Obviously, complete 

mt sequence data will be needed not only from closely but also distant related taxa to give 

us a broader perspective of mt genome organization and evolution. 

Spirodela polyrhiza, with great potential for industrial and environmental 

applications, is a small, fast growing aquatic plant in the Araceae family of the 

Alismatales order [8, 9]. There are 14 families, 166 genera, and about 4,500 species in 

this order. The early diverging phylogenetic position of Alismatales offers a broader view 

at features of monocot mt genomes. Plant mitochondria could also open a strategy for 

transgenes with high expression level and biological containment because of their 

maternal inheritance [10]. Here,	
  we	
  demonstrate the de novo assembly of a complete mt 

genome sequence from total leaf DNA using the SOLiD sequencing platform and a 

genome copy number-sensitive algorithm that can filter chloroplast and nuclear 

sequences. Indeed, comparative analysis of this genome provides us with unique features 

and new insights of this class of plants that differ from other monocots. 

4.3 Results and discussion 

The de novo assembly of SOLiD reads 
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The optimal parameter of the SOLiDTM System de novo Accessory Tools 2.0 for 

the assembly of the Spirodela mitochondrial genome has a hash length of 25 and 

coverage cut-off of 45. Under these conditions, assembly of SOLiD reads from total leaf 

DNA resulted in 15 scaffolds and 88 contigs, of which three scaffolds were mitochondrial 

(173,697, 47,896, 1824 bp) (Table 4.1). As expected, the other scaffolds were mainly 

copies of ribosomal RNA genes and retroelements of the nuclear genome because their 

copy number was comparable to the copies of mitochondrial genomes per leaf cell. To 

validate the assemblies, gaps were amplified with PCR for dideoxy sequencing with the 

CE ABI 3730xl system. With this information the order of the three scaffolds were 

resolved. Furthermore, after the SOLiD short read assembly was aligned with the CE 

long read sequences, only 0.036% discrepancy was found within 19 Kb sequence of 

overlaps, demonstrating high consistency between the two platforms. When we mapped 

the total reads back to the complete mtDNA, a total of 467-fold coverage was calculated. 

Considering the 5,474-fold chloroplast coverage, we found 41-fold coverage of nuclear 

genome sequences (Table 4.1). This level of coverage from assembled sequences was 

consistent with the expected representation of the three genomes in total leaf DNA, 

yielding chloroplast, mitochondria, and nuclei with the approximate ratio of 100:10:1. 

Statistical list Number 

Number of scaffolds 15 

N50 scaffolds (bp) 173697 

Number of contigs 88 

N50 contigs (bp) 6528 

Sum contig length (bp) 240987 
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Hash length 25 

Expected coverage 90 

Coverage cut-offa 45 

Total reads (X10^6) 153 

Aligned reads (%) 1.4 

Average chloroplast coverageb 5474 

Average mitochondrial coverage 467 

Average nuclear coverage 41 

	
  

Table 4.1   de novo assembly statistics. 

aCoverage cut-off: minimum coverage required to form a contig. 

bAverage chloroplast coverage was cited from its genome assembly [11]. 

Here, we applied a layered approach of sequencing organelle genomes without 

fractionation from total leaf DNA. Thanks to an assembly algorithm of sequence reads 

that is sensitive to the differential copy number of organelle and nuclear genomes, we did 

not physically need to fractionate plastid, mitochondrial, and nuclear DNA for deep 

sequencing. Therefore, we first assembled the complete Spirodela chloroplast genome 

from ABI SOLiD and gap-closure 3730xl reads, which permitted us to mask all plastid 

DNA reads before assembling mitochondrial DNA, which is in access of nuclear DNA 

but not as abundant as plastid DNA [11, 12]. Furthermore, we can take advantage of the 

ratios of these genomes to limit the value of coverage cut-off with identical dataset of 

SOLiD reads, which is taken in consideration for the assembly algorithm to distinguish 

between plastid, mitochondrial, and nuclear genome sequence reads [13, 14]. Assemblies 

were validated like in the case of chloroplast DNA by PCR and gap sequencing of long 
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reads with the traditional ABI 3730xl sequencing system. Following this protocol, we 

obtained a complete mitochondrial genome from an aquatic plant in a very cost-efficient 

way, which can serve as a reference for future mt genomics. 

Features of the Spirodela mitochondrial genome  

The mitochondrial genome was assembled into a 228,493 bp master circle (Figure 

4.1), which makes it the smallest genome of all sequenced monocots, much smaller than 

the 715,001 bp of Phoenix dactylifera [7], 490,520 bp of Oryza sativa [15], or 569,630 bp 

of Zea mays mitochondria [16]. Because Spirodela diverged at a very early stage in the 

monocot lineage, it suggests that either the common ancestor of monocots had a 

relatively compact genome, with a series of independent expansions by accumulation of 

chloroplast and nuclear sequences or proliferation of pairs of repeats, leading to the large 

genomes in rice and maize [5, 15, 16], or a number of size contractions happened in 

Spirodela from the large genome of their ancestor. The GC content in the mtDNA was 

45.7%, slightly higher than 43.8% of Oryza and 43.9% of Zea [15, 16]. The coding 

sequences covered 31% of the mitochondrial genome compared with 57.4% of the 

chloroplast genome [11] (Table 4.2). There were 57 functional genes and 4 pseudogenes 

in total, encoding 35 proteins, 19 tRNAs and 3 rRNAs (Table 4.3). Therefore, it gave rise 

to a density of 4.0 Kb per gene. Noticeably, eight genes (ccmFc, cox2, nad1, nad2, nad4, 

nad5, nad7, rps3) had 15 cis-spliced group II introns, whereas nad1, nad2 and nad5 were 

disrupted by 6 trans-splicing sites (Table 4.2). Previous studies suggested that trans-

splicing had evolved before the emergence of hornworts [17]. In general, the numbers 
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and locations of introns in the Spirodela mtDNA were rather well conserved in other 

sequenced monocot genomes.  

Feature Value 
Genome size (bp) 228,493 
GC content (%) 45.7 
Coding sequences (%)a 31.4 
Protein coding gene # 35 
ORFs # 39 
cis-/trans-intron # 15/5 
tRNA gene # 19 
rRNA gene # 3 
Chloroplast-derived (%) 4.1 
Gene density (bp) 4009 
	
  

Table 4.2   Features for mitochondrial genome. 

acoding sequences include identified mitochondrial genes, pseudogenes, ORFs and 
cis-spliced introns. 

Protein genes and transcript editing 

The content of key protein coding genes in Spirodela mtDNA is highly conserved 

with other angiosperms [16, 18-20]. There were nine subunits of the oxidative 

phosphorylation complex I (nad1, 2, 3, 4, 4L, 5, 6, 7 and 9); one subunit of complex II 

(sdh4); one subunit of complex III (cob); three subunits of complex IV (cox1, cox2 and 

cox3); five subunits of complex V (atp1, 4, 6, 8 and 9); and four subunits of a complex 

involved in cytochrome c biogenesis (ccmB, ccmC, ccmFn and ccmFc). Other genes 

encoding maturase (matR) and transport membrane protein (mttB) were also present in 

Spirodela mtDNA. As in maize [16], the matR gene in Spirodela also resided in the 

intron 4 of nad1, which is trans-spliced after transcription. In Spirodela, there were ten 

functional ribosomal genes and two pseudogenes of rps14 and rps19 with early stop 
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codons, whereas rice had a functional rps19 and a non-functional rps14 [15] and both 

were missing in maize (Table 4.3) [16]. All annotated genes and coordinates were listed 

in Table 4.3 and shown in a graphical map (Figure 4.1). 

 

Figure 4.1.  The gene map of mitochondrial genome.  

Genes indicated as closed boxes on the outside of the circle are transcribed clockwise, 
whereas those on the inside were transcribed counter-clockwise. Pseudogenes were 
indicated with the prefix ‘‘Ψ’’. The biggest repeat pair was also marked by arrows. The 
genome coordinate and GC content are shown in the inner circle. 
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 Gene Exon Start Stop Size (bp) Strand 
Complex I nad1    965  
  exon 1 186808 186437 372 - 
  exon 2 79193 79273 81 + 
  exon 3 80456 80650 195 + 
  exon 4 159441 159383 59 + 
  exon 5 156079 155822 258 - 
 nad2    1431  
  exon 1 47421 47573 153 + 
  exon 2 48827 49177 351 + 
  exon 3 14038 13883 156 - 
  exon 4 11804 11223 582 - 
  exon 5 9843 9655 189 - 
 nad3  85690 85334 357 - 
 nad4    1482  
  exon 1 29243 29701 459 + 
  exon 2 31055 31567 513 + 
  exon 3 33854 34273 420 + 
  exon 4 35940 36029 90 + 
 nad4L  119250 119552 303 + 
 nad5    1989  
  exon 1 54073 54300 228 + 
  exon 2 55155 56369 1215 + 
  exon 3 103474 103869 396 + 
  exon 4 104795 104944 150 + 
 nad6  181813 182472 660 + 
 nad7    1128  
  exon 1 66367 66212 156 - 
  exon 2 63773 63309 465 - 
  exon 3 62308 62063 246 - 
  exon 4 60630 60370 261 - 
 nad9  15929 15357 573 - 
Complex II sdh4  38982 38530 453 - 
Complex III cob  99277 100458 1182 + 
Complex IV cox1  1 1584 1584 + 
 cox2    729  
  exon 1 221286 221675 390 + 
  exon 2 222911 223249 339 + 
 cox3  39707 38910 798 - 
Complex V atp1  201750 203273 1524 + 
 atp4  119785 120315 531 + 
 atp6  138180 137461 720 - 
 atp8  44606 44136 471 - 
 atp9  106123 106347 225 + 
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Cytochrome c 
biogenesis 

ccmB  189517 188906 612 - 
 ccmC  127508 128290 783 + 
 ccmFn  2225 3940 1716 + 
 ccmFc    1317  
  exon 1 196067 195309 759 - 
  exon 2 194360 193803 558 - 
Ribosomal 
proteins 

rps1  20532 20014 519 - 
 rps2  197954 197295 660 - 
 rps3    1677  
  exon 1 214037 214111 75 + 
  exon 2 215854 217455 1602 + 
 rps4  168641 169690 1050 + 
 rps7  118609 118998 390 + 
 rps12  85289 84912 378 - 
 rps13  77950 78300 351 + 
 Ψrps14  98082 98340 259 + 
 Ψrps19  213786 214074 289 + 
 rpl5  97522 98076 555 + 
 rpl10  96226 95753 474 - 
 rpl16  217319 217858 540 + 
Other 
proteins 

matR  158573 156612 1962 - 
 mttB  43302 42532 771 - 
tRNA trnN-GTT-cp  70722 70651 72 - 
 trnD-GTC  69966 70039 74 + 
 trnC-GCA  210090 210160 71 + 
 trnQ-TTG  73922 73993 72 + 
 trnE-TTC  67604 67533 72 - 
 trnG-GCC  72733 72662 72 - 
 trnH-GTG-cp  150206 150133 74 - 
 ΨtrnH-GTG  191157 191091 67 - 
 trnI-CAT  68910 68830 81 - 
 trnK-TTT  94640 94568 73 - 
 trnM-CAT-cp  198869 198797 73 - 
 trnfM-CAT  172112 172039 74 - 
 trnF-GAA  212105 212178 74 + 
 trnP-TGG  212325 212399 75 + 
 trnS-GGA-cp  105233 105147 87 - 
 trnS-GCT  211761 211848 88 + 
 trnS-TGA  45484 45398 87 - 
 trnS-TGA  96955 97041 87 + 
 trnW-CCA  123540 123613 74 + 
 trnY-GTA  14641 14559 83 - 
rRNA rrn5  126685 126803 119 + 
 rrn26  175130 172512 2619 - 
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 Ψrrn26  175418 175140 279 - 
 rrn18  124621 126562 1942 + 
Putative ORF orf115a  19127 18780 348 - 
 orf129  22415 22804 390 + 
 orf107a  26004 26327 324 + 
 orf107b  26490 26813 324 + 
 orf116a  27724 28074 351 + 
 orf107c  46987 46664 324 - 
 orf100a  56718 57020 303 + 
 orf116b  78800 79150 351 + 
 orf307  84450 83527 924 - 
 orf99a  94364 94065 300 - 
 orf107d  103115 103438 324 + 
 orf113  107042 107383 342 + 
 orf112  110499 110837 339 + 
 orf114  111130 111474 345 + 
 orf257  111825 112598 774 + 
 orf115b  113772 113425 348 - 
 orf111  114469 114804 336 + 
 orf105  116075 116392 318 + 
 orf143a  120699 121130 432 + 
 orf100b  121123 120821 303 - 
 orf125  128579 128956 378 + 
 orf172  132119 132637 519 + 
 orf99b  134984 134685 300 - 
 orf139  136005 136424 420 + 
 orf100c  139752 139450 303 - 
 orf126  145095 145475 381 + 
 orf121  146128 146493 366 + 
 orf117a  147196 147549 354 + 
 orf101  153486 153791 306 + 
 orf106  154610 154290 321 - 
 orf117b  154804 154451 354 - 
 orf150  159198 159650 453 + 
 orf143b  166461 166030 432 - 
 orf161  171133 170648 486 - 
 orf120  179396 179758 363 + 
 orf99c  193656 193357 300 - 
 orf130a  198383 197991 393 - 
 orf130b  207211 207603 393 + 
 orf102  209373 209681 309 + 
Table 4.3   Gene content for mitochondrial genome. 
Gene content includes protein-coding genes, tRNA, rRNA and putative ORFs. “Ψ” 
means pseudo gene and “cp-” means chloroplast-derived gene. 
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Post-transcriptional editing occurs in nearly all plant mitochondria, which results 

in altered amino acid sequences of the translated protein by converting specific Cs into 

Us in their transcripts. We used the program of the predictive RNA editor of plant 

mitochondrial genomes (PREP-mt) to predict the location of RNA editing sites, which 

are based on well-known principles that plant organelles maintain the conservation of 

protein sequences across many species by editing mRNA [21]. By setting the cut-off 

value to 0.6 within the 35 protein-coding genes of Spirodela mtDNA 600 sites were 

predicted as C-to-U RNA editing sites (Table 4.4). To validate the accuracy of this 

prediction, we compared RNA transcripts from atp9, nad9, cox3 and rps12 by RT-PCR 

with the corresponding genomic sequences yielding a confirmation for 90.8% of the 

predicted sites. Considering a level of about 10% artificial predictions, we estimate about 

540 RNA editing sites, a number that lies between the 441 of protein-coding genes of 

Oryza [15] and 1,084 of Cycas [19].  

 Gene Cut-off 
value 

  
  =1 >=0.8 >=0.6 
Complex I nad1 17 4 4 
 nad2 22 2 7 
 nad3 11 6 1 
 nad4 39 9 7 
 nad4L 6 4 1 
 nad5 13 11 4 
 nad6 14 1 3 
 nad7 25 7 1 
 nad9 6 3 3 
Complex II sdh4 0 1 1 
Complex III cob 14 2 1 
Complex IV cox1 19 0 3 
 cox2 13 2 0 
 cox3 4 9 3 
Complex V atp1 1 5 0 
 atp4 6 2 1 
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 atp6 15 2 3 
 atp8 3 0 2 
 atp9 7 0 0 
Cytochrome c 
biogenesis 

ccmB 17 13 10 
 ccmC 19 4 14 
 ccmFn 11 4 2 
 ccmFc 23 5 7 
Ribosomal proteins rps1 1 0 4 
 rps2 5 0 2 
 rps3 4 3 2 
 rps4 8 6 1 
 rps7 0 1 1 
 rps12 4 5 1 
 rps13 2 3 1 
 rpl5 3 2 2 
 rpl10 2 6 0 
 rpl16 3 1 3 
Other proteins matR 9 2 7 
 mttB 7 10 10 
Total  353 488 600 
 

Table 4.4   redicted RNA editing numbers in each protein-coding gene for Spirodela 

mtDNA.  

The cutoff value for each predicted site was the percentage of matches in alignment to the 
corresponding amino acid across species. 

 

It is generally accepted that RNA editing is essential for functional protein 

expression as it is required to modify amino acids to maintain appropriate structure and 

function [22], or to generate new start or stop codons [23]. Indeed, the abundance of 

RNA editing sites in Spirodela mtDNA might have increased genome complexity and 

pace of divergence. We summarized the number of potentially modified codons of 

Spirodela mtDNA in Table 4.5. Three edited codons (TCA (S) => TTA (L); TCT (S) => 

TTT (F); CCA (P) => CTA (L)) were found most frequently, whereas three editing 
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events from two codons (CAA (Q) => TAA (X); CAG (Q) => TAG (X)) resulted in stop 

codons (Table 4.5). Even though three new stop codons are located close at the C-end of 

proteins (ccmC, rps1 and rpl16), it is not clear whether these small truncations affect their 

functions or not, which would require experimental evidence.  

RNA editing Cut-off 
value 

  
 =1 >=0.8 >=0.6 

ACA (T) => ATA (I) 1 3 2 
ACG (T) => ATG (M) 4 1 0 
ACT (T) => ATT (I) 2 2 1 
CAA (Q) => TAA (X) 2 0 0 
CAC (H) => TAC (Y) 6 1 1 
CAG (Q) => TAG (X) 1 0 0 
CAT (H) => TAT (Y) 15 5 2 
CCA (P) => CTA (L) 30 14 8 
CCA (P) => TCA (S) 8 1 2 
CCC (P) => CTC (L) 6 4 3 
CCC (P) => TCC (S) 8 2 4 
CCC (P) => TTC (F) 0 2 4 
CCG (P) => CTG (L) 23 6 3 
CCG (P) => TCG (S) 4 5 0 
CCT (P) => CTT (L) 16 8 6 
CCT (P) => TCT (S) 11 6 4 
CCT (P) => TTT (F) 4 4 0 
CGC (R) => TGC (C) 9 2 2 
CGG (R) => TGG (W) 31 2 6 
CGT (R) => TGT (C) 17 6 11 
CTC (L) => TTC (F) 5 2 5 
CTT (L) => TTT (F) 6 4 1 
GCA (A) => GTA (V) 0 0 1 
GCC (A) => GTC (V) 0 0 1 
GCG (A) => GTG (V) 3 0 2 
GCT (A) => GTT (V) 2 0 2 
TCA (S) => TTA (L) 54 19 13 
TCC (S) => TTC (F) 21 7 11 
TCG (S) => TTG (L) 25 18 9 
TCT (S) => TTT (F) 39 11 8 
Total 353 488 600 
	
  

Table 4.5   Type and number of codon modification in predicted RNA editing sites. 
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The rRNA and tRNA genes  

Spirodela mtDNA contains 3 ribosomal RNA genes (rrn5, rrn18, rrn26) and one 

pseudogene of rrn26. The 19 putatively expressed tRNA genes are specific for 15 amino 

acids (Table 4.3). Four of them (trnN-GTT, trnH-GTG, trnM-CAT and trnS-GGA) are 

probably chloroplast-derived because of high sequence similarity. They are also predicted 

as chloroplast origin in maize, rice, sugar beet and Arabidopsis except trnS-GGA in 

maize [16]. Therefore, they were not recently acquired from chloroplast, but more likely 

an event of horizontal transfer in a common ancestor. One trnH-GTG is considered to be 

a non-functional pseudogene. Functional tRNA genes for the amino acids Ala, Arg, Leu, 

Thr and Val are absent. Because all 20 amino acids are required for protein synthesis, and 

all 64 codons are used in the Spirodela mt genome based on a codon-usage scan [24], the 

missing tRNAs are presumably encoded by the nuclear genome and imported from the 

cytosol into the mitochondria [25] [26].  

ORFs and intergenic sequences 

Only ORFs encoded by a hypothetical gene with more than 300 bp in length 

between start and stop codons and no match with a known mt coding sequence were 

counted. Based on this cut-off, we found 39 mitochondrial ORFs, most of which were not 

cp migrations and specific to Spirodela (Table 4.3). We named ORFs using their amino 

acid numbers. When the same length of ORFs happened, a lower case letter (a, b, c, etc) 

was added. Given the large amount of intergenic DNA in Spirodela mtDNA, it is not 

surprising to find an abundance of additional ORFs in its genome. Rarely, ORFs showed 

conservation to any other plants so that putative ORFs were considered to be spurious 
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prediction [27]. However, orf100a had an ortholog of a NADH-ubiquinone 

oxidoreductase chain in Nicotiana tabacum (GenBank: YP_717128) and orf257 had 

sequence similarity to DNA polymerase (GenBank: YP_003875487) found in plant mt 

plasmids [4]. Some studies found that unidentified ORFs had transcripts in rapeseed [28] 

or to be actively transcribed in sugar beet [29], but further studies are needed to 

determine whether they encode functional proteins.   

A striking feature of Spirodela mtDNA was that 81% of the intergenic regions 

were species-specific and showed no sequence similarity to any other known sequence. It 

seemed that anonymous sequences in intergenic DNA were quite common. For instance, 

unidentifiable sequences comprised 70% of Beta vulgaris mtDNA [30]. Although they 

split about 50 million years ago, 76% of rice mtDNA sequences appeared to be highly 

divergent from maize in intergenic regions [16]. The repetitive DNAs [31], mt plastidal 

migrations [32] and viral DNA insertions [33] could contribute to the expansion of 

intergenic regions, but still comprised a rather small fraction in most seed plant mt 

genomes. On the other hand, it was quite common that multipartite mt genomes could be 

generated through large repeat pairs with high frequency [27]. Indeed, 29 potential 

candidates of repeat pairs with more than 50 bp were found in Spirodela mtDNA by 

using REPuter [34] (Table 4.6). However, we could not detect repeat-specific contigs 

from the assembly that could be explained of isomeric and subgenomic molecules 

derived from a master circle after recombination. Probably, the high rate of non-coding 

sequence turnover in Spirodela mtDNA was mainly generated through the process of 

micro-homologous recombination or non-homologous end joining, later on of active 

rearrangement and continuous reshuffling. Still, the high proportion of enigmatic non-
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coding regions in mtDNA is quite extensive. To understand where all these enigmatic 

sequences might come from and why they appeared to be so common would require 

additional sequences from closely related species. 

Repeat 
length 

Start 
position 

Match 
direction 

Repeat 
length 

Start 
position 

E-value 

1535 45070 P 1174 96196 0.00E+01 
236 50135 F 236 104843 8.53E-130 
137 124339 P 137 175911 1.99E-70 
128 13019 F 128 64008 4.87E-65 
134 85318 P 134 120516 3.28E-64 
129 82501 P 129 222228 2.36E-63 
110 13037 F 110 64026 8.71E-57 
104 82526 P 104 222228 3.57E-53 
113 92268 F 113 199599 8.61E-52 
89 107193 F 89 221998 1.18E-37 
80 76738 F 80 221186 2.41E-36 
79 92302 F 79 199633 1.11E-33 
63 71140 F 63 88350 1.73E-28 
62 25586 P 62 162923 6.90E-28 
62 54713 F 62 214604 6.90E-28 
62 119173 P 62 198625 6.90E-28 
69 150140 F 69 191090 5.96E-26 
57 34898 F 57 223562 7.07E-25 
65 115922 P 65 219551 1.27E-23 
63 39865 F 63 160103 1.85E-22 
52 125889 P 52 173932 7.24E-22 
53 81634 P 53 172361 2.88E-20 
51 48719 F 51 80393 4.43E-19 
54 107228 F 54 222033 5.83E-19 
50 77888 F 50 120636 1.28E-16 
50 106264 F 50 119017 1.28E-16 
50 150160 F 50 191110 1.28E-16 
50 124431 P 50 175906 6.13E-15 
50 131626 P 50 163414 6.13E-15 
	
  

Table 4.6    Predicted repeat pairs. 

“F” and “P” means forward and palindromic matches. 
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Phylogenetic analysis and gene loss in angiosperm mitochondrial genomes 

After re-examining mitochondrial genome annotations from seven species, a 

selection of 19 conserved genes (nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, 

nad9, cob, cox1, cox2, cox3, atp1, atp4, atp6, atp8, atp9 and rps3) was concatenated to 

permit alignment analysis of 19,824 sites in eight genomes (dicot: Arabidopsis, Nicotiana 

and Boea; monocot: Spirodela, Phoenix, Oryza and Zea; outgroup: Cycas). The gene tree 

topology from multiple loci (Figure 4.2) was largely congruent with the known 

phylogenetic relationships inferred from analysis of rbcL. There were two subclades of 

monocots and dicots within the angiosperm [35]. Previous studies of fossil records [36], 

morphology and molecular analysis [37] also supported that Alismatales (Spirodela) was 

a basal monocot followed by Arecales (Phoenix), whereas the Poales (rice and maize) 

resided in the most developed positions.  

The loss of protein coding and tRNA genes in seven genomes relative to the 

outgroup was examined based on the phylogenetic tree. Generally, most losses were 

limited in their phylogenetic depth to a single family and must have occurred recently 

(Figure 4.2). Three ribosomal protein genes rps10, rps11 and rpl2 were missing in 

Spirodela mtDNA. Frequent gene losses of ribosomal protein genes also occurred in 

other species. At a closer look, rps2 seemed to have been lost early in the evolution of 

dicots, whereas rps2 was present in Cycas, Marchantia, and other monocots [38]. The 

rps11 gene was missing in dicots (Arabidopsis, Nicotiana and Boea) and also in some 

monocots (Spirodela, Oryza and Zea). The corresponding mt rps2 and rps11 genes have 
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been transferred to the nucleus in Arabidopsis, soybean, and tomato, suggesting that gene 

loss followed functional transfer to the nucleus [6, 38]. The unparallel loss of rps11 and 

rpl2 in Spirodela compared with other monocots suggested that the loss of many genes 

might have occurred independently in various lineages during speciation of angiosperms. 

The sdh3 gene was absent and the sdh4 gene was present in both Spirodela and Phoenix, 

whereas neither was retained in rice and maize (Figure 4.2). A previous study showed 

that sdh4 losses were concentrated in the monocots and no losses were detected in basal 

angiosperms by Southern blot survey of 280 angiosperm genera, which further showed 

most of the losses were limited in phylogenetic depth to a single family [39].  

 

Figure 4.2   Phylogenetic tree based on 19 conserved genes.  

The ML calculation was run by MEGA5 with 1,000 bootstrap replicates. All the gene 
losses were mapped on the tree branches. Cycas was included in the analysis as an 
outgroup. The signs of Amino Acid (Ala, Arg, Leu, Thr, His, Trp, Ile, Gly, Leu and Val) 
mean corresponding functional tRNA genes were absent in their mtDNAs. 
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Our data lend support to previous studies that most gene losses occurred with mt 

ribosomal protein genes and rarely with respiratory genes, which was well documented 

with a Southern blot survey of gene distribution in 281 diverse angiosperms [6]. When a 

gene was missing from mtDNA of a given species, it was generally assumed that the 

original copy had been transferred to the nucleus. Therefore, our results strongly 

suggested that intracellular gene transfer of ribosomal protein and tRNA genes from 

mitochondria to the nuclear genome was a frequent process, which in return allowed the 

nucleus to control the organelle by encoding organelle-destined proteins [25, 26]. Still, 

functional copies of these putative transferred genes will have to be confirmed after the 

whole nuclear genome sequence will be available. The finding of many intermediate 

stages of the cox2 gene transfer in legumes had shown that physical movement of 

mtDNA to the nuclear genome was an ongoing process [40]. 

Chloroplast DNA insertions 

The Spirodela mtDNA contained multiple cp-originated insertions, ranging in size 

from 69 to 1,048 bp. These sequences added up to 9,295 bp of the total amount of 

transferred cpDNA (Table 4.7), accounting for 4.07% of the mtDNA. A total of 4,436 bp 

was derived from the inverted repeats of the chloroplast genome, whereas 4,859 bp was 

transferred from single copy regions of cpDNA. The similarity level of each insertion to 

the chloroplast genome varied between 75% and 100%. Moreover, the migrated plastid 

fragments had 732 substitutions, 28 insertions, and 49 deletions within 9,295 bp. They 

also contained fragments of plastid genes, such as psbA, petB, psbC and ycf1 (Table 4.7). 

All of the protein-coding genes of plastid origin in Spirodela mtDNA were likely to be 
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non-functional as a result of truncations and mutations, whereas four tRNAs of plastidal 

origin appeared to be intact. Indeed, chloroplast-derived sequences were very common in 

plant mt genomes, such as 6% in rice [15], 4% in maize [16] and 1% in Arabidopsis [18]. 

Surprisingly, 42.4% of the chloroplast genome of Vitis has been incorporated into its mt 

genome [41]. And a large segment of 113 Kb from chloroplast sequences was captured 

by the Cucurbita mt genome [5]. 

 % identity cpDNA 
start 

cpDNA end Annotation 
in cp 

mtDNA 
start 

mtDNA end 
95.92 228 324 trnH-GUG 150132 150228 
97.1 237 305 trnH-GUG 191091 191159 
90.27 533 1564 psbA 150343 151372 
90 4476 4645 trnK-UUU 162465 162632 
74.73 37978 38421 psbD 188802 188408 
81.09 38572 39513 psbC 188311 187390 
86.96 49498 49584 - 105747 105658 
83.17 49595 50177 trnS-GCU 105672 105093 
92.23 50705 50807 rps4 50125 50023 
89.24 54083 54431 ndhJ 226358 226697 
75.16 55330 55911 ndhC 16666 16132 
94.59 58264 58337 trnM-CAU 198870 198797 
85.67 72721 73072 trnP-UGG 123630 123282 
81.01 73632 74204 rpl33 123301 122745 
93.21 80853 81073 psbN 225145 225359 
89.95 81266 82267 petB 225358 226349 
90.79 84750 84977 rpoA 90484 90704 
93.39 91223 91461 rpl2 150090 149853 
100 108036 108139 rrn16 171055 171158 
74.86 108322 109185 rrn16 124907 125765 
100 110069 110156 ycf68 37345 37432 
85.71 112278 112374 - 175279 175183 
95.05 116140 116341 trnN-GUU 70647 70848 
84.99 118231 118785 - 70899 71440 
	
  

Table 4.7   The cpDNA-derived regions in Spirodela mtDNA. 
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Integrated nuclear DNA 

It is believed that transposable elements in mitochondria are nuclear-derived and 

are therefore common in mt intergenic regions [30, 42]. For instance, 4% of Arabidopsis 

mtDNA was probably derived from transposons of nuclear origins [18]. Four fragments 

of transposable elements were found in maize mtDNA [16] and nineteen were identified 

in rice [15]. However, we could not find any transposons in the Spirodela mt genome 

when we searched against the Repbase repetitive element database [43]. This suggests 

that either very few nuclear sequences have migrated into Spirodela mtDNA or Spirodela 

mitochondria select against transposable elements. 

Comparison of genome synteny 

A significant degree of synteny was found within mitochondrial genomes of 

liverworts, mosses, and chlorophytes at the base of land plants, including a set of gene 

clusters (more than two genes together), such as the ribosomal protein cluster, ccm gene 

cluster, and two regions containing the nad and cox genes [44]. It was clear that the 

sequences of protein-coding genes were highly conserved, but the relative order of genes 

was greatly rearranged between Spirodela and rice (Figure 4.3). Many ribosomal proteins 

were independently lost in both Spirodela and rice (Figure 4.2); therefore, synteny 

between the remaining genes became harder to detect. The ancestral cob-nad1-cox3-

cox2-nad6-atp6-rps7-rps12-nad2-nad4-nad5 gene order of basal land plants has been lost 

due to various recombination and rearrangement events in angiosperm mtDNA evolution. 

[4, 33, 45]. 
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Figure 4.3   Comparison of synteny in Spirodela and Oryza. 

 The annotated protein-coding genes were indicated for Spirodela and Oryza. Major 
conserved regions were bridged by lines. The visualized genome synteny was performed 
by GSV: a web-based genome synteny viewer [46]. 

 

In summary, our data provides further evidence that SOLiD platforms can 

assemble both chloroplast and mitochondrial genomes with regular coverage without any 

organellar purification (Table 4.1) [11]. Our analysis of the mt genome of Spirodela, 

having the smallest size among sequenced monocots, elucidates the evolutionary change 

among monocot mt genomes. Although the critical genes for the electron transport chain 

in Spirodela mtDNA are well conserved, different types of ribosomal protein genes are 

missing in comparison to other monocots. The number of RNA editing in protein coding 

genes is within a typical range as other plants. Still, no known transposable elements can 

be found in its genome, suggesting a rather rare migration from the nucleus to the 

mitochondria. Sequence-based phylogenetic analysis clearly supports the hypothesis that 

Spirodela is at the very basal lineage of monocots. Comparative analyses of 

mitochondrial genes between Spirodela and rice have shown that the relative order of 

genes is greatly rearranged over a very short evolutionary time. In this regard, additional 

complete mitochondrial sequences from closely related species will be needed to fortify 

the distinct evolution of plant mitochondrial genomes. 

4.4 Materials and methods 

DNA Isolation and SOLiD DNA sequencing 



	
  

	
  

108	
  

The methods for DNA extraction and DNA sequencing by the SOLiD platform 

followed a protocol as previously published [11]. Briefly, total genomic DNA was 

extracted from the clonally grown whole plant tissue of Spirodela polyrhiza. A mate-

paired library was made with 1.5 Kb insertions and read length was 50 bp. Since nucleic, 

mitochondrial and chloroplast sequence all exist in reads from total DNA preparation, 

copy number between three genomes was significantly different [13, 14], so that it was 

feasible to de novo assembly both chloroplast and mitochondria genomes using the same 

dataset but with different coverage cut-off numbers as described previously [11]. 

Genome assembly, finishing and validation 

The coverage cut-off was fully utilized to only allow the target organellar genome 

to be assembled due to obvious differentiation of copy number for three genomes in total 

reads [13]. Furthermore, low-level contaminating sequences from foreign DNA (mainly 

nuclear DNA) were discarded by this approach. Quality control and other details were 

described recently [11]. Before we assembled the mitochondria genome using mate-

paired reads, we masked chloroplast reads to reduce effects due to plastid sequence 

predominance. The detailed pipeline was shown below (Figure 4.4). 
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Figure 4.4   Pipeline of mitochondrial genome assembly.  

1) Filtering chloroplast reads: we mapped total high quality reads to existing 

chloroplast genome (GenBank # JN160603) by BWA short-read alignment component 

with default parameters [47]. Only unmapped reads were used in the next step. 2) de novo 

assembly: the assembly was executed using the SOLiDTM System de novo Accessory 

Tools 2.0 (http://solidsoftwaretools.com/gf/project/denovo/) in conjunction with the 
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Velvet assembly engine [48]. 3) Gap closure: since chloroplast reads were pre-removed 

before mitochondrial assembly, theoretically, any location with chloroplast insertion in 

mtDNA would create a gap. Using flanking primers bridging 57 gaps, the missing 

sequences were amplified and sequenced with the ABI 3730xl system, yielding a 

complete contiguous mtDNA sequence. To validate the circularity of the Spirodela 

mtDNA, PCR products were sequenced with pairs of primers bridging gaps and 

overlapping with the assembled linear scaffold. 4) Most gaps were small enough for 

single CE (capillary electrophoresis) sequence reads and overlapping sequences served as 

a measure for the accuracy of the SOLiD assembly and error rate.  Therefore, PCR 

amplification and CE sequence provided validation of the order of contigs and also 

revealed sequencing discrepancies between these two platforms.  

Genome annotation and sequence analysis 

The main pipeline for mitochondrial genome annotation was adapted from other 

sources [5]. Databases for protein-coding genes, rRNA and tRNA genes were compiled 

from all previously sequenced seed plant mitochondrial genomes. BLASTX and 

tRNAscan-SE were the mainly used programs [5]. The boundaries for each gene were 

manually curated. The sequin file including sequence and annotation was submitted to 

NCBI GenBank as JQ804980. The graphical gene map was processed by 

OrganellarGenomeDRAW program [49]. The codon usages for all protein coding genes 

in Spirodela and Oryza were calculated by using the Sequence Manipulation Suite [24]. 

 Cp-derived tRNAs were identified by aligning all tRNA in annotated cpDNA to 

mtDNA with 80% of identity, an e-value of 1e-10 and a 50% coverage threshold. All 
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remaining sequences were further scanned by EMBOSS getorf for open reading frames 

(ORFs) with more than 300 bp [50]. 

Putative RNA editing sites in protein-coding genes were identified by the PREP-

mt Web-based program based on the evolutionary principle that editing increases protein 

conservation among species (http://prep.unl.edu/) [21]. The optimized cut-off value 0.6 

was set in order to achieve the maximal accurate prediction. RNA editing sites from four 

genes were validated by RT-PCR with gene-specific primers. 

            Sequences transferred to mtDNA were found by BLASTN search of mtDNA 

against the Spirodela chloroplast genome with 80% of identity, e-value of 1e-10 and 50 

bp of length threshold. Repeat sequence analysis was predicted by using REPuter web-

based interface, including forward, palindromic, reverse and complemented repeats with 

a cut-off value of 50 bp [34]. The mitochondrial genome was screened by repeatmasker 

under cross_match search engine (http://www.repeatmasker.org/cgi-

bin/WEBRepeatMasker) for interspersed repeats and low complexity DNA sequences 

[51].  

Phylogenetic analysis 

We aligned 19 homologous protein-coding gene sequences (nad1, nad2, nad3, 

nad4, nad4L, nad5, nad6, nad7, nad9, cob, cox1, cox2, cox3, atp1, atp4, atp6, atp8, atp9 

and rps3) from the Spirodela mitochondrial genome and other seven plant organisms 

(Cycad, NC_010303; Phoenix, NC_016740; Spirodela, JQ804980; Oryza, NC_011033; 

Zea, NC_007982; Boea, NC_016741; Nicotiana, NC_006581; Arabidopsis, NC_001284) 
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and constructed a phylogenetic tree. Annotations were revalidated and sequences were 

concatenated into a single continuous sequence from 18,537 to 19,041 bp to initiate 

alignment by MEGA5 [52]. The phylogeny of the mitochondrial genome was estimated 

by maximum likelihood (ML) with 1,000 Bootstrap of replicates. Cycas was used as the 

outgroup. 

Comparison of global genome structure 

The conserved regions for protein-coding and rRNA genes were identified between 

Spirodela and Oryza sequences by BLASTN. The synteny together with the annotation 

file were uploaded to a web-based genome synteny viewer GSV [46].  
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CHAPTER 5  NUCLEAR GENOMICS 

5.1 Abstract 

The subfamily of the Lemnoideae belongs to a different order than other 

monocotyledonous species that have been sequenced and comprises aquatic plants that 

grow rapidly on the water surface. Here, we selected Spirodela polyrhiza for whole-

genome sequencing. We show that Spirodela has a primordial genome with no signs of 

recent retrotranspositions but signatures of two ancient whole-genome duplications, 

possibly 95 million years ago (Mya), older than those in Arabidopsis and rice. Its genome 

has only 19,623 predicted protein-coding genes, 28% less than the dicotyledonous 

Arabidopsis thaliana and 50% less than monocotyledonous rice. We propose that at least 

in part the neotenous reduction of these aquatic plants is based on readjusted copy 

numbers of promoters and repressors of the juvenile-to-adult transition. The Spirodela 

genome along with its unique biology and physiology will stimulate new insights into 

environmental adaptation, ecology, evolution, plant development, and will be 

instrumental for future bioenergy applications. 

 

5.2 Introduction 

The Lemnoideae, commonly known as duckweeds, are the smallest, fastest 

growing, and morphologically simplest of flowering plants[1]. The plant body is 

organized as a thalloid or ‘frond’ lacking a stem and in more derived species even roots 

(Figure 5.1). Based on fossil records, the peculiar plant body architecture of this 
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subfamily evolved by neotenous reduction from an Araceae ancestor and it has been 

interpreted botanically as juvenile or embryonic tissue[2]. The reduction and 

simplification of the plant body progresses within the Lemnoideae from ancient species 

like Spirodela towards more derived species like Wolffia. Although reduced flowers are 

observed in duckweeds, they usually reproduce by vegetative daughter fronds initiated 

from the mother frond (Supplementary Fig. S1). Doubling time of the fastest growing 

duckweeds under optimal growth conditions is less than 30 hours, nearly twice as fast as 

other “fast-growing” flowering plants and more than double that of conventional crops. 

They are easy to grow and have negligible lignin and high energy content in the form of 

easily fermentable starch (40 to 70% of biomass). Duckweeds have been used for 

removal of high levels of contaminants from wastewater[3], production of recombinant 

proteins for pharmaceutical applications[4, 5], and high impact biofuel feedstock that 

does not compete for land in food production[6]. From a taxonomic point of view, 

genomic efforts have largely focused on the taxa of the Commelinid monocots such as the 

grasses from Poales and Musa acuminata, the wild type diploid progenitor of banana, 

from Zingiberales (Figure 5.1). Here we describe the genome and transcriptome of 

Greater Duckweed, Spirodela polyrhiza, representing the smallest monocot genome to 

date with a size of 158 Mb, which is similar to the plant model genome of Arabidopsis 

thaliana. Spirodela represents a basal monocotyledonous species from the Alismatales 

and will be an invaluable genomic resource to study the history of the monocotyledonous 

lineage. 
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Figure 5.1   Systematics and Biology of the Lemnoideae. 

 (A) shows a phylogenetic tree of plastid-rbcL genes of two dicots - Arabidopsis thaliana 
(Brassicales, NC_000932.1) and tomato (Solanales, NC_007898.2) -, three monocots 
Spirodela polyrhiza (Alismatales, NC_015891.1); rice (Poales, NC_001320.1); banana 
(Zingiberales, EU017045.1); and water-lily as outgroup (Nuphar advena, Nymphaeales, , 
NC_008788). (B) shows a ventral view of Spirodela, illustrating schematically the clonal, 
vegetative propagation of duckweeds. Daughter fronds (F1) originate from the vegetative 
node (No) from the mother frond F0 and remain attached to it by the stipule (Sti), which 
eventually breaks-off, 



	
   120	
  

thereby releasing a new plant cluster. Daughter fronds may already initiate new fronds 
(F2) themselves before full maturity. Roots are attached at the prophyllum (P). (C) 
illustrates the progressing reduction from a leaf-like body with several veins and 
unbranched roots to a thallus-like morphology in the Lemnoideae. Sp: Spirodela 
polyrhiza, Le: Lemna minor, Wo: Wolffia arrhiza. 

 

5.3 Results 

Sequence assembly 

Genome sizes in the five Lemnoideae genera span an order of magnitude from 

Spirodela polyrhiza at 158 Mb to Wolffia arrhiza at 1,881 Mb[7]. Due to its small size 

and basal position in the Lemnoideae we sequenced the Spirodela polyrhiza accession 

7498 by whole-genome shotgun sequencing[8] using ~20X single end, ~1X pair-end 

Roche/454 next-generation sequencing and ~1X pair-end Sanger sequencing 

(Supplementary Table S1). Although next-generation sequencing has been used to reduce 

the cost of sequencing genomes, short-read technologies have been insufficient to 

assemble chromosome-size molecules with megabase (Mb) genomes, especially for 

Spirodela, which does not have synteny with other fully sequenced genomes[9]. 

Therefore, the read-length threshold of Roche/454 with a depth of 21X in combination 

with long paired-reads from BACs and fosmids appeared to be a significant improvement 

in the balance of cost and genome sequence quality for new evolutionary references. Of 

the 158 Mb genome, as measured by flow cytometry (Supplementary Fig. S2), 90% was 

assembled into contigs, 97% of the contigs assembled in 252 scaffolds, and 94.1% of 

them in the top 50 largest scaffolds (Supplementary Table S2). Scaffolds were joined into 

32 pseudomolecules, using a DNA fingerprinted physical map with anchored sequenced 
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tagged sites from BAC ends, and one pseudomolecule labeled “0” with all unanchored 

scaffolds (Figure 5.2, Supplementary Table S3). 10.7% of the genome remained as Ns 

due to repetitive elements. Based on cytogenetic data, the 32 pseudomolecules 

corresponded to 20 chromosomes. 0.15% and 0.13% of the nuclear genome are derived 

from chloroplast and mitochondrial sequence[10, 11] (Supplementary Table S4 and S5). 

Whereas centromeric repeats have greater species specificity[12], telomere repeats are 

conserved throughout most flowering plants. In total, we found 20 telomeric repeat 

fragments in Spirodela ranging from 32 to 258 bp with a signature sequence 

[(TTTAGGG)n] identical to the telomeres of Arabidopsis[13]. In all cases, clusters of 

telomeric repeats were found at the ends of pseudomolecules, with 16 at one end and 2 at 

both ends (Supplementary Fig. S3). These results probably reflect intact chromosomes 

and confirming the quality of the sequence assembly. We constructed a Spirodela 

genomic library of bacterial artificial chromosomes (BACs) that was subjected to DNA 

fingerprinting[14] (Supplementary information), resulting in a physical map. Because the 

BACs were sequenced at the ends, these ends were used to align the assembled sequence 

with the physical map, providing us with another proof of an accurate assembly of DNA 

sequences. We also used BACs that were aligned to the assembly with their sequenced 

ends to derive their entire sequence from the assembled sequence and used this 

information to select those that were low in repeat sequences for fluorescence in situ 

hybridization (FISH) (Supplementary Fig. S4). Cytogenetics could therefore provide us 

with a quality control for the assembled sequences. Overall the assembly completeness 

could be verified by three different sized sets of random sampled 454 reads with at least 

90% for genic sequences and >=80% for the rest (Supplementary Fig. S5). To further 
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ensure the quality of sequence assembly, we randomly selected 24 fosmids for 

conventional sequencing that were then aligned with the assembled 454 sequences and 

found that the sequencing error rates were 8 in 10,000, providing a 98.22% accuracy 

(Supplementary Table S6).  

 

Figure 5.2   Characteristics of the Spirodela genome.  

The outer circle shows the 32 pseudomolecules of the Spirodela genome assembly, tick 
scaling is 500 Kb and blue and red bars depict position of telomeric and centromeric 
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clusters. Heatmap tracks illustrate from outer to inner circle GC content, gene, repeat and 
GAGA-repeat densities. Color map ranges are 30-50%, 0-30%, 0-70% and 0-1.5%, 
respectively. GC and gene content are positively, repeat and gene densities negatively 
correlated; while GAGA-repeats are present both in gene- and repeat-rich regions. The 
genome contains two rounds of ancient genome duplications. For each genomic segment, 
the copy number of paralogous regions is shown as bar chart in the innermost circle, 
duplication history is illustrated by red ribbons.  

 

Gene number and transcriptome 

Once we assembled high-quality 32 chromosome-size pseudomolecules, we were 

able to determine gene content and order. We identified 19,623 protein-coding genes in 

Spirodela, making it the fewest predicted genes of any sequenced plants to date with 28% 

less than Arabidopsis (27,416), and 50% less than rice (39,049) (Supplementary Table S7 

and S8). The gene models were supported by 379,502 EST sequences assembled from 

transcriptome libraries generated from various diurnal time course and stress conditions 

(Supplementary Table S9). 95.7% of the sequenced transcriptome was mapped to the 

pseudomolecules, consistent with a complete genome assembly (Supplementary Table 

S10) Spirodela appeared to have a significantly lower number of tandem gene clusters 

(948) than rice (2,602), tomato (2,340), and Arabidopsis (1,938), however, surprisingly 

close to banana (1,048), which had ~1.9 times the gene number of Spirodela 

(Supplementary Table S11). A total of 413 miRNA loci comprising 93 families were 

identified in the Spirodela genome assembly by sequence similarity and structural 

features (Supplementary Table S12). Other small RNAs are described in the 

Supplementary Information. 

Nucleotide composition and repeat elements 
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In comparison to dicots, increased GC contents were observed in 

monocotyledonous coding sequences, mainly due to a bias of G and C in the third codon 

position (Supplementary Fig. S6). Spirodela protein-coding sequences exhibited a 

pronounced GC3 bias (Supplementary Fig. S7 and S8), which was the highest amongst 

currently sequenced monocotyledonous genomes. Elevated GC3 contents were found in 

Spirodela-specific genes as well as genes shared with monocots and dicots and thus 

seemed to be a general feature of Spirodela-coding sequences (Supplementary Fig. S9). 

In contrast to the reported distinct bimodal distributions in rice and maize, previously 

reported GC3 compositions of date palm genes showed a sharp unimodal distribution. 

Broader distributions resulting from a composite of genes with low and high GC3 content 

were observed both for Musa and Spirodela genes (Supplementary Fig. S8), suggesting 

that the distinct multimodal patterns evolved specifically in the grass family and high 

GC3 biases might have evolved independently and several times in the 

monocotyledonous lineage. 

Spirodela repetitive DNA content is in line with other small sequenced plant 

genomes at around 13% and significantly less than other sequenced monocotyledonous 

genomes (Supplementary Fig. S10 and S11, Supplementary Table S13). Spirodela had an 

exceptional high proportion of microsatellite tandem repeats, 50% versus 3 to 6% in other 

four reference genomes of Sorghum, rice, Brachypodium and Arabidopsis 

(Supplementary Fig. S12, S13 and S14). The heat map of the 32 Spirodela 

pseudomolecules followed the known pattern of anti-correlation between gene and LTR-

retrotransposon densities (Supplementary Fig. S15, S16 and S17). In Spirodela, the 

insertion age distributions of the full-length LTR-retrotransposons revealed distinctly 
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different patterns with a strong shift towards older elements (Supplementary Fig. S18). 

The small genome size and atypical LTR age distribution of Spirodela suggested a tight 

control of transposon activity during recent evolutionary times. Both features might well 

be connected to the continuous clonal propagation of Spirodela. Transposon transcription 

is usually activated during seed development and full-length LTR-retrotransposon 

elements are often removed by meiotic unequal crossing over between solo-LTRs[15], 

two processes that are limited by the propensity of Spirodela to an asexual lifestyle. Also, 

in small genomes undergoing genome size reduction, transposition potentially could 

negatively impact gene activity, possibly requiring tighter regulation[16]. 

Genome evolution 

We identified two consecutive rounds of large-scale or whole-genome 

duplications (WGDs) in the Spirodela genome based on intra-species comparison of 

paralogous genes (Figure 5.2, Supplementary Fig. S19 and S20). In contrast to previously 

sequenced higher plant genomes, Spirodela does not possess recent genome duplications 

and Ks distributions of syntenic clusters indicated almost concurrent occurrences of both 

WGDs (Supplementary Fig. S21). Previous studies had shown both strong positive and 

negative correlations between the estimation of synonymous substitution rates, the 

applied methodology and GC3 content of paralogs[17]. Likewise, the high GC3 bias in 

Spirodela resulted in strong deviations of Ks estimates for gene pairs with high (GC3 ≥ 

75%) GC3 content (Supplementary Fig. S21). Restricting our analysis to low GC3 

paralogous pairs, both WGDs dated back around 95 Mya and Spirodela and rice diverged 

at approximately 130 Mya (Supplementary Fig. S22, S23 and S24). While such numbers 

cannot be absolute dates, they are meant to illustrate distances between these genomes in 
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evolutionary terms.  Consistent with the older age of both WGDs, syntenic conservation 

between blocks was sparse (Supplementary Table S14), a minimum of 6% and a 

maximum of 26% of the genes (mean 11.3%) between two blocks retained a conserved 

order in global block alignments. 

Gene families 

The Spirodela genome contained very similar patterns of orthologous gene sets in 

comparison to four representative species (Arabidopsis, tomato, banana, and rice), 

sharing a total of 8,255 common gene families despite a significantly reduced gene 

number (Figure 5.3 and Supplementary Fig. S25). However, Spirodela clusters generally 

showed the lowest average gene expansion and copy number, indicating preferred gene 

losses of duplicated genes in Spirodela or - vice versa - gene retentions in the other 

species (Supplementary Table S15). A notable exception from the overall conserved gene 

content was 750 families present in all four analyzed species except Spirodela. These 

families included genes involved in water transport by aquaporins, phenylpropanoid, 

lignin biosynthesis, and cell wall organization by expansins (Figure 5.3 and Table S16). 

The loss of these gene families is consistent with the specialized morphology and 

lifestyle of Spirodela. Overrepresented functional categories of Spirodela-specific genes 

were enriched for various defense related processes including antimicrobial peptides and 

adapted immune responses (Supplementary Table S17). 
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Figure 5.3   OrthoMCL analysis of gene families. 

 The Venn diagram illustrates shared and distinct cluster classes from an orthoMCL 
analysis of the plant proteomes of Arabidopsis thaliana, Solanum lycopersicum, 
Spirodela polyrhiza, Musa acuminata and Oryza sativa indica. Non-redundant data sets 
were used in the analysis. Numbers below each species name show number of all genes 
in species set and number of clustered genes, respectively. For each division in the Venn 
diagram, the top line shows the number of orthoMCL clusters and the bottom line the 
number of total genes in these clusters. The different cluster classes are color-coded by 
the number of species containing genes for the respective class (see legend bar at the 
right). Divisions for each class are shaded according to their abundance in their class with 
darker shades indicate larger contributions of the particular division.  

 

Morphogenesis and plant body architecture 

Expansins are cell-wall loosening proteins[18] involved in many plant processes 

including cell growth and expansion, root, and root hair expansion, fruit softening, 

ripening, and abscission[19]. We analyzed α- and β-expansins by an integrative pipeline 
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(Supplementary Fig. S26), which showed reduced copy number in Spirodela 

(Supplementary Fig. S27 and S28). Several clades of α-expansin genes were missing in 

Spirodela including AtEXP 2, 8, 17, 11, 7, and 18. The latter two expansins have been 

implicated in root hair initiation with AtEXP7 restoring a short root hair phenotype in 

rice indicating orthologous functions of this expansin in monocotyledonous species[20, 

21]. Monocotyledonous plants have experienced a great expansion of β-expansins, with 

10 detected in banana and on average 20 members in the Poaceae species. However, we 

detected only three β-expansins in Spirodela, indicating that the expansion continually 

progressed along the monocotyledonous diversification or a selective decrease of this 

gene family in Spirodela. 

Due to the high buoyancy of their habitat, aquatic plants like duckweed do not 

require the up-straight structural support like land plants that would be consistent with a 

reduction of genes involved in cell wall biosynthesis and lignification. Whereas cell wall 

biogenesis genes such as CesA, CslA, CslC, and CslD were conserved across rice, 

Arabidopsis and Spirodela (Supplementary Table S18), there were two unique rice clades 

of CslF and CslH and two unique Arabidopsis clades of CslB and CslG. Spirodela is 

missing comparable members of CslB, CslE, CslF, CslG and CslH (Supplementary Fig. 

S29). We found all corresponding GT31 subfamily members in Spirodela, but the total 

copy number was 46.2% lower than in rice (Supplementary Fig. S30). The missing five 

clades in the Csl family and the fewer members in GT31 are consistent with the low 

content of 4-16% cellulose in Spirodela[22] in comparison to 62% in rice[23], which 

might indicate that the contraction or lack of amplification of the cellulose biosynthesis 

gene family in Spirodela reflects its reduced requirement for rigid cell walls. 
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Lignin, a major component of secondary cell wall, plays an important role for 

support, water transport, and stress responses in vascular plants. As shown in previous 

comprehensive phylogenetic analyses, most lignin biosynthesis gene families 

experienced rapid and recent duplications; the expansion mainly happened after the 

speciation between monocotyledonous and dicotyledonous species[24]. Whereas 

Spirodela contained nearly the entire lignin biosynthesis gene families with 9 out of 10 

families (CAD, CCoAMT, 4CL, CCR, PAL, C4H, COMT, C3H, F5H but not HCT), 

gene copy number was significantly reduced compared to other monocotyledonous 

species like sorghum and rice (Supplementary Table S19). This was consistent with 

previous genome analysis, where gene copy number constituted an important 

evolutionary force for specialization and traits. In addition to genes catalyzing primary 

lignin biosynthesis, families involved in cell wall cross-linking and lignification also 

showed reduced copy numbers. We identified only seven members of the laccase 

multicopper enzymes in Spirodela, for which recent studies had provided experimental 

evidence for their role in lignification[25] (Supplementary Fig. S31). This was consistent 

with previous analyses of 3.1% lignin in Spirodela[22] in comparison with 18% in rice 

straw[23]. 

Ecological adaptation 

Spirodela polyrhiza can undergo an environmentally induced developmental 

switch from protein-rich vegetative leaf-like “fronds” to a starch-rich dormant stage 

called “turion”[26]. Unlike the linked vegetative fronds via stipule, turions fall from the 

mother fronds once mature after starch accumulation. They sink to the bottom of a pond 

and germinate into new fronds by using starch as energy. These functions require genes 
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for starch biosynthesis including AGPase, SS plus GBSS, BE, and DBE. Spirodela 

contained very similar gene family compositions as Arabidopsis (Supplementary Table 

S20). The conservation of starch gene families from phylogenetic analysis for Spirodela, 

rice, maize, and Arabidopsis argues for their essential functions. The clades of AGPase 

large subunit and DBE had multiple members, whereas all others contained only one 

single member for the corresponding subgroup. SpBEIII did not cluster with any clade, 

but provided a separate branch as a Spirodela-specific BE member, suggesting that it 

might have evolved into a special function from their common ancestor (Supplementary 

Fig. S32). 

The high growth rates of Spirodela require the efficient usage of nutrients. 

Nitrogen is generally a major limiting factor of plant growth and a primary component in 

fertilizers to promote crop growth. However, leaching of fertilizers, increasing amounts 

of sewage and wastewater from a steadily growing world population results in water 

pollution. Spirodela has been successfully exploited for wastewater remediation because 

of its ability to remove nitrogen with high efficiency, particularly in the form of 

ammonia, from polluted water[5]. Glutamine synthetase (GS) and glutamate synthase 

(GOGAT) are the core enzymes of the GS/GOGAT cycle in plants, the major 

biochemical module for ammonium-assimilation. Despite a genome-wide reduction in 

gene number, copy numbers of these enzymes were retained or even amplified in 

Spirodela with up to four times more copies of GOGAT in Spirodela compared to 

Arabidopsis and rice (Figure 5.4 and Supplementary Fig. S33).  
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Figure 5.4   Spirodela characteristic pathways. 

A shows a scheme of the nitrogen assimilation in higher plants. Spirodela shows a high 
overrepresentation of enzymes of the GS/GOGAT-cycle, the major module for ammonia-
assimilation and consistent with the high ability of Spirodela to remove ammonia from 
sewage and wastewaters. Copy numbers for each gene are shown in red for Spirodela, 
blue for rice and green for Arabidopsis. B illustrates a highly simplified scheme of the 
regulatory network of the juvenile-to-adult phase transition in Arabidopsis. Most genes 
have several, functionally similar paralogs and are only shown for simplicity reasons by 
one gene symbol. For example, APETALA1, CAULIFLOWER and FRUITFUL are 
close paralogs promoting the onset of an inflorescence meristem but are represented only 
by one gene symbol, AP1. Gene groups having either similar copy numbers or being 
overrepresented in Spirodela are shown in red; those that have significantly reduced 
numbers are shown in blue.  
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Development and reproduction 

Flowering plants undergo a series of distinct phase transitions during their life 

cycle including the progression from a vegetative, or juvenile phase to an adult phase 

with competency for sexual reproduction (flowering). Neoteny, the prolongation of 

juvenile traits, is a common phenomenon in the evolution of plant organs. The frond of 

the Lemnoideae has been characterized as embryonic or juvenile tissue, or as a cotyledon-

like plant, iteratively bearing new cotyledons (Supplementary Fig. S1).  

Whereas Spirodela has an increased copy number of repressors of the transition 

from juvenile to adult phase in comparison to Arabidopsis and rice, components of the 

regulatory network enhancing the progression through the adult phase and the onset of an 

inflorescence meristem were reduced (Figure 5.4, Supplementary Fig. S34, S35, S36, and 

Supplementary Table S21). In Arabidopsis, the microRNA of miR156 is necessary and 

sufficient to promote the juvenile phase and inhibit the transition to the adult growth[27]. 

Copies of miR156 were highly abundant in Spirodela, with 24 loci, or up to 32 loci if 

highly similar isoforms were included, consistent with the pattern of preferentially 

retained repressors of the adult phase, whereas Arabidopsis had only 10 and rice had 19 

loci. The opposite was true for miRNA169, involved in drought tolerance[28], and 

miRNA172, involved in the switch from juvenile to adult phase[29], which were reduced 

from 9 and 5 copies found in Arabidopsis and tomato respectively, to one 

(Supplementary Table S12). We propose that the predominant vegetative reproduction 

and low flowering frequency as well as the reduced and simple plant body of Spirodela is 

at least in part a consequence of the re-engineering of the genetic network that controls 

transitions to the adult and flowering growth phases. Interestingly, structural reduction 
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increases in the Lemnoideae from the more ancient species like Spirodela towards the 

more derived members such as Wolffia (Figure 5.1). Genomes of duckweeds should 

therefore present an excellent opportunity to study how different degrees of neoteny 

translate into molecular changes of developmental networks and gene families. 

5.4 Discussion 

In higher plants, gene number and genome size seem not correlated. Whereas 

Arabidopsis thaliana has a genome size similar to Spirodela, it contains ~28% more 

genes; Spirodela has a gene count comparable to Utricularia gibba with a genome size of 

only 82 Mb. The low gene count of Spirodela could in part be due to the structural 

reduction and juvenile nature reducing the need for and consequently the retention or 

duplication of genes acting in the adult phase. In addition, Spirodela differs from 

previously reported angiosperm genomes in its lack of recent WGDs and 

retrotranspositions. The lower gene number in Spirodela may therefore be simply a 

consequence of the ongoing non-functionalization and loss of one copy of a duplicated 

gene pair, a major fate of gene duplication[30]. Because Spirodela provides us with a 

unique and fascinating biology, its genome sequence will serve us for future evolutionary 

and comparative genomic studies among angiosperms. Furthermore, developmental 

biologists can now take new approaches to study neoteny on the molecular basis. In 

addition to basic question in plant evolution and development, applications of duckweeds 

in water remediation and as a renewable energy source can now be further optimized. 

The genome sequence of Spirodela provides the first step to identify, understand, and 

improve relevant traits for specific target applications. 
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5.5 Material and Methods 

A detailed description of all results and methods with their Fig. (S1-S36) and 

tables (S1-S21) are provided online as Supplementary Information (SI). 

Sequencing 

Sequencing reads for the nuclear genome were collected using the whole-genome 

shotgun sequencing strategy[8] with the Roche 454 XLR next-generation sequencing 

platform at the Department of Energy Joint Genome Institute in Walnut Creek, California 

 (http://www.jgi.doe.gov/sequencing/protocols/prots_production.html). Additional 

BAC and fosmid end sequences and 24 entire fosmids were obtained using standard 

protocols on ABI3730XL machines at the HudsonAlpha Institute in Huntsville, Alabama 

(Supplementary information). 

 

Genome assembly and construction of pseudomolecules 

The assembly was generated using Newbler version 2.6 with default parameters 

after trimming poor bases from ends and masking vector sequences. In total, 1071 

scaffolds were assembled with an N50 of 3.7 Mb. The largest 252 collectively represent 

141.8 Mb. The 32 pseudomolecules were generated with the Spirodela physical map and 

were validated by FISH and the 24 fosmid-sequences (Supplementary information).  

Repeat analysis 
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The de novo searches for complete LTR retrotransposons were carried out with 

the program LTR-STRUC[31]. Additional complete LTR-retrotransposons were detected 

by homology searches against the 170 full-length sequences. The insertion age of those 

full-length LTR-retrotransposons was derived from the divergence between the left and 

right solo-LTR sequences.  

Gene prediction and annotation 

Gene models were derived from consensus gene predictions based on de novo 

gene finders, transcript and protein mapping. For all evidence by homology, spliced 

alignments were generated using GenomeThreader. For de novo gene finders (except the 

self-training GeneMark-ES-GC) a training set was derived from the Spirodela EST 

assemblies and high quality protein families mapped to scaffold sequences. 
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CHAPTER 6       STARCH SYNTHESIS AT TURION FORMATION 

6.1 Abstract 

Aquatic plants differ in their development from terrestrial plants in their 

morphology and physiology, but little is known about the molecular basis of the major 

phases of their life cycle. Interestingly, in place of seeds of terrestrial plants their dormant 

phase is represented by turions, which circumvents sexual reproduction. However, like 

seeds turions provide energy storage for starting the next growing season. 

To begin a characterization of the transition from the growth to the dormant phase 

we used abscisic acid (ABA), a plant hormone, to induce controlled turion formation in 

Spirodela polyrhiza and investigated their differentiation from fronds, representing their 

growth phase, into turions with respect to morphological, ultra-structural characteristics, 

and starch content. Turions were rich in anthocyanin pigmentation and had a density that 

submerged them to the bottom of liquid medium. Transmission electron microscopy 

(TEM) of turions showed in comparison to fronds shrunken vacuoles, smaller 

intercellular space, and abundant starch granules surrounded by thylakoid membranes. 

Turions accumulated more than 60% starch in dry mass after two weeks of ABA 

treatment. To further understand the mechanism of the developmental switch from fronds 

to turions, we cloned and sequenced the genes of three large-subunit ADP-glucose 

pyrophosphorylases (APLs). All three putative protein and exon sequences were 
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conserved, but the corresponding genomic sequences were extremely variable mainly due 

to the invasion of miniature inverted-repeat transposable elements (MITEs) into introns. 

A molecular three-dimensional model of the SpAPLs was consistent with their regulatory 

mechanism in the interaction with the substrate (ATP) and allosteric activator (3-PGA) to 

permit conformational changes of its structure. Gene expression analysis revealed that 

each gene was associated with distinct temporal expression during turion formation. 

APL2 and APL3 were highly expressed in earlier stages of turion development, while 

APL1 expression was reduced throughout turion development. 

These results suggest that the differential expression of APLs could be used to 

enhance energy flow from photosynthesis to storage of carbon in aquatic plants, making 

duckweeds a useful alternative biofuel feedstock. 

6.2 Introduction 

Duckweed is an aquatic plant seen on water surfaces in many locations in the 

world. Because it consists mainly of a leaf-like body, called fronds that performs 

photosynthesis, it is probably the most efficient multicellular biological solar energy 

converter that we have. There are conditions like temperature shifts due to seasons that 

can cause a morphological change to a different structure, called turions. Many species of 

the subfamily Lemnoideae can produce this kind of dormant fronds, which are 

characterized by more starch, smaller vacuoles and air space [1, 2]. This developmental 



 

 

140 

change is also accompanied by a shift in metabolism. The energy harvested during 

photosynthesis is shifted to starch biosynthesis, resulting in the accumulation of starch in 

turions. Because the volume of intercellular air space shrinks and starch increases the 

density of the tissue, it can sink to the bottom of waters where the organism can survive 

even if the top of the water freezes. Turions can change back to fronds vegetatively using 

the starch as an energy source, demonstrating a highly evolved adaptation to the 

environment. Because fronds have little lignin, which would interfer with the digestion of 

the carbohydrate fraction of biomass, and turions have high starch content, duckweed 

might also be suitable as an alternative source of bioenergy. Whereas cellulose is a 

crystalline, compact and structural compound resistant to biological attack and enzymatic 

degradation, starch is readily digested. Even though many advances over the past years 

have been made in the commercialization of cellulosic biomass [3], the cost of producing 

equal amounts of ethanol from cellulosic biomass is still much higher than production 

directly from starch [4]. Therefore, growing attention is being devoted to use duckweeds 

as a source of carbon compounds and convert duckweed biomass into bio-ethanol [5]. 

Fronds growing in swine wastewater contain 45.8% (dry weight) of starch. Moreover, 

50.9% of the original dry biomass can be enzymatically hydrolyzed into a reducing sugar, 

which contributes to 25.8% fermented ethanol of dry biomass [5].  

Recent studies have focused on the influence of various environmental conditions 

for turion formation or germination [6-10], the sensitivity threshold of ABA for turion 
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formation [8, 11] and the different structure (air space, vacuole, starch and cell wall) of 

fronds and turions [2]. On the other hand, information of starch content, granule size, and 

derivation of starch granules involvement with turion formation, which is critical to 

explore the potential biofuel of duckweed, is less well understood. 

The pathway of starch synthesis is very complex, but ADP-glucose 

pyrophosphorylase (AGPase) plays a pivotal role in regulating starch levels and in 

determining patterns of starch deposition in plants. This enzyme comprises two identical 

large subunits (APLs) and two same small subunits (APSs) in angiosperms, each of 

which is encoded by distinct genes. Even though the roles of each AGPase subunit in the 

enzyme are not clear, it is generally proposed that APLs modify the response to allosteric 

regulators, whereas APSs act as the catalytic part [12]. Recent studies suggest that 

AGPase are usually in plastidial forms except for a cytosolic one in cereal endosperms 

[13, 14]. Here, we compared the distinctive attributes between fronds and turions in S. 

polyrhiza and investigated starch production during development upon induction with 

abscisic acid (ABA), a plant hormone. To gain further insight into the function of the 

large subunit of AGPase (APLs) in starch synthesis as well, we cloned the Spirodela 

genes, analyzed them, and quantified their expression, which will allow in the future 

targeting expression of transgenes.  
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6.3 Results 

Turion induction with ABA 

Spirodela polyrhiza was grown under controlled light conditions as described 

under Methods. Fronds were harvested and examined under a dissecting microscope. 

Dividing fronds, representing single leaf-like bodies, were connected, thin, and elliptical 

(~8mm in length and ~6mm in width). The top of fronds was bright green, whereas the 

bottom extended a few roots that were submerged into water (Figure 6.1A). Continued 

growth in the presence of ABA gave rise to turion formation with different 

morphological features (Figure 6.1B). After 5 days of ABA application a significant shift 

to starch accumulation took place in collected samples from both wet and dry tissues. 

Starch accumulation during turion development exhibited a characteristic pattern. There 

was a progressive increase of starch from 5 to 10 days after ABA application and after 14 

days, the starch content became almost stable. The final starch content in turions for wet 

tissues was 24.4%, which corresponds to 60.1% in dry mass (Figure 6.2A). Turions were 

also harvested and examined under a dissecting microscope. They appeared thicker and 

smaller in nearly round shape (~2mm in length and ~3mm in width). Turions were dark 

green, spotted with many anthocyanin pigments, and retained only rudimentary roots that 

are not visible by naked eye (Figure 6.1B). 
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Figure 6.1   Morphological comparison of frond and turion. 

 A) dorsal and ventral frond; B) dorsal and ventral turion. The turion is formed after 14 

days of ABA treatment. Bars= 1 mm.  

 

Figure 6.2    Starch accumulation during turion development.  

White bars stands for wet tissue and black bars for dry tissue. Y-axis shows starch 

content (mg) for every 100 mg wet tissue or dry tissue.  
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Frond samples were then examined by electron microcopy. The frond cell had 

normal discal chloroplasts with a few small starch grains (Figure 6.3A and Figure 6.3C). 

Most frond cells contained a single larger vacuole and bigger intercellular air space, 

while turion cells have multiple smaller vacuoles and bigger air space between cells 

(Figure 6.3B). The turion cell accumulated many starch granules, which almost occupied 

1/4 to 2/3 of cell volume (Figure 6.3B and Figure 6.3D). The kidney-shaped starch 

granule was surrounded with stacks of thylakoid membranes in chloroplasts (Figure 6.3E 

and Figure 6.3F). The increased starch granules at the expense of the vacuolar expansion 

also contributed to the distortion of chloroplasts (Figure 6.3E) and a shift in tissue density 

that caused turions to sink to the bottom of liquid medium (left panel of Figure 6.4A). 

Placed on filter paper, they looked like “green seeds” compared to fronds (Figure 6.4B). 
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Figure 6.3    Microscopic study.  

A) Transmission electron microscopic (TEM) picture of frond cells with lower 

magnification, Bars = 2 µm; B) TEM picture of frond cells with lower magnification, Bar 
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= 2 µm; C) TEM picture of a frond cell with higher magnification, Bar = 2 µm; D) TEM 

picture of a turion cell with higher magnification, Bar = 2 µm ; E) TEM picture of a 

section of a turion cell with higher magnification, Bar = 2 µm; F) TEM picture of a 

section of a turion cell with the highest magnification, Bar = 500 nm. Abbreviations are 

chloroplast (C), starch granule (S), vacuole (V), intercellular air space (A), thylakoid 

membrane (T), nucleus (N). 

 

Figure 6.4   Fronds and Turions in flask. 

A) Turions (left panel) on the bottom and fronds swimming with roots down (right panel) 

in flasks; B) turions (left) and fronds (right) placed on filter paper. Bars= 1 mm. 
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Cloning and sequencing of members of the Spirodela APL gene family 

The level of starch accumulation in turions (Figure 6.2) and the convenience of 

collecting them from the flask bottom (Figure 6.4) are key features for biofuel 

applications as described above. To examine the metabolic regulation of these features, 

this study seeks to identify key enzymes, whose manipulation at the molecular level 

could optimize the timing and level of starch production. Common knowledge would 

then suggest investigating the differential expression of key enzymes in starch 

biosynthesis. Therefore, we decided to clone the large subunit of the ADP-glucose 

pyrophosphorylase gene family (APLs) from Spirodela polyrhiza.  Because this gene is 

very conserved among angiosperms, we used the known Arabidopsis protein sequences 

to design degenerate primers to amplify APL coding sequences as described under 

Methods. Cloned DNA fragments were then sequenced and overlapping fragments were 

used to reconstruct the entire three cDNA-copies from Spirodela. We named them 

SpAPL1, SpAPL2 and SpAPL3 with Genbank accession numbers of JN180634, 

JN180635, JN180636. Based on the cDNA sequences primers were then designed to 

clone the corresponding gene sequences from total genomic DNA as described under 

Methods. The cloned genes of SpAPL1, SpAPL2 and SpAPL3 were then also sequenced 

and deposited into GenBank with accessions JN180631, JN180632, JN180633, 

respectively. After aligning cDNAs with their corresponding genomic sequences, all 

introns could be identified. Accordingly, all SpAPLs consisted of 15 exons and 14 introns 
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(Figure 6.5). Whereas the coding sequences of the SpAPL1, SpAPL2 and SpAPL3 genes 

were slightly different in length with 1,554, 1,611, 1,620 bp or 517, 536, and 539 amino 

acids, respectively, the corresponding genomic regions differed significantly with 8,449, 

4,684 and 3,460 bp (Table 6.1), reflecting intron expansions. 

 

Figure 6.5   Structural organization of the SpAPL genes.  

The coding exons were depicted as gray boxes. Introns were depicted as bar scaled by x-

axis (bp). CDSf - First (Starting with Start codon), CDSi - internal (internal exon), CDSl - 

last coding segment (ending with stop codon).  

Structure and phylogeny of members of the Spirodela APL gene family 

The basis for the variation in protein sizes became clear when their primary 

structures were compared with other known APLs. Sequence alignments of the deduced 

amino acid sequences of SpAPL1, SpAPL2, and SpAPL3 proteins showed high 

homology except for their N-terminal regions. APLs are usually targeted to the plastid 

through a signal peptide at their amino-terminus. SpAPL2 and SpAPL3 had conserved 
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plastid-targeting signals with cleavage sites at positions 78 and 64 based on TargetP 

(http://www.cbs.dtu.dk/services/TargetP/). The shorter protein of SpAPL1 had a very 

weak targeting signal and internal deletions similar to the rice APLs. Although there were 

differences in the amino-terminal regions, the coding sequences from exon 3 to 15 were 

of the same size and very conserved. 

The corresponding introns, however, have diverged significantly in length and 

composition. Interestingly, comparison to the TIGR Plant Repeat Database [15] indicated 

that expansion of introns could be largely due to miniature inverted-repeat transposable 

elements (MITEs). When the MUST system was applied that was used to predict MITEs 

rather than depending on sequence homology alone, the sequence data suggested then 

that MITEs had invaded the introns of SpAPL1, SpAPL2, and SpAPL3, comprising now 

36%, 21%, and 7% of total intron sequences, respectively (Table 6.1).  

Gene 

Name 

Gene 

Length 

(bp) 

ORF 

Length 

(bp) 

Putative 

Protein 

Length (aa) 

Intron 

Length 

(bp) 

MITE 

Length 

(bp) 

Ratio=MITE/ 

Intron 

SpAPL1 8449 1554 517 6895 2507 0.36 

SpAPL2 4684 1611 536 3073 659 0.21 

SpAPL3 3460 1620 539 1840 126 0.07 

Table 6.1   Gene features of APL family. 

Using the amino acid sequence alignment of APLs from S. polyrhiza, rice, and 
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maize, we constructed a maximum likelihood phylogeny of the APL family. This 

phylogenetic tree separated the APLs into three main clades: SpAPL1 clustered together 

with the plastidial forms of OsAPL1 and ZmAPL1 in branch APL-I. SpAPL2 shares the 

branch APL-II with the plastidial forms of OsAPL4 and ZmAPL4; SpAPL3 shares a 

common ancestor with both plastidial (OsAPL3 and ZmAGP1) and cytosolic forms 

(OsAPL2 and ZmSH2) in rice and maize [16] (Figure 6.6). 
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Figure 6.6   APL Phylogenetic tree. 

 The analysis is based on the amino acid sequence alignment of large subunits of AGPase 

(APLs) from S. polyrhiza (Sp), Oryza sativa (Os), and Zea mays (Zm). The protein names 

are those published previously or predicted from CDS: OsAPL1, NP_001051184; 

ZmAPL1, NP_001106017; SpAPL1, JN180634; OsAPL2, NP_001043654; ZmSH2, 

NP_001121104; OsAPL3, NP_001056424; ZmAGP1, NP_001105717; SpAPL3, 

JN180636; OsAPL4, NP_001059276; ZmAPL4, NP_001106058; SpAPL2, JN180635. 

Three clades were designated APL-I, APL-II, APL-III. The classification of APLs in 

grasses has previously been published [16]. 

A structural model of the APLs 

To confirm the inference of their function, three-dimensional structures of 

SpAPLs were built by using the experimental protein structure (PDB 1yp3) from potato 

as a suitable template. Amino acid sequence alignment of the regulatory site of APLs 

from potato and S. polyrhiza showed five key conserved residues (P44, P52, P66, K414 

and K452) (Figure. 7A) in all three SpAPLs. Molecular modeling analysis of APLs 

suggested a critical role of APLs for allosteric regulation in this region with binding sites 

for ATP and 3-PGA (Figure. 7B). P44 was important for accommodating ATP phosphate 

groups, as it was located between a conserved GGXGXRL loop region and the strongly 

conserved “PAV” region, which involved catalysis and allosteric regulation [17]. P52 
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was predicted to be located in flexible loops close to the lysine residues (K414 and 

K452), while P66 lied in a helix. Site-directed mutagenesis of the P52 and P66 in potato 

showed dramatic changes in affecting enzyme regulatory properties, while P44 mutants 

resulted in a nearly catalytically inactive enzyme [18]. K414 and K452 were shown to be 

involved in the increase of the affinity for the activator 3-PGA [17, 19]. Model structures 

of APL1, APL2 and APL3 were identical in these features. Therefore, only APL1 was 

shown in Figure. 7 as an example. 

 

Figure 6.7   A structural model of the APL. 
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A) Amino acid sequence alignment for the regulatory sites of APLs between potato and 

S. polyrhiza. GenBank accession numbers were listed in parentheses. Important proline 

(P44, P52 and P66) and lysine (K414 and K452) residues critical for allosteric regulation 

were numbered corresponding to potato AGPase large subunit (x61187). Identical 

residues were shaded in black. B) Modeled structure of S. polyrhiza APL1. The N-

terminal region containing the putative ATP binding site and the regions containing the 

putative 3-PGA binding sites of APL1 were modeled by comparison with the known 

structure of the potato AGPase small subunit (PDB 1yp3) with 54.93% identity. The 

modeled position of ATP in orange was shown. The α-helix and β-sheet were colored in 

gray and the loop was in green. Important proline (P) and lysine (K) residues in APL1 

were indicated by blue color. The conserved GGXGXRL loop region was in red. 

 

Expression patterns of APL genes in developing turions 

With three different gene copies present in Spirodela polyrhiza, the question 

arises how each enzyme is expressed temporally during turion formation. We therefore 

isolated total mRNA from leaf-like tissue 0, 1, 2, 3, 5, and 7 days after the addition of 

ABA. To measure expression of each APL gene copy, we applied qPCR to mRNA 

samples using specific primer pairs to distinguish between transcripts from each gene. 

Expression of SpAPL2 and SpAPL3 dramatically increased two- and ten-fold, 
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respectively, as turion development was initiated (1 to 3 days). Furthermore, there 

seemed to be a difference in the expression of SpAPL2 and SpAPL3. SpAPL2 was 

critically in the first phase of induction, whereas SpAPL3 seemed to replace SpAPL2 in a 

second burst of activity. There was no obvious increased expression of SpAPL1 after 

ABA induction. Indeed, SpAPL1 appeared to be more active in initial fronds compared to 

SpAPL3 (0 days of ABA application). When turions went into mature phase (after 5 

days), the expression of all SpAPLs was leveling off (Figure 6.2B). 

 

Figure 6.8   APL gene expression. 

 qPCR was used to quantify expression of APLs based on RNA from 0, 1, 2, 3, 5, 7 days 

of ABA treatment. Standard error was shown by vertical bar. 
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6.4 Discussion 

We began dissecting the process of turion formation in duckweeds. Usually turion 

development occurs in late summer or early autumn because of starvation and lower 

temperatures [20]. Spirodela turions can also be induced under controlled laboratory 

conditions by increasing the concentration of ABA in the growth medium [6, 8], 

decreasing temperature [10], or depriving phosphorus in the medium [7]. Here, we have 

taken advantage of ABA as an inducer and could reproduce the morphological changes 

that occur during turion formation. Turions are germinated into new fronds in the 

presence of light and nitrogen in the following spring using starch storage as an energy 

source [21, 22]. Therefore, the drastic starch accumulation during turion formation marks 

a turning point in the switch process from low-starch fronds to high-starch turions. 

The reported contents of starch varied from 14% to 43% depending on the 

species, developmental states (fronds, resting fronds, or turions) [23] and tested methods 

[24, 25]. Starch content could even go up to 75% of the dry weight in resting fronds of 

Spirodela oligorrhiza (renamed into Landoltia punctata) growing in phosphor-deficient 

cultures [7], a level that is comparable to cereal seeds of corn, sorghum and wheat [26]. 

Even though regular fronds have as low as 16% starch in dry mass, turions of S. polyrhiza 

can reach up to 62% starch [20]. Our use of exogenous ABA produces the same 

developmental switch, as the different morphological features are easily distinguishable. 

The switch is rapid, providing advantages for biochemical and physiological analysis [8]. 
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We obtained 60.1% starch from dry mass after two weeks of ABA induction (Figure 

6.2A), which is comparable to the Henssen’s study. The size of mature starch grains from 

turions was around 4 µm in diameter as estimated by TEM (Figure 6.3E and 3F), whereas 

starch grains from wheat, corn and rice reach a size of 30 µm, 25 µm and 20 µm, 

respectively [27]. In a different study, the size of starch granules illuminated by red light 

for different times have also been measured using SEM scans arriving at similar values 

[28]. Interestingly, it has been suggested that smaller starch granules are more easily 

hydrolyzed into sugars than larger ones, regardless of botanical source [29]. After 72 h of 

continuous irradiation, the sizes of starch granules in turions are significantly reduced to 

about 1.5 µm [28]. Although duckweeds might have adapted to rapidly switch back to a 

growth phase faster than seed plants, this property also might provide a more efficient 

way for producing bio-ethanol than from maize. 

Amyloplasts in non-photosynthetic tissue, such as seeds, roots, and stems, which 

lack chlorophyll and internal membranes, are the main organelles responsible for the 

synthesis and storage of starch granules in most plants. However, turions remain green or 

dark-green throughout their development (Figure 6.1B and 4B). The plastids in turions, 

where starch synthesis takes place, still retain abundant stacks of thylakoids (Figure 6.3E 

and Figure 6.3F). It therefore suggests that chloroplasts with a simple structure as in 

duckweeds can function both as source and sink. The starch-storing plastids of turions are 

directly derived from chloroplasts, and retain chloroplast-like characteristics throughout 
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their development. This adaptation greatly saves energy by directly depositing sucrose 

generated from photosynthesis into starch storage without the need for transport through 

a vascular system and the use of a glucose phosphate transporter [16]. A similar system 

exists also in a non-aquatic plants such as pea embryos, where starch-storing plastids also 

directly originate from chloroplast [30, 31]. Moreover, using TEM light-induced 

degradation of starch granules in turions of Spirodela polyrhiza also exhibited a transition 

from amyloplasts to chloroplasts [28]. Both studies would demonstrate that 

differentiation from chloroplast to amyloplast could be reversed based on physiological 

changes. Indeed, the cell structure of turions appears to be well organized for its function. 

Its lack of intercellular air space and presence of smaller vacuoles allow them to survive 

in deep water, where the temperature is more moderate than on the surface. The 

numerous starch grains provide a bank of energy when turions germinate in the following 

spring. This life cycle is also consistent with starch content in fronds and turions. 

Because starch biosynthesis is an important feature for the developmental switch 

from fronds to turions, it also provides us with the first entry point to dissect the 

developmental regulation of turion formation. Therefore, we reasoned that the first step in 

this line of investigation consists of the identification and characterization of key 

regulatory genes known in starch biosynthesis, which are the ADP-glucose 

pyrophosphorylases. We successfully cloned three copies of APLs of Spirodela polyrhiza. 

APLs are expressed in different organs of grass species, type 1 in leaves, type 2 and type 
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3 in seeds, and type 4 in both seeds and leaves [16, 32]. Based on phylogeny and spatial 

expression of SpAPLs (Fig. 6 and Figure 6.2B), they have their homologs in grass 

species. SpAPL2 and SpAPL3 are active in turions, while SpAPL1 is expressed at a higher 

level in fronds. The transcript level of SpAPL2 and SpAPL3 are active at an early phase 

of turion formation, while all transcript level of SpAPLs decline towards the end phase. It 

could account for the inhibition of total RNA synthesis after 3 days in ABA, which leads 

to the shutdown of all primary processes and onset of the dormant state [33]. Analysis of 

networks of gene expression during Arabidopsis seed filling has also shown that 

expression of carbohydrates occurred early in seed development [34]. Noticeably, the 

transcription of SpAPL1 and SpAPL2 is suppressed right after one day of ABA addition, 

which is quite consistent with previous findings that ABA could inhibit DNA, protein, 

and RNA synthesis during turion development [33]. But this inhibitory effect of ABA 

during turion development is selective for that the synthesis of certain turion specific 

proteins increases [33]. Indeed, the pattern of expression was consistent with a rate-

limiting role for this protein in starch biosynthesis. Furthermore, the regulation of gene 

copies underwent divergence and probably sub-functionalization to permit metabolic 

differentiation. 

In plants, ADP-glucose pyrophosphorylases consist of large and small subunits 

that share many amino acids due to the proposed origination from a common ancestral 

gene [35]. For example, APLs and APSs, which make up the heterotetrametic potato 
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enzyme, share significant sequence homology (53% identity and 73% similarity) [36]. 

Here we selected the large subunit for our analysis because we made the assumption that 

both are coordinately expressed and that the large subunit should suffice as a marker of 

the developmental switch between frond and turion stage of the life cycle. Furthermore, 

the current sequencing of the entire genome will provide an opportunity to locate the 

gene copies of the small subunit as well. The model structure of the large subunit 

confirms that N- and C-terminal regions of the SpAPLs are essential for the allosteric 

regulatory properties of the heterotetrameric enzyme AGPase (Figure. 7B) [18]. Even 

though APLs are considered as a catalytic-disabled subunit, the ability of binding 

effectors (3-PGA) and substrates (ATP) is likely to undergo a conformational transition 

similar to the APSs during its catalytic cycle [37]. 

Phylogenetic analysis showed that SpAPL1 and SpAPL2 descended from common 

ancestors of the plastidial form Type 1 and Type 4 of the grasses, respectively, while 

SpAPL3 shares the same branch with the ancestor of cytosolic Type 2 and plastidial Type 

3 of grasses (Fig. 6) [12]. Studies suggests that cytosolic Type 2 in grass evolved from a 

duplication of an ancestral gene encoding a Type 3 plastidial APL by loss-of-function of 

the transit peptide cleavage site [16]. A similar process might have taken place in 

Spirodela, where SpAPL1 does not exhibit a clear transit peptide. Interestingly, the 

opposite seems to be true for SpAPL3, which clusters with cytosolic Type 2 APLs, but 

encodes a transit peptide. Based on this, we classify it as a plastidial Type 3 APL of the 
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grasses. The phylogenetic relationship will become clearer when we know whether these 

copies are clustered or dispersed in the Spirodela genome. Interestingly, there is 

differential invasion of MITES in the introns of these genes with the most pronounced 

invasion in the SpAPL1 gene (Table 6.1). This is reminiscent of the grasses, where one of 

the smallest genomes, rice, had a relative high percentage of MITEs (13.3% of all repeat 

elements compared to 0.4% in maize), but low retrotransposon content (59.5% compare 

to 92.7% in maize). Spirodela polyrhiza was namely chosen for sequencing because of its 

small genome size. Given the genome size variation among Lemnoideae, perhaps a 

similar relationship of genome size and MITEs exists among Lemnoideae as has been 

found in grass species [38]. 

In summary, turions of S. polyrhiza contain high starch content, small size of 

starch granules, and low lignin proportion, which provides a solid foundation for 

developing them as an alternative biofuel source. For further investigation of the role of 

SpAPL2 and SpAPL3 genes in starch synthesis, studies using transgenic plants will be 

needed. 

6.5 Materials and Methods 

Plant material and growth conditions 

For our studies we chose S. polyrhiza (Sp) 7498 because this will serve as a 

reference genome for the Lemnoideae. One cluster of 3-5 fronds was aseptically 
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transplanted into half-strength Schenk and Hildebrandt basal salt mixture (Sigma, S6765) 

with 1% sucrose liquid medium at pH 5.8. The cultures were kept in chamber maintained 

at 100 µmol.m-2.s-1 and 23 °C through a 16h-light, 8h-dark photoperiod. After a couple of 

days’ growth, 1µM abscisic acid (ABA, Sigma, A1049) was added.  

Microscopic analysis of frond and turion 

Vegetative fronds without ABA treatment and turions with 14 days ABA 

treatment were fixed, embedded, and dehydrated as described [39]. Samples were fixed 

in 5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing 2% Suc in a 

2-ml tube at 4 °C overnight and another 3 h at room temperature. Rinsed by 0.1 M 

sodium cacodylate buffer, they were postfixed in buffered 1% osmium tetroxide at 4 °C 

overnight followed by dehydration in a graded series of acetone washings. The 

dehydrated samples were then embedded in epon resin. The 1-mm-thick sections were 

picked up on a glass slide, stained with methylene blue and scoped with a light 

microscope. For transmission electron microscopy (TEM), 90-nm-thin sections were cut 

on a Leica EM UC6 ultramicrotome, stained with a saturated solution of uranyl acetate 

and lead citrate and scoped at 80 kV with a Philips CM 12 transmission electron 

microscope.  

Determination of starch content of developing turions 

One hundred milligrams of fresh sample tissues were taken from a time course of 
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0 (no ABA), 1, 2, 3, 5, 7, 10, 14 days of ABA treatment and flash frozen in liquid 

nitrogen. Before 7 days, the whole plants including both mother and daughter fronds 

were collected. After 7 days, the developed turions were separated from mother fronds 

and collected, when they sunk to the bottom of flask. Three biological replicates were 

done for each time point. The quantification of starch content was determined 

colorimetrically following manufacturer’s protocols of a “total starch assay” procedure 

(amyloglucosidase/α-amylase method) (Megazyme, K-TSTA). We used water as a blank 

control and D-glucose as a standard. Dry weight was counted by 500 mg fresh tissue after 

incubation in 65 °C chamber for 24 hours.  

Genomic DNA and total RNA isolation 

Total genomic DNA was extracted from whole plant tissue by the CTAB method 

[40]. Considering that only daughter fronds shorter than 0.7 mm in length respond to 

ABA treatment and undergo turion formation after ABA treatment [11], developing 

turions only with specific sizes were collected at their developmental stages after 0 (no 

ABA addition), 1, 2, 3, 5, 7 days of ABA treatment, respectively, for quantification of 

APL gene expression. For each time point we used again three biological replicates. 

High-quality total RNA was extracted with RNeasy Plant Mini Kit (Qiagen, 74904). The 

on-column DNase I was used to remove contaminating genomic DNA (Qiagen, 79254). 

The RNA quality and quantity were confirmed by analysis with Nanodrop 1000 

(Nanodrop Technologies, Wilmington, DE). First-strand cDNA synthesis of all samples 
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was generated by kit of SuperScript™ III First-Strand Synthesis System for RT-PCR 

(Invitrogen, 18080) using oligo-dT as primer. 

Retrieval of APL genes and CDS sequence 

The conserved domains of APL proteins of Arabidopsis were used to set up 

degenerate primers. Degenerate PCR reactions were done with templates of cDNA 

extracted from samples of three days of ABA treatment. The program was: 35 cycles of 

94°C 30s, 50°C 30s and 72°C 1 min. PCR products were cloned into the pGEM-T Easy 

Vector (Promega) and DNA fragment sequences were determined using the ABI 3730XL 

platform. Gene specific primers were designed based on the sequence of the cloned DNA 

to perform 5’ and 3’ RACE using the SMARTerTM RACE cDNA Amplification Kit 

(Clontech, 634923). The RACE-ready cDNA was also generated from total RNA of 

samples treated three days with ABA. RACE reactions were performed under the 

following program: 5 cycles of 94°C 30s and 72°C 2 min; 5 cycles of 94°C 30s, 70°C 30s 

and 72°C 2 min; 25 cycles of 94°C 30s, 68°C 30s and 72°C 2 min. The RACE products 

were also cloned and sequenced. The full-length cDNA was confirmed with primers 

designed from 5’ end of the 5’ RACE sequence and the 3’ end of the 3’ RACE sequence. 

The same primers were used to amplify corresponding gene sequences using genomic 

DNA as template. Because of the size of the genes we used Expand Long Range 

dNTPack (Roche, #04829042001). The thermal cycling conditions were: 10 cycles of 

94°C 15s, 55°C 30s and 68°C 9 min; 25 cycles of 94°C 15s, 55°C 30s and 68°C 9 min 
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with 10 more seconds for each cycle. Initially, primer sequences derived from APL 

cDNA were used to sequence genomic DNA. Subsequently, primers derived from 

genomic sequences were used in iterative rounds of sequencing until sufficient coverage 

was achieved. The sequences were assembled and analyzed with DNASTAR. MUST 

system, which tested the existence of a pair of terminal inverted repeats (TIRs) and a pair 

of direct repeats (DRs) [41] was used to predict miniature inverted-repeat transposable 

elements (MITEs) in APL introns.. 

Phylogenetic studies 

An unrooted maximum likelihood phylogenetic tree was determined by using the 

MEGA 5 program [42] based on the amino acid sequence alignments under the WAG 

model with 1000 bootstrap replications. The corresponding subunit sequences from rice 

and maize were downloaded from GenBank. 

Modeling of the three-dimensional structures 

Sequences of the APL regulatory sites from potato and S. polyrhiza were aligned 

using MEGA 5. Homology modeling studies were performed using the Swiss Model 

server (http://swissmodel.expasy.org/) [43] and structures were visualized and prepared 

by an open source program PyMOL (The PyMOL Molecular Graphics System, Version 

0_99rc6, Schrödinger, LLC.). The sequence used was that of SpAPL1, SpAPL2 and 

SpAPL3. The chosen suitable template was homodimeric AGPase of potato (PDB 1yp3) 
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[17] for which X-ray structure information was available, showing more than 52% 

sequence homology with SpAPLs. Key proline (P44, P52 and P66) and lysine (K414 and 

K452) residues were numbered based on AGPase large subunit of potato (x61187) [18]. 

Only APL1 modeled structure was shown in Figure. 7B as representative for the sake of 

simplicity. 

Expression analysis of APL genes 

Alignment of full length of cDNAs produced unique regions at the 5’ UTR to 

design primers for qPCR. qPCR was performed for 0, 1, 2, 3, 5, 7 day of ABA treatment. 

All cDNAs were made with 2 µg of RNA using the SuperScript® III First-Strand 

Synthesis System kit (Invitrogen, 18080-051). cDNAs were diluted 20-fold and Real-

time PCR was performed by using the iQTM SYBR Green Supermix (Biorad, 170-8880) 

following the manufacturer’s standard instructions. All qPCRs were performed in 

triplicates. The relative quantification of each gene expressional level was calculated by 

calibrating CT values normalized to a standard dilution series over all samples [44].  
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CHAPTER 7  EXPRESSION PROFILING WITH ONSET OF DORMANCY 

7.1 Abstract 

Higher plants exhibit a remarkable phenotypic plasticity to adapt to adverse 

environmental changes. The Greater Duckweed Spirodela, as an aquatic plant, presents 

exceptional tolerance to cold winters through its dormant structure of turions in place of 

seeds. Abundant starch in turions permits them to sink and escape the freezing surface of 

waters. Due to their clonal propagation, they are the fastest growing biomass on earth, 

providing yet an untapped source for industrial applications.  

We used next generation sequencing technology to examine the transcriptome of 

turion development triggered by exogenous ABA. A total of 208 genes showed more than 

a 4-fold increase compared with 154 down-regulated genes in developing turions. The 

analysis of up-regulated differential expressed genes in response to dormancy exposed an 

enriched interplay among various pathways: signal transduction, seed dehydration, 

carbohydrate and secondary metabolism, and senescence. On the other side, the genes 

responsible for rapid growth and biomass accumulation through DNA assembly, protein 

synthesis and carbon fixation are repressed. Noticeably, three members of late 

embryogenesis abundant protein family are exclusively expressed during turion 

formation. High expression level of key genes in starch synthesis are APS1, APL3 and 

GBSSI, which could artificially be reduced for re-directing carbon flow from 

photosynthesis to create a higher energy biomass. 

The identification and functional annotation of differentially expressed genes 

open a major step towards understanding the molecular network underlying vegetative 
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frond dormancy. Moreover, genes have been identified that could be engineered in 

duckweeds for practical applications easing agricultural production of food crops.  

7.2 Introduction  

Plants, unlike animals, do not have a fur or can seek shelter to survive under food 

shortage and cold weather. Consequently, they adapt to dormancy to avoid adverse 

environments, such as poor nutrition, chilling temperature and drought. Dormancy is a 

complex state of plant development, in which the plant body exhibits little or no growth. 

They recover their growth once the conditions are favorable. 

There are mainly two types of plant dormancy by forming seeds or buds. Seed 

dormancy has been observed for many plants species including our major crops [1-3]. 

Winter dormant buds are found for instance in woody plants, bulbs, rhizomes and tubers 

of herbaceous plants [5]. Studies on the molecular mechanisms of bud dormancy 

transitions in perennial woody plants have been conducted, including pear [4], oak [6], 

and poplar [7]. 

Spirodela polyrhiza, a floating aquatic monocot, develops a specific dormant 

organ called turion during its life cycle, which alternates between periods of clonal 

propagation and dormancy. Its leaf, stem and bud are extremely compact in form of a 

round-shaped frond, resembling a single leaf. Large numbers of Spirodela plants can be 

maintained like cell cultures under totally controlled medium and environmental 

conditions. They reproduce vegetatively through budding of fronds (growth phase) 

during spring and summer [8] and transition to turions (dormant phase), when there is 

shortage of nutrition in the fall or the temperature drops in the winter [9]. Noticeably, 

fronds perform photosynthesis and turions function as storage for starch and germinate in 
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the following spring [10-13]. Turion cells exhibit dense intercellular space, thick cell wall 

and are also rich in anthocyanins [14]. Therefore, turions provide a unique system to 

study both bud and seed dormancy because they reproduce like buds without sexual 

hybridization but functionally equivalent to seeds that could generate a progeny plant in 

the growing season. Previous studies have shown that addition of ABA into growth 

medium quickly leads to turion formation after 5 days of treatment in the laboratory [13, 

16, 17]. Only 3 days after ABA treatment, the Spirodela primordium is irreversibly 

committed to turion development [16]. The ease of growth and its direct contact with 

water make Spirodela a model system to gain molecular insights into plant dormancy 

[18].  

At the molecular level, some studies on turion development have already been 

performed. For example, the transcript level of D-myo-inositol-3-phosphate synthase is 

rapidly induced within 15 min of ABA application, an enzyme that plays a key role in the 

inositol metabolism of the cell wall [19, 20]. The expression of the key enzyme ADP-

glucose pyrophosphorylase (APL) for starch production [13] is significantly changed 

during turion formation. Still, not much information is known about the global 

transcriptome profiling for turion formation in this model system. To further uncover the 

regulation of gene expression as the phase switches, we took advantage of RNA deep 

sequencing, and compared the transcriptome between fronds and developing turions. A 

more comprehensive understanding of the gene repertoire and its regulation during turion 

formation has also great potential for industrial applications including the redirection of 

carbon flow into higher energy products. 

 



	
   172	
  

7.3 Results and discussion 

Calibration and selection of tissue samples 

A comprehensive study for turion formation has been done using abscisic acid 

(ABA) induction [14, 16, 18, 21, 22]. Three days after ABA induction, the Spirodela 

primordium is committed to turion development, which cannot be reversed. All primary 

biosynthesis of protein, mRNA and DNA are shut down resulting in the onset of the 

dormant state [21]. To calibrate our growing conditions with previous investigations, we 

used transmission electron microscopy (TEM) to investigate different developmental 

stages. We chose fronds and developing turions with 3 days after ABA treatment instead 

of 14 days because 14-day treatment is not a key transition state and RNA purification is 

greatly interfered by high content of starch, but mature turions with 14-days treatment 

provide a more complete structural image through TEM. Turion cells have thicker cell 

walls, multiple smaller vacuoles and distorted plastids filled with abundant starch 

granules, whereas frond cells differ with having well-shaped chloroplasts consistent with 

previous observations (Figure 7.1). Therefore, growing conditions and turion induction 

appear to be reproducible. 

 

Mapping RNA-Seq  reads 

We used eight samples in total, with each condition having four biological 

replicates. To eliminate potentially technical variation from biological replicates, they 

were multiplexed, pooled, and sequenced with the SOLiD 5500 platform. A total of 

15~41 million quality reads per sample were generated after filtering raw reads (Table 

7.1).  
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The high quality reads were mapped to chloroplast [23], mitochondria [24], and 

nuclear genomes [25], respectively. We could clearly divide sequence reads into these 

three classes. Surprisingly, there was an abundance of organelle-derived transcripts with 

28~39% of total reads. With this depth of data we could assemble sequences for complete 

plastid and mitochondrial transcriptomes. The high proportion of organelle reads stresses 

the important roles of their transcripts, provides us with their expression profiles and 

facilitates the phylogenetic analysis [26]. Based on the combined reads of nuclear and 

organelle RNAs, more than 89% of our RNA-Seq reads were mappable, attesting to the 

performance of the sequencing platform. It also suggests that part of previously 

unmapped reads in other studies remained undetected because of their organellar origin 

[4, 27-29]. We still found that 1~9% of total reads were derived from ribosomal RNA, 

which is an indication that the protocol for the depletion of ribosomal RNA from samples 

was reasonably successful. Such efficiency is critical for mainly uncovering the desired 

transcriptome with complete coverage and in a cost-effective manner [30]. 

Among the total reads, 53-61% originated from nuclear DNA, lower than in other 

cases with about 80% of mappable sequences [27, 29]. The reason could be the method 

we used through ribosomal RNA removal rather than polyA selection. In case of polyA 

selection, organelle transcripts are automatically removed due to the lack of the polyA 

tail in organelle transcripts, whereas most of them were captured by our method of 

ribosomal RNA removal. Excluding the abundant organelle and rDNA reads, nuclear 

reads corresponded to 29~72X coverage for all annotated genes (Table 7.1), exhibiting 

the depth used in our study was sufficient to cover the Spirodela nuclear transcriptome.  
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Table 7.1   Summary of sequence read alignments to three genome references.  

Identification and validation of differentially expressed genes 

Comparison of frond and developing turion samples provided us with 362 

differentially expressed (DE) genes. A total of 117 had greater than 10-fold difference in 

mRNA levels and 208 genes were up-regulated and expressed at higher levels in 

developing turions than in fronds, whereas 154 genes were down-regulated, indicating 

lower expression in turions than in fronds (Table 7.2).  

 

Table 7.2   Fold change in differentially expressed genes.  

Previous studies had indicated that a small number of biological replicates might 

not be robust enough because it is impossible to know whether expression patterns are 

specific to individuals or are characteristic for the total population. Even for RNA deep 
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sequencing, a sufficient number of biological replicates are still required to have 

confidence in measurements [31-33]. Because two biological replicates usually are not 

sufficient to account for sample variability, we increased this number to four independent 

biological replicates. The coefficient of variation to the power of two (CV2), a normalized 

measure of cross-replicate variability that can be useful for evaluating the quality of 

RNA-Seq data, was calculated to exhibit the biological variation (Figure 7.2). As 

expected, the data showed that the abundance of the genes varied between replicate RNA 

samples, especially for ones with lower FPKMs. However, with four biological 

replicates, which take the target population variation into account and also counteract 

random technical variation [34, 35], we were very confident to assess gene expression 

levels with accuracy. 

 

Figure 7.1   Biological variation for biological replicates.  
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Biological variation was represented by the square coefficient of variation of FPKM 

values for each gene (CV2).  

As another quality control, we could rely on our measurements of the 3 transcripts 

of ADP-glucose pyrophosphorylases (APLs) for starch synthesis [13], which were done 

with qRT-PCR, and compared with the RNA-Seq data. Indeed, the correlation co-

efficient of 0.992 indicated that the two independent measurements were consistent and 

showed similar patterns: APL1 (GenBank Acession #JN180634) was highly expressed in 

fronds and APL3 (GenBank Acession #JN180636) showed the most abundance in 

developing turions. However, APL2 (GenBank Acession #JN180635) was not identified 

as DE gene due to only 1.5 times of difference at the time point of 0 and 3rd day by the 

threshold value of 4 (Figure 7.3). A fourth gene, tur4, provided us with a negative control 

from an independent study [36]. The tur4 gene has the Gene ID Spipo7G0013500 in the 

sequenced genome of Spirodela. Expression of this gene during turion formation was 

studied with Northern blot analysis. Although the tur4 gene responded to ABA treatment 

within hours, it appeared to return to nearly normal levels of expression thereafter. 

Northern blot analysis showed no induction at day 3 after ABA treatment, whereas we 

could still detect a 2-fold increase in tur4 expression with RNA-Seq, indicating that our 

method is more sensitive than Northern blot analysis. However, given both the APLs and 

tur4 results, we selected a cut-off for DE genes at 4-fold expressional change. 
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Figure 7.2   Comparison of RNA-Seq vs. qRT-PCR.  

A. APL gene expression from qRT-PCR; B. APL gene expression from RNA-Seq data. 

 

Response to ABA stimulus 

The plant hormone abscisic acid (ABA) plays a major role as a signal in seed 

development and plant dormancy [37, 38] and regulates many important aspects, such as 

the synthesis of seed storage proteins, starch and lipids [39, 40]. In Spirodela, the 

exogenous ABA could easily trigger the dormant state (turions) from growth phase 

(fronds) [16]. We found 25 up-regulated DE genes in response to ABA stimulus or 

regulation based on their GO annotation (Table 7.3 and  S1). The pathway of ABA signal 

transduction and response seemed to be interwoven with enzyme metabolism (kinase, 

synthase, and phosphatase) and other signaling pathways (transporter, ethylene). 
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Northern blot analysis shows that ABA rapidly up-regulates tur4 transcriptional level that 

encodes a peroxidase, which could stimulate turion formation and growth inhibition [36].  

 

 
Table 7.3   FPKM for Up-regulated DE genes in response to ABA stimulus. 

 

Growth inhibition 

Dormancy is generally defined by the lack of visible growth. The shoot apices 

cease active growth in perennial plants when a state of dormancy is reached. The seed 
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dormancy is observed in seeds with a quiescent phase preventing germination. The same 

phenomenon was investigated for Spirodela in the presence and absence of growth. When 

we looked at DE genes associated with Spirodela growth by RNA-Seq  data, we found 

genes of histone H3 (Spipo9G0039400, Spipo0G0046100 and Spipo13G0007500) and 

H4 (Spipo28G0019000), ribosomal protein (Spipo1G0126300), expansins 

(Spipo22G0026300), aquaporins (Spipo11G0033800, Spipo17G0045100), ribulose-1,5-

bisphosphate carboxylase oxygenases (RuBisCO) (Spipo19G0027700, 

Spipo23G0013400) for carbon fixation were down-regulated in turions (Table 7.4). In 

eukaryotic cells, DNA replication requires the synthesis of histone proteins to package 

newly replicated DNA into nucleosomes. Expansins are a key endogenous regulator of 

plant cell enlargement [41]. Aquaporins support cell growth and especially contributes to 

cell expansion and cell division. The gene that is highly expressed in fronds (69 times 

higher than in turions) is aquaporin (Spipo11G0033800) (Table 7.4). Over-expression of 

aquaporin stimulates cell growth in tobacco [42] or in Arabidopsis [43]. These results 

further confirm our knowledge that fronds are mainly responsible for rapid growth 

through actively DNA assembly, protein synthesis and carbon fixation, leading to a quick 

biomass increase, in comparison to the turions, where these processes are greatly 

decreased. Previous studies also suggested this mechanism of the turion formation by 

measuring DNA, RNA and protein content, which showed that DNA, protein and RNA 

biosynthesis were largely inhibited, resulting in the decrease of cell division, expansion 

and differentiation [21]. 
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Table 7.4   FPKM for Down-regulated DE genes associated with growth. 

Late embryogenesis abundant protein (LEA) genes are a valuable marker for 

dormancy 

On the other hand, we found some specific mRNAs were increased in developing 

turions, for example LEAs. Although there were five members of LEA genes 

(Spipo14G0001200, Spipo5G0015500, Spipo0G0166800, Spipo1G0033500, 

Spipo26G0007700) with increased expression inturions, the LEA gene 

(Spipo0G0166800) was the most up-regulated DE gene, two other LEA genes 

(Spipo5G0015500 and Spipo14G0001200) were exclusively expressed in developing 

turions (Table 7.5). Indeed, the promoter of these LEA genes would be ideal to ensure 

expression of other coding regions exclusively in turions through transgenic approaches. 

Additionally, LEA was found to protect other proteins against desiccation, cold, and high 

salinity [44] and especially accumulates when plant seeds desiccate [45]. Given their high 

induction, they provide valuable markers for dormancy in general. In response to 
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dehydration, endogenous ABA levels increased dramatically followed by induction of 

LEA [46]. As expected, when Spirodela fronds are destined to dormant turions triggered 

by ABA, desiccation is an indispensable step, in which LEA proteins play pivotal roles to 

preserve the cellular structures and nutrients in turions.  

 

Table 7.5   FPKM for Turion-specific genes and DE transcriptional factors. 

 

Genes involved in carbon partitioning 

Starch is the major carbon reserve in plant storage organs, and ABA has a 

signaling role by inducing starch biosynthetic gene expression and co-ordinate 

carbohydrate partitioning [47]. In our study, four genes (Spipo12G0062400, 

Spipo18G0038500, Spipo16G0027000 and Spipo27G0011300) (Table 7.6) participating 

in starch biosynthesis were significantly enhanced in developing turions. The qRT-PCR 

experiment confirmed the key enzyme of large-subunit ADP-glucose pyrophosphorylase 

3 (APL3) for starch biosynthesis was highly expressed in turion development [13]. The 
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RNA-Seq study for Landoltia punctata also revealed gene expression involved in starch 

biosynthesis was up-regulated under nutrient starvation [48]. Another way to accumulate 

starch content is to redirect carbon flow to starch biosynthesis. We found seven genes 

participate in the degradation of lipids by alpha- (Spipo0G0156600, Spipo0G0180000, 

Spipo0G0156500, Spipo5G0040500) or beta-oxidation (Spipo0G0179100, 

Spipo3G0031300, Spipo1G0110400), which probably allocate carbon to starch rather 

than fatty acids to achieve denser turions that sink to the bottom of streams during 

seasons (Table 7.6). Previously, it has been shown that the carbon flow into seeds can be 

rebalanced between different macromolecules with different energy content [49]. 

Reallocation of carbon is critical for the improvement of oil production in novel crops in 

the future. In oilseed species, numerous biotechnological approaches have been carried 

out that were aimed to maximize the flow of carbon into oil by over-expression of 

enzymes of the TAG assembling network [50]. Although one might argue that turions 

would no longer be able to sink in water when filled with lipids, in those applications 

biomass would be accumulated under constant temperature. 

Another way to investigate the balance of carbon partitioning can be derived from 

the average FPKM value (Fragments Per Kilobase of transcript per Million mapped 

reads) of all the key genes encoding both pathways. The genes encoding for lipid 

production were expressed relatively low with FPKM of 28 and 22 in fronds and turions, 

respectively. Therefore, the level of lipids remains low throughout development (Table 

7.6). Given the high level of starch in turions, genes in lipid production are not induced, 

whereas the ones for starch biosynthesis are during turion formation, providing us with a 

correlation between metabolic products and the regulation of the corresponding 
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pathways. Given this correlation, we hypothesize that we could redirect carbon flow into 

lipids by blocking key genes of such as AGPS1, AGPL3, GBSSI and ACCase4, GPAT1, 

DGAT2, and over-express transcripts of the lipid pathway (Table 7.6) together with 

turion-specific promoters, like LEAs (Spipo14G0001200, Spipo5G0015500, 

Spipo0G0166800) (Table 7.5).  

 

Pathway Gene ID Enzyme FPKM 
in 
frond 

FPKM in 
turion 

Average 
FPKM in 
frond 

Average 
FPKM in 
turion 

Lignin Spipo0G0185100 CCR1 32.6 23.5 23 41 
 Spipo11G0026200 CCR2 3.4 10.2   
 Spipo6G0037000 CCR3 45.3 35.5   
 Spipo28G0002300 CCR4 1.0 0.9   
 Spipo23G0040600 CCR5 6.7 16.7   
 Spipo11G0026400 CCR6 5.3 10.8   
 Spipo10G0016700 CCR7 0.3 0.6   
 Spipo10G0000200 CCR8 26.2 167.8   
 Spipo8G0071400 CCR9 20.0 24.2   
 Spipo5G0064600 CCR10 16.7 18.6   
 Spipo7G0010700 CCR11 10.1 64.8   
 Spipo0G0172200 CCR12 215.3 306.7   
 Spipo7G0010800 CCR13 0.4 1.4   
 Spipo14G0054900 CCR14 2.0 9.9   
 Spipo12G0004300 CAD1 18.1 32.5   
 Spipo17G0012300 CAD2 10.8 7.8   
 Spipo1G0069500 CAD3 2.6 0.7   
 Spipo2G0124600 CAD4 3.9 2.3   
Starch Spipo28G0001400 APS1 264.1 242.5 70 86 
 Spipo3G0049000 APL1 127.9 18.6   
 Spipo6G0024200 APL2 23.1 34.2   
 Spipo18G0038500 APL3 36.0 291.5   
 Spipo26G0026900 SSI 21.7 28.6   
 Spipo0G0050800 SSII 3.4 1.6   
 Spipo14G0048800 SSIII 33.4 24.0   
 Spipo14G0042000 SSIV 45.7 15.6   
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 Spipo1G0057900 GBSSI 327.8 333.2   
 Spipo1G0057400 BEI 19.6 10.3   
 Spipo0G0008100 BEII 40.8 72.0   
 Spipo12G0062400 ISA1 2.8 14.6   
 Spipo3G0051400 ISA2 8.1 12.9   
 Spipo20G0022100 ISA3 25.1 98.0   
Lipid Spipo0G0127900 ACCase1 24.0 17.4 28 22 
 Spipo10G0023400 ACCase2 6.3 4.6   
 Spipo12G0034900 ACCase3 4.5 2.5   
 Spipo12G0063600 ACCase4 85.6 44.3   
 Spipo15G0009000 ACCase5 22.4 21.4   
 Spipo4G0043600 ACCase6 20.9 11.0   
 Spipo4G0047600 ACCase7 73.7 56.7   
 Spipo30G0006700 GPAT1 127.7 52.2   
 Spipo7G0013300 GPAT2 21.0 20.4   
 Spipo3G0111400 AGPAT1 1.4 0.3   
 Spipo4G0068200 AGPAT2 17.6 18.2   
 Spipo6G0030100 AGPAT3 15.8 13.5   
 Spipo7G0018900 AGPAT4 4.3 3.3   
 Spipo7G0051900 AGPAT5 1.6 0.9   
 Spipo21G0027500 DGAT1 6.0 5.7   
 Spipo28G0006400 DGAT2 70.9 117.6   
 Spipo1G0066600 DGAT3 0.9 1.5   
 Spipo20G0011900 DGAT4 11.2 8.2   
 Spipo3G0079500 DGAT5 14.6 23.1   

 

Table 7.6   Expression patterns for lignin, starch and lipid biosynthesis. 

 

Turion-specific pathays 

We found that the transcriptome also closely links the turion phenotypic variation 

with thick cell wall and abundant secondary metabolites like pigment. The expressions of 

eight members of the UDP-glycosyltransferase superfamily (Spipo2G0010600, 

Spipo2G0043800, Spipo16G0044000, Spipo2G0039000, Spipo14G0034300, 
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Spipo2G0124000, Spipo5G0014300, Spipo2G0077900) and two of the cellulose 

synthases (Spipo28G0017100, Spipo7G0044000) involved in cell call biosynthesis were 

increased. Three dihydroflavonol reductases (Spipo7G0010700, Spipo10G0000200, 

Spipo14G0054900) and one flavonoid 3’, 5’-hydroxylase (Spipo0G0155000) involved in 

the anthocyanin pathway were up-regulated. In addition, we found the average FPKM 

value for all key enzymes of lignin biosynthesis were 23 in fronds but 41 in turions, 

which may explain the rigidity of cell wall in turion cells to defend water pressure at the 

bottom of waters (Table 7.6). 

To gain a broad overview into the biological functions for DE genes, we next 

performed an analysis of gene ontology (GO) enrichment (Methods). We found a total of 

24 enriched pathways (p<0.01) in developing turions, whereas no enriched GO was found 

in fronds under the null hypothesis of the entire gene set of Spirodela (Young et al., 

2010). The clustered DE genes were mainly related to response to ABA, fatty acid 

oxidation, and ion transportation. The GO functions of leaf senescence and cell wall 

modification were also highlighted (Table 7.7).  
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Table 7.7   Functional GO enrichment in developing turions. 

 

 

Transcriptional regulation of differentially expressed genes 

Transcription factors (TFs) are crucial components of regulatory systems, which 

initiate vital changes in gene expression. Thus, we examined TF gene models and found 

nine TFs were significantly changed including two ABA-responsive element binding 

factors (bZIP, Spipo4G0008600 and Spipo2G0055800), four Ethylene-responsive 
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element binding factors (ERFs, Spipo0G0155100, Spipo3G0031800, Spipo20G0027700 

and Spipo11G0028200), two heat shock TFs (HSFs, Spipo8G0037600 and 

Spipo9G0002000), and one WRKY TF (Spipo8G0045500) (Table 7.5 and S1).  

 

ABA-responsive element binding factor 

The bZIP trancription factors regulate plant development through a basic region 

and a leucine zipper dimerization motif that binds to DNA [51, 52]. In the complete 

sequence of Spirodela genome [25], an exhaustive search of the bZIP superfamily was 

performed and 41 members identified. Among them, seven genes belong to the ABA-

responsive element binding factors (ABFs), i.e., the bZIP superfamily group A due to 

their structural features with conserved regions C1-C2, basic regions, and leucine zippers 

(Figure 7.4) [51, 53]. This group is thought to play a central role in controlling ABA-

responsive gene expression in seeds and vegetative tissues via binding to ABA-

responsive-elements (ABREs). For example, ABI5, one member of ABFs, induces LEA 

expression by binding to its promoters during seed maturation [53]. Here, all seven genes 

showed differentially increased expression levels, whereas only SpABF1 

(Spipo4G0008600) was defined as a DE gene due to a significant change (Table 7.5). 

Noticeably, SpbZIP (Spipo2G0055800), another bZIP transcription factor, was 

significantly decreased in developing turions (Table 7.5). It shared leucine residues in the 

basic domain but missing other 2 conserved regions, corresponding to bZIP group I in 

Arabidopsis. Studies of group I genes from several species indicate that they might play a 

role in vascular development [51]. SpbZIP might positively regulate xylem and phloem 

development, too. Because both structure and function of turions are equivalent to seeds, 
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less vascular tissue is needed in turions compared to fronds and the expression of SpbZIP 

is decreased accordingly. Thus, we conclude that a specific subset of bZIP transcription 

factors are involved in turion formation. 

 

Figure 7.3   Alignment of ABF domain from Spirodela. 

The amino acid sequences of bZIP protein sequence from Spirodela were aligned and the 

conserved regions were demonstrated here. The consensus amino acids were labeled from 

conserved region indicate motif 1, motif 2, primary structure of bZIP domains (basic 

region and leucine zipper). All members contain these four domains except SpbZIP, 

which only has basic region and leucine zipper. SpABF1-Spipo4G0008600; SpABF2-

Spipo6G0055300; SpABF3-Spipo15G0021000; SpABF4-Spipo4G0111500; SpABF5-

Spipo7G0034500; SpABF6-Spipo3G0017700; SpABF7-Spipo13G0002500; SpbZIP-

Spipo2G0055800. 
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Other TFs involved in ABA-mediated gene expression  

In addition to ABF TFs, other TFs were also identified to be involved in turion 

development. Ethylene-responsive element binding factors (ERFs) are transcription 

factors that are specific to plants. A highly conserved DNA binding domain, known as 

the ERF domain interacting directly with the GCC box in the ethylene-responsive-

element (ERE), is the unique feature of this protein family [54] (Figure 7.5). ERFs also 

play a role in a variety of developmental processes such as flower, seed development 

[55], and fruit ripening [56]. We identified 57 ERF genes in the Spirodela genome, where 

SpERF1 (Spipo0G0155100), SpERF2 (Spipo3G0031800), and SpERF3 

(Spipo20G0027700) were significantly up-regulated and SpERF4 (Spipo11G0028200) 

down-regulated in response to turion development (Table 7.5). It had been reported that 

AtERF1, AtERF2, ATERF5 functioned as activators of GCC box-dependent transcription 

in Arabidopsis leaves, but AtERF3 and AtERF4 acted as repressors [52, 54]. It also was 

shown that ERF2 and ERF4 enhanced the transcription of a reporter gene in tobacco 

protoplasts [57]. The three highly up-regulated ERFs in Spirodela turions should 

therefore play an important role in turion development. 

 

Figure 7.4   Alignment of the ERF domain from Arabidopsis and Spirodela. 
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The bar and black arrows indicate β sheet which interact with the GCC box in target 

DNA. The cross-hatched box indicates the α helix. The consensus amino acids are 

underlined in ERF domain. The accession numbers are: AtERF1-BAA32418; AtERF2-

BAA32419; AtERF3-BAA32420; AtERF4-BAA32421; AtERF5-BAA32422; SpERF1-

Spipo0G0155100; SpERF2-Spipo3G0031800; SpERF3-Spipo20G0027700; SpERF4-

Spipo11G0028200. 

 

Heat shock transcription factors (HSFs) are transcriptional activators of heat 

shock genes. An increasing number of studies indicated that some HSFs appeared during 

the maturation stage of the seed, when cell division ceased and seeds adapted to 

desiccation and long-term survival [58]. Here, the increased expression of two HSFs 

(Spipo9G0002000 and Spipo8G0037600) (Table 7.5) might also indicate an important 

function for turion desiccation and survival during long periods of winter. 

WRKY transcription factors (TFs) are key regulators of many plant processes, 

including the responses to biotic and abiotic stresses, senescence, seed dormancy, and 

seed germination [59]. In vivo and in vitro promoter-binding studies showed that WRKY 

TFs could either activate or repress the expression of downstream ABFs through W-box 

sequences present in their promoters [60]. However, whether the Spirodela WRKY TF 

(Spipo8G0045500) (Table 7.5) is a repressor or activator needs to be further investigated. 

Together, the significant changes in the expressions of ABFs, ERFs, HSF and 

WRKY TF reflected their obligatory regulation during turion development. Their 

involvement in the transition from fronds to turions and their control of spatial and 
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temporal expression of target genes provides us also with new tools to create specialized 

traits through tailoring of chimeric genes. 

 

cis-element 

Control of gene expression is achieved through the binding of transcription 

factors to specific cis-elements in promoter regions of target genes [61]. To predict 

potential pairs of TFs and cis-elements, we scanned a 1-kb region upstream of DE genes 

with the PLACE database [62]. We found 30 of up-regulated DE genes containing the 

cis-element of ABA-responsive element (ABRE: YACGTGGC) and 119 with ethylene-

responsive element (ERE: GCCGCC). These target genes of ABFs and ERFs are 

associated with seed dehydration (like late embryogenesis abundant proteins), regulatory 

transcription factor, protein kinases and phosphatases (like CPK, MAPK), carbohydrate 

and secondary metabolism (like cellulose synthase and stachyose synthase), and 

senescence-associated proteins (like Glutathione-S-transferase).  

 

Model of Spirodela dormancy 

ABA is essential for seed maturation and also enforces a period of seed dormancy 

so that the seeds do not germinate prematurely during unseasonably conditions. The same 

behavior is seen in dormant Spirodela turions that are induced by low temperature, 

limited nutrition, or exogenous ABA [63]. The external stimuli rapidly induce both Ca2+ 

influx and endogenous ABA synthesis [64]. In maturing seed, ABA-regulated genes 

include those required for the synthesis of storage reserves and the acquisition of 

desiccation tolerance. Ca2+ can act as secondary messenger to activate the expression of 
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cascade components of calcium-dependent protein kinase (CPK) and mitogen-activated 

protein kinase (MAPK). The structure of CPK shows there are four Ca2+-binding EF hand 

domains allowing the protein to function as a Ca2+ sensor. In addition to Ca2+, reversible 

phosphorylation also regulates kinase activity [65]. A number of studies have 

demonstrated that MAPKs in Arabidopsis are associated with hormone biosynthesis and 

signaling including ethylene and ABA [38]. Both of CPK and MAPK could 

phosphorylate a wide range of target proteins, including other kinases and/or transcription 

factors [39, 52], in particular SpERF of Spipo0G0155100, Spipo3G0031800 and 

Spipo20G0027700, SpABF of Spipo4G0008600 and Spipo2G0055800, SpHSF of 

Spipo8G0037600 and Spipo9G0002000, and SpWRKY of Spipo8G0045500 (Table 7.5). 

The activation of TFs ultimately regulates their target genes to cease cell division but 

begin to accumulate secondary metabolites. As shown in flowering seeds, aspects of 

reserve accumulation and late embryogenesis abundant (LEA) gene expression are 

controlled largely by the coordinated action of transcription factors [39]. Taken together, 

we generated a model summarizing the signal transduction leading to Spirodela 

dormancy based on integration of our result and previous knowledge (Figure 7.5). 
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Figure 7.5   A model of development of Spirodela dormancy. 

Phosphorylated proteins are labeled as pink circles with a P inside. Solid lines represent 
direct connections. The dotted line indicates indirect connection. Not all linkages and 
details of pathway are shown in this diagram in order to simplify the model. 
Abbreviations: ABA (abscisic acid), CPK (calcium-dependent protein kinase), MAPK 
(mitogen-activated protein kinase), ABF (ABA-responsive element binding factor), ERF 
(ethylene-responsive element binding factor), HSF (heat shock transcription factor), 
WRKY (WRKY transcription factors), AREB (ABA-responsive element), ERE 
(ethylene-responsive element). 
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7.4 Conclusions 

Many studies have been concerned with seed development in plants. Seeds are the 

product of sexual reproduction and the segregation of Mendelian traits. They also 

represent a dormant state in the life cycle of the plant and they compartmentalize 

nutrients for growth in the absence of photosynthesis. Agriculture could not exist without 

these properties of plants. Here, we studied a plant that propagates by clonal division and 

can undergo dormancy without forming seeds. The aquatic plant Spirodela could not 

survive on water surface without human intervention, when the water freezes. It simply 

switches to dormancy and accumulates starch that allows it to sink to the bottom of the 

water to escape the ice. Besides low temperature, however, the same switch can be 

achieved with the hormone ABA that has been shown to perform the same change for 

seed maturation. Using such an induction with Spirodela, we can study genes that 

regulate dormancy. Here, we isolated total RNA exclude ribosomal RNA before and at 

the onset of dormancy, sequenced them with next-generation technology, and identified 

the transcripts by mapping them back to the genome sequence. The detailed analysis of 

the transcriptional landscape of differentially expressed genes provides the first 

comprehensive view at the dormancy of the aquatic plants. On the other hand, research 

studies have been initiated with the goal of developing duckweed species as an 

alternative to algae for oil production with the fact of fast growth and quick biomass 

accumulation [66]. The expression data for lipid and starch biosynthesis together with the 

turion-specific transcriptional genes from our RNA-Seq data would be the ideal targets to 

develop duckweeds into oil crops. 
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7.5 Materials and methods 

Sample preparation 

Spirodela polyrhiza 7498 was grown into half-strength Schenk and Hildebrandt 

basal salt mixture (Sigma, S6765) with 1% sucrose liquid medium under 6-hrs light, 8-

hrs dark photoperiod. Plant tissues from four biological replicates for fronds without 

ABA treatment and developing turions with 3-day 10 µM ABA were collected and frozen 

in liquid nitrogen. 10 µg of total RNA was extracted for each sample by RNA-easy 

Qiagen kit with RLC buffer due to second metabolites. Ribosomal RNA was depleted 

with a kit from Epicenter (MRZPL116) in order to increase the coverage of other RNA 

classes. Vegetative fronds and turions with 14 days ABA treatment were fixed, 

embedded, and examined under transmission electron microscope as described [13, 67]. 

 

Library construction and sequence quality control 

We started with ~300 ng rRNA-depleted total RNA, fragmented the RNA, 

performed reverse transcription and size-selected the cDNA, used Emulsion PCR to 

amplify the complex gene libraries and prevent formation of chimeric cDNA products. 

All steps followed the manufacturer's guide (SOLiDTM total RNA-Seq kit). To minimize 

potential experimental batch effect, eight samples were barcoded, pooled, and evenly 

distributed into three lanes. The single-end reads with the size of 75bp were generated 

with our in-house SOLiD 5500 platform. The Exact Call Chemistry (ECC) module was 

utilized in the sequencing run, which is an optional kit that is used to further enhance 

sequencing accuracy by generating reference-free bases directly. After quality trimming 

with score of 20, reads with a minimum length of 40 bp were saved.  
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Read mapping and quantifying gene expression 

The remaining reads were mapped to the reference genome Spirodela polyrhiza 

7498 (GenBank Accession #ATDW01000000), which was recently sequenced, 

assembled, and annotated, by using TopHat 2 [68] with Bowtie [69]. TopHat is a fast 

splice junction mapper for RNA-Seq reads. It aligns RNA-Seq reads to reference 

genomes using the ultra high-throughput short read aligner Bowtie, and then analyzes the 

mapping results to identify splice junctions between exons. Gene expression levels were 

normalized using fragments per kilobase of exon per million mapped reads (FPKM). 

Transcript abundance and deferential gene expression were calculated with Cufflinks 

[35]. DE genes were defined, as when their absolute value of log2 fold change was higher 

than 2 and their P value was less than 0.01.  

As a positive control for our measurements, we used independent data obtained in 

a separate study under the same induction conditions as in this study from the expression 

of ADP-­‐glucose	
  pyrophosphorylase	
  genes	
  with	
  qRT-­‐PCR	
  [13].	
  As	
  a	
  negative	
  control,	
  

we	
   used	
   northern	
   blot	
   data	
   of	
   the	
   expression	
   of	
   the	
   tur4	
   gene	
   obtained	
   in	
   yet	
  

another	
  study	
  [36]. 

 

Functional annotation and cis-element predictions 

For each DE gene, GO annotation was obtained with the program of blast2go, 

which uses a blast algorithm to assign GO terms to sequences based on similarity [70]. 

GO enrichment was performed in two groups of gene sets, respectively, one of highly 

expressed transcripts in turions, the other one of highly expressed transcripts in fronds 
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based on the whole gene set of the Spirodela genome using GOseq, which adjusts the bias 

from gene lengths [71]. The cis-acting regulatory DNA elements were predicted by signal 

scan search from PLACE database [62]. PLACE is a database of motifs found in plant 

cis-acting regulatory DNA elements, all from previously published reports. We dissected 

1-kb regions upstream of DE genes and scanned them for potential pairs of TFs and cis-

elements. 
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Supplementary Information 

1. Systematics, Morphology, and Development of Spirodela polyrhiza 

The subfamily of the Lemnoideae (duckweeds) are aquatic plants which are 

distributed worldwide from tropical to moderate climates and grow floating on the 

surface of still waters like lakes and ponds. Typical features of the Lemnoideae are their 

rapid and predominantly vegetative growth and their small sizes ranging from a few 

centimeters down to less than a millimeter frond size in Wolffia, a genus containing the 

smallest flowering plants in the world. The morphology of duckweeds, however, is not a 

simple miniaturization of the body plan commonly found for angiosperms but rather a 

reduction and simplification of it (Figure S1A). Roots are either completely absent in 

Wolffiella and Wolffia but are present in Spirodela, Landoltia and Lemna. Up to 21 short 

and slender adventitious roots do not have lateral roots and root hairs. The leaf-like body 

is generally called a ‘frond,’ containing a shoot reduced to a single vegetative point. In 

contrast to leaves, daughter fronds originate from pouches of the basal section of mother 

fronds and remain connected to the mother via a short tissue band, the stipule. The 

daughter frond itself produces more new fronds thereby repeating the pattern of its own 

generation. The connected fronds may form small groups, called cluster, unless they are 

separated by external conditions. This process of rapid vegetative reproduction enables 

duckweeds to double their biomass and cover surfaces of lakes in a very short time. To 

survive in moderate climates, duckweeds undergo a seasonable developmental change 

(Figure S1C). To escape freezing water surface during cold periods, fronds at lower 

temperature become turions, which are denser and sink in water. Turions represent a 
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dormant stage and achieve their sinking property with the accumulation of starch, also an 

energy storage that can be utilized in spring, when turions cycle back to fronds. Such a 

change can also be induced with abscisic acid in the laboratory and involves the onset of 

specific gene expression for starch biosynthesis[1].  

Within the Lemnoideae clade, a clear trend of reduction to increasingly simpler 

structures is evident from the more ancient Spirodela to the more derived species[2-4]. 

The reduction affects all parts of the plant, decreasing number and size of roots, flowers 

and flowering frequencies, size and branching of transport tissues like the xylem as well 

as the anatomy of the frond. The frond of duckweeds is not a ‘frond’ by strict botanical 

definition but has rather been described as a thalloid, leaf- and stem-like structure with 

juvenile or embryonic characteristics[5]. One common interpretation proposes that the 

frond remains at the cotyledon or early seedling stage. In this interpretation, the peculiar 

structure of fronds of Spirodela and other duckweed species results from heterochrony – 

or more specifically from neoteny, i.e. a decreased change in the rate of developmental 

processes compared to their ancestors. Support for this interpretation comes from the 

reduction within the Lemnoideae as well as fossil records of an duckweed ancestor of the 

cretaceous period, Limnobiophyllum (Figure S1B), which shows an elaborated vein 

system and a complex root organization with lateral roots and root hairs[6]. 

Due to the overall highly miniature size and simple anatomy of duckweeds, 

systematics of this family has been controversial for a long time. Molecular and 

morphological studies placed the Lemnoideae into the family of the Araceae and the 

order of the Alismatales, an early offshoot of the monocots[4, 7-9]. A simplified 

phylogenetic tree of flowering plants was presented in Figure 1.  
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2. Genome and Transcriptome Sequencing and Assembly 

2.1 Genomic DNA isolation 

One cluster of 3-5 fronds of Spirodela polyrhiza ecotype 7498, which were 

clonally grown from one plant to reduce potential sequence polymorphism, was 

aseptically transplanted into half-strength Schenk and Hildebrandt basal salt mixture 

(Sigma, S6765) with 1% sucrose liquid medium at pH 5.8. The cultures were kept in a 

growth-chamber, maintained at 100 µmol.m-2.s-1 and 23°C through a 16h-light, 8h-dark 

photoperiod[1]. High molecular weight of nuclear DNA was extracted by adaption of a 

nuclei isolation procedure[10] and the CTAB method[11]. Simply, after grinding 10 g of 

frozen tissue in liquid nitrogen, nuclei were isolated with a sucrose-based buffer, and then 

suspended in 50 ml CTAB extraction buffer. The isolated DNA was digested with 50 

µg/ml RNase for one hour at 37°C. The quality and quantity were checked with a 1% gel 

and measured with Nanodrop 1000. 

2.2 Haploid Genome Size 

For flow cytometric genome size estimations 10 mg of fresh duckweed tissue 

were chopped together with similar amounts of an internal reference standard Raphanus 

sativus ‘Voran’ (IPK gene bank accession number RA 34, 543 Mb) with new razor 

blades in propidium iodide-containing nuclei isolation buffer[12]. Measurements were 

performed on a FACSStarPLUS cell sorter (BD Biosciences). The calculated average value 

is based on at least 10 independent measurements per reference standard performed on 
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separate days. The genome size of Spirodela polyrhiza ecotype 7498 was estimated to be 

~158 Mb (Figure S2).   

2.3 Genome Sequencing 

A high-quality genome sequence was produced with the Roche/454 and Sanger 

ABI-3730 platforms, using the whole-genome shotgun (WGS) sequencing method[13, 

14]. Sequencing reads for the nuclear genome were collected with the Roche 454 XLR 

next-generation sequencing platform at the Department of Energy Joint Genome Institute 

in Walnut Creek, California 

(http://www.jgi.doe.gov/sequencing/protocols/prots_production.html). Two linear Roche 

454 libraries (8 runs, 2.95 Gb) and one 5.7 kb insert size paired library (343.4 Mb) were 

sequenced with standard XLR protocols. Paired ends were also generated from BAC and 

fosmid libaries and 24 entire fosmids were obtained using standard protocols on 

ABI3730XL machines at the HudsonAlpha Institute in Huntsville, Alabama. A total of 

113.6K fosmid ends from a 39.5kb insert library and 30,720 BAC ends from a 101.8kb 

insert library were collected. We generated a total of 10,519,519 reads, or 22.53-fold 

genome coverage, of which the Sanger reads provided 0.75-fold coverage and the 454 

reads provided 21.78-fold coverage. A summary of the input sequence data, together with 

their mean insert size, number of reads from each library and estimated sequence depth 

used for assembly is presented in Table S1. 

2.4 Assembly, Scaffolding, and Contig Quality Assessment 

The assembly was generated using Newbler version 2.6 with default parameters 

after trimming poor bases from ends and masking vector sequences. In total, 1071 
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scaffolds were formed with an N50 of 3.7 Mb. Over 97% (141.8 Mb) of the total 

sequence is represented in 252 scaffolds (Table S2). The average, N50, minimum and 

maximum contig sizes have been added to the supplement (Table S2). The N50 (14.5 kb) 

is comparable with other plant genomes published to date and only 9% of the scaffolded 

genome is in gaps of Ns. 

A Spirodela BAC library was constructed from high molecular weight nuclear 

DNA[10]. The DNA was partially digested with Hind III, double size-selected and 

ligated into pIndigoBAC-5 (Hind III-cloning Ready, Epicentre, BACH095H). A total of 

15,360 Spirodela BAC clones with an average insert size of 110 kb representing 10X 

genome equivalents were fingerprinted with the SNaPshot HICF fingerprinting 

method[15]. Of the 15,360 fingerprinted clones, 11,770 clones (76.6%) were suitable for 

contig assembly. There was on average one restriction fragment every 1.19 kb. The final 

FPC map spanned 200 Mb and contained 269 singletons and 11,501 BAC clones, which 

were integrated into 320 contigs. In the physical map, 23 contigs had more than 100 

clones each, 62 contigs had 50-99 clones each, 160 contigs had 10-49 clones, and the 

residual 75 had less than 10 clones. Based on the physical map integration, the Newbler 

scaffolds were ordered by the FPC draft sequence function and pseudomolecules were 

constructed from joined scaffolds. Scaffolds within one pseudomolecule were interlaced 

by a stretch of 500 undefined bases (‘N’s). In total, we obtained with the aid of the 

physical map 32 pseudomolecules named as “pseudo1-32”. All remaining scaffolds were 

deposited into “pseudo0”. Sizes for each pseudomolecule is shown in Table S3. 

To assess the accuracy of the assembly, 24 fosmid clones with the size of 40 kb 

were randomly picked, sequenced, and reconstructed into contigs. The comparison of the 
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chosen fosmid clones and the finished genome assembly confirmed coverage and 

sequence-level accuracy. Among 24 fosmids, 20 matched exactly the Newbler assembly. 

Fosmid 13497 was split between pseudo0 and pseudo10. Fosmid 13502 was one from the 

chloroplast genome (JN160603) (Table S6). In total, 89.7% of fosmid sequences were 

represented in the Newbler assembly; almost 10% of fosmid sequences could not be 

matched due to the failure of Newbler to assemble repetitive elements. The actual bp 

error rate was lower than 8 in 10,000 bp (>98.22%). 

To align the 32 BAC-based pseudomolecules with linkage groups represented by 

individual chromosome pairs, we applied fluorescence in situ hybridization (FISH). 

BACs with a low repeat content according to RepeatMasker 

(http://www.repeatmasker.org/) analysis were assembled into contigs spanning the 

physical map of Spirodela polyrhiza. These BAC contigs were subdivided into 

appropriate probes for FISH. Metaphase chromosome spreads of Spirodela were prepared 

from young root tips treated with 0.002 M 8-hydroxyquinoline for 1 h on ice before 

fixation in absolute ethanol: acetic acid (3:1, v/v) for 48 h and digestion for 90 min at 

37°C in 1% cellulase and 1% pectinase in 0.01 M sodium citrate at pH 4.8. Digested root 

tips were squashed in 75% acetic acid on slides and frozen on dry ice. BAC probe 

labeling, FISH, microscopic evaluation and image processing were performed as 

described[16].  We found 40 chromosomes of the 2n genome in S. polyrhiza. FISH data 

supported the coherence of 30 BAC-based pseudomolecules in distinct chromosome pairs 

(Figure 4). In two cases (pseudo #7 and #22) individual BACs were located on other 

chromosomes than the remaining contig. For instance 002B12 and 035P14 labeled 

another chromosome than the other 3 BACs of pseudo #7. Thus, these two 
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pseudomolecules were chimeric and each of the two arms had to be separated and joined 

to another arm to from one of the 20 chromosomes (Figure S4). Chimerism of 

pseudomolecules could be due to the short reads of the 454 sequencing–platform and 

repeat-dense regions of the chromosomes. Whereas future work will have to convert 

pseudomolecules into chromosomes, the current analysis of the gene content and order 

remained unaffected. 

To confirm that no other chimerism underlies the overall assembly quality and 

completeness, we localized telomeric repeats in the pseudomolecules. In land plants, 

telomeres are characterized by tandem repeats of the conserved hexa- or heptamer 

sequences TTAGGG or TTTAGGG. Clusters of telomeric repeats were exclusively 

identified at the ends of the pseudomolecules indicating that there were no hybrids of 

chromosomal arms (Figure S3). Confirmation of the accuracy of sequence assembly was 

also possible with the distribution of repeat elements in the pseudomolecules described 

after the analysis of repeat elements below (see section 3.1.6). 

2.5 Transcriptome 

To collect a diverse set of expressed genes, Spirodela polyrhiza was grown under 

different light-dark cycles (24h/0h, 16h/8h, 12h/12h, 8h/16h, 0h/24h) and collected at 

time points that represent various states of the circadian clock (2AM, 6AM, 10AM, 

14PM, 18PM, 22PM). In addition, Spirodela polyrhiza cultures were treated by various 

stress conditions (heat treatment at 37°C, cold treatment at 0°C, desiccation on agar plate, 

high pH value of 9, UV exposure, 20 mg/l CuCl2, 300 mg/l KNO3, 250 nM ABA, 10 µM 

kinetin, 300 mM mannitol) and samples were collected at different exposure times (0.5h, 
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1h, 3h, 6h, 12h, 24h) (Table S9). Fresh tissue (0.2 g) was collected from each conditions 

and flash-frozen in liquid nitrogen. High-quality total RNA was extracted with the 

RNeasy Plant Mini Kit (Qiagen, 74904). The on-column DNase I was used to remove 

contaminating genomic DNA (Qiagen, 79254). We used gel electrophoresis and 

Nanodrop 1000 to assess RNA quality and quantity.  Finally, equal amounts of RNA 

were pooled from each sample. 

The library was constructed for RNA samples and sequenced by 454. ESTs were 

assembled using the JGI EST sequence-processing pipeline. Briefly, raw 454 EST 

sequences were trimmed for vector and adaptor/linker sequences and poor reads. 

Contaminants were also screened and filtered by BLAST alignment. ESTs were clustered 

using malign and assembled using CAP3 to build tentative consensus sequences.  

To assess the coverage of Spirodela polyrhiza genome assembly, we aligned 

379,502 ESTs against the assembled scaffolds using BLAT. In total, 363,065 (95.7%) 

could be mapped to the genomic sequence with more than 85% of sequence coverage 

indicating a largely complete genomic coverage of the gene space by the assembled 

pseudomolecule-sequences (Table S10). 

3. Genomic Elements 

3.1 Repeats 

To identify common and special features of the Spirodela genome the repeat data 

was put into a comparative context with the similar sized Arabidopsis thaliana At (tigr 8 

version)[17] and three to four monocot genomes of different sizes, Brachpodium 
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distachyon Bd[18], Oryza sativa Os (rice)[19], Sorghum bicolor Sb[20] and Zea mays 

Zm (maize)[21] (Figure S10). 

3.1.1 Kmer Frequencies 

Kmer frequencies are a repeat library independent and thus unbiased method to 

access the repetitive portion of a genome.  The program tallmyer[22] from the program 

suite genome tools (http://genometools.org/) was used to calculate the frequency of each 

16-mer in the respective genome assemblies and other sequence sets.   

The major sources of repeat elements in the genome are transposons and variable 

number tandem repeats (VNTRs). Further sources, like high copy number genes (e.g. 

rRNA genes) and different degrees of duplications (polyploidy, segmental duplications, 

tandem genes) usually only contribute to a far smaller extent to the repeat content. 

Comparing the 16mer frequency of Spirodela with other plant genomes (Figure S10) 

showed that the kmer curve of Spirodela followed a similar trend as the equally sized 

Arabidopsis genome. In both genomes kmers occurring >= 10 times are only found in  

~3-4 % of the sequence amount. In the larger monocot genomes, there is a continuous 

rise towards increase of genome size with kmer counts starting from 12% in 

Brachypodium up to 63% in sorghum, which are repeated >= 10-times.  

3.1.2 Detection and Annotation of Transposon and Simple Sequence Repeats  

Complete LTR retrotransposons where identified in a de-novo approach with the 

program LTR-STRUC[23] yielding 217 candidate sequences.  After quality filtering, 

which required < 30% tandem repeat content, at least one typical inner protein domain, 

manual dot plot inspection, and removal of overlapping sequences, we obtained 170 
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Spirodela specific full-length LTR-retrotransposons that were added to mips-REdat, a 

comprehensive plant repeat data base[24]. An additional 94 complete LTR-

retrotransposons were detected by homology search against the 170 full-length 

sequences, leading to a total of 264 elements having both LTRs. The insertion age of 

those full-length LTR-retrotransposons was derived from the divergence (emboss distmat 

with Kimura 2 parameter distance) between the left and right LTR sequences, which were 

identical after transposition as described elsewhere[25].  

Transposons and rRNA genes were annotated by the wublast version of 

RepeatMasker-open-3-3-0 (http://www.repeatmasker.org) against the mipsREdat  

(REdat_v9.3, 387 Mb, 56,169 entries).   The RepeatMasker output was subjected to two 

post-processing filter steps, removal of low confidence hits (length <50 bp or score <250 

or identity<60%) and purification of overlapping annotations in a priority-based 

approach, where higher score hits were assigned first and overlapping lower score hits 

either shortened or, if the overlap exceeded 90% of their length, removed. 

Tandem repeat sequences were detected with the program Tandem Repeats Finder 

[26] under default parameters. Classification of the tandem repeats were based on their 

monomer length and divided into microsatellites (2-9 bp), minisatellites (10-99), and 

satellites (>= 100bp). Overlapping annotations were joined and classified as hybrid type, 

if they contained more than one of the three classes. 

3.1.3 Insertion Age Distribution of Full-Length LTR-Retrotransposons 

Spirodela harbors almost the same amount of full-length LTR-retrotransposons as 

the similar sized Arabidopsis genome, but the insertions are distinctly older (average 4.6 
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vs 2.0 my) and very young elements are completely missing. The atypical age 

distribution suggests an "ancient" genome state without much recent transposon activity 

in combination with small removal rates. The common picture in plant genomes of 

younger copia and older gypsy LTR-retrotransposons is weakly visible in Spirodela 

(Figure S18).  

3.1.4 Repeat Content and Composition 

A homology search with de novo full-length LTR-retrotransposons traces 13% of 

the Spirodela genome as LTR-retrotransposon derived, which was perfectly in line with 

the small genome size (Figure S11). An annotation attempt with RepeatMasker against 

mips-REdat_v9.3[24] gave an additional 2.5 % of retroelements and 0.23% of DNA-

transposons. A closer inspection revealed, that the DNA transposon hits were only based 

on small stretches of simple sequence repeats, which occurred within the template 

transposon sequence. The same and related problems were true for the additional 

retroelement hits from other species. Due to their largely unspecific nature all transposon 

hits from non-Spirodela template sequences were removed from the final annotation. The 

observed lack of transposon similarity confirmed the large evolutionary distance between 

Spirodela and sequenced monocot genomes. 

Table S13 placed the Spirodela repeat annotation into the context of Arabidopsis 

and 3 other monocotyledonous genomes. The single values for Spirodela followed more 

or less the ones from Arabidopsis and related to its small genome size. One exception 

was the ratio gypsy/copia LTR-retrotransposons of 3.5 in Spirodela, next to sorghum the 

second highest among the 5 genomes. The percentage of tandem repeats was relatively 
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independent of genome size and ranged usually between ~ 2 to 3%. The higher satellite 

repeat content of sorghum could be explained by its fully sequenced centromeres for 

three chromosomes. Spirodela had an exceptional high proportion of microsatellite 

tandem repeats, 50% versus 3 to 6% in four reference genomes (Figure S12). This 

amplification even influenced the absolute amounts of microsatellite repeats, as Spirodela 

topped the list with 1 Mb followed over the much larger sorghum genome (0.9 Mb) 

(Figure S13). A detailed breakdown of microsatellite repeats into the different monomer 

sizes (Figure S14) showed that one of the four possible dinucleotide repeats, namely 

"GAGA", is responsible for the noticeable increased numbers of microsatellite repeats. 

Due to their high repetitively, they severely impeded elongation during sequence 

assembly and were prevalently found at one or both ends of a pseudomolecule together 

with very high 16mer frequencies, especially often in the unplaced contigs of pseudo 0 

(Figure S17). 

 

 

3.1.5 Chromosomal Architecture 

Heat maps and stacked bar charts are used to visualize and compare specific 

chromosomal content from a bird’s eye perspective. The higher-level heat map data was 

created by sliding along the chromosome with a 0.1-Mb window size and 0.02-Mb shift 

length and determining for each window the number and percentage of bp coverage of 

the respective element type, like genes or LTR-retrotransposons. For kmer-frequencies 

the mean and median values per window was used.  The density values were corrected 
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for the number of Ns per window, if the N content exceeded 60% the value was set to 

null and drawn in gray color. The number value was extrapolated to number per Mb to 

facilitate comparisons. The heat maps where created from the obtained density values 

using the python pylab module in combination with the jet color map (low to high values 

from blue to red).  

A more detailed insight into the annotation structure was achieved with the 

integrative genome viewer (http://www.broadinstitute.org/igv/)[27] by defining 

customized tracks for the different element types and kmer values in combination with 

special color codes and display options. The heat map of the 32 Spirodela 

pseudomolecules followed the known pattern of anti-correlation between gene and LTR-

retrotransposon densities (Figure S15). LTRs were preferentially eliminated from gene-

rich regions but accumulate in gene-poor regions. There is a perfect correlation between 

prominent retrotransposon/kmer peaks and known centromeric locations in many other 

plant genomes (e.g. Sorghum, Brachypodium, Rice, Cotton, Tomato, Arabidopsis). Here, 

based on high LTR-retrotransposon (> 80-90%) content together with high kmer values, 

the constrictions were to be seen as the most likely positions of the centromeres. The 

whole length of pseudo 2 viewed in IGV is detailed (Figure S16).  

 

 

3.1.6 Assembly Check 

The so called "assembly checker" is based on sequence content assessment by 

masking one sequence set with another via the program vmatch [http://www.vmatch.de]. 
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The approach introduces a versatile alternative method for the quantification of assembly 

completeness. Whole genome sequence sets, like transcripts, reads and BES are used as 

test sets to determine their percent base-pair coverage with the genome assembly. After 

the evaluation of different matching stringency, the parameters setting  "-l 50 -e 1" (= 

minimum hit length 50 bp, maximal 1 mismatch or indel per 50 bp) was found to be 

suitable for the Spirodela sequence sets. Here the matching of two different random sets 

of 1x genome coverage against each other gave 63% coverage, which was exactly the 

Lander Waterman expectation. 

Figure S5 compared the Spirodela pseudomolecules assembly with three different 

sized sets of random sampled 454 reads. These sets represented 1, 2, and 5X genome 

coverage corresponding to Lander Waterman statistics of 63%, 87%, and 99%. The 

Spirodela assembly contained 80% of the 1X read test set and 90% of the EST and BES 

test sets. The content values for ESTs and BES were almost identical to the 5X read set, 

which should represent the whole sequence amount. Overall the assembly completeness 

could be verified with the described new masking method to be at least 90% for genic 

sequences and >=80% for the rest, which was in the same range as the values given in 

Table S10 and Table S8 (95.7% for ESTs, 83% for AraCyc genes).  

3.2 Genes 

3.2.1 Gene prediction and characteristics of the gene complement 

Gene models were derived from consensus gene predictions based on de novo 

gene finders, transcript data and protein homologies. EST assemblies of Spirodela and of 

two sea grasses, Posidonia oceanica and Zostera marina[28], were used as transcript 
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evidences. Heterologous protein evidence was based on protein sequences of four 

monocotyledonous species - Brachypodium, Maize, Sorghum and Rice - and three 

dicotyledonous species, Arabidopsis, Poplar and Wine. For evidence by homology, 

spliced alignments were generated by GenomeThreader[29] using an initial seed size of 7 

aa for protein and 16 bp for nucleotide alignments. For de novo gene finders, a training 

set was derived from mapping the Spirodela EST assemblies and high quality protein 

families to scaffold sequences. AS high quality proteins, we selected orthologous gene 

families from the PLAZA database[30], for which at least five distinct plant species had 

members differing by a maximum of 2% in the protein sizes from the mean family 

sequence size. Next, we performed multiple sequence alignments of the selected families 

applying MUSCLE[31] to confirm sequence similarity and size consistency in the 

alignments. Spliced alignments to Spirodela genomic scaffolds were computed using 

GenomeThreader and filtered for full-length alignments including start and stop codons, 

high similarity (blosum62 score ≥ twice size of alignment) and size consistency with the 

respective gene family. Remaining gene models for training were selected to be non-

redundant both in terms of individual, overlapping mappings of members of one family 

as well as mappings of one family to multiple genomic locations. To derive full-length 

Spirodela transcripts from the EST assemblies, candidate ORFs were predicted applying 

ORFpredictor[32] with pre-computed tblastx comparisons against a database compilation 

of Arabidopsis, Sorghum, and Brachypodium proteins. Only ORFs with similarity to 

known proteins and aligning them by their entire length to a genomic position of 

Spirodela scaffolds including a start and stop codon were retained. Lastly, we compiled a 

non-redundant training set as described above for the PLAZA proteins.  
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Using the non-redundant data sets described above, we trained four de novo gene 

prediction tools, Augustus, Snap, GlimmerHMM and GeneID[33-36] and determined 

genome-wide predictions using the Spirodela-specific parameter sets of each tool. An 

additional gene finder, Fgenesh+, was run using a monocotyledonous-specific parameter 

matrix[37]. Next, the statistical combiner Jigsaw was trained using our training set, 

mapped homologies and gene models predicted by our set of de novo gene finders[38]. 

The resulting gene models constituted version 1.0. 

For historical reasons, an independent set of predictions was made with a new 

self-training ab initio gene finder, GeneMark-ES-GC, developed for compositionally 

heterogeneous genomes (Lomsadze and Borodovsky, manuscript in preparation). Local 

variability in GC composition in the Spirodela genome exceeds variability observed in 

other plant genomes (Figure S6). Also, the differences between exon and intron GC 

content vary significantly between genes (Figure S7). Still, the new ab initio algorithm 

was able to predict in a single run 19,327 genes, the number close to the final number of 

genes in annotation. The accuracy of the new algorithm was shown to be sufficiently high 

by assessment on a test set generated from mapping the transcripts and high quality 

proteins (Sn/Sp of exact prediction of internal exons: 87.2%/74.5%). 

The GeneMark-ES-GC gene predictions were later merged with the models 

produced by computational homologies and models the other de novo predictions 

including the Jigsaw models. Upon merging de novo models with no significant 

homology (blastp e-value > 10-10 versus UniprotKB/Swissprot) were included, if at least 

two independent predictions supported an identical gene structure. Finally, models from 
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the training set were integrated into this set of gene models to obtain the final set of 

consensus gene predictions, to which we refer as version 2.0.  

In total, we predicted 19,623 gene models for the 32 Spirodela pseudomolecules 

and pseudo 0. Annotations for the Spirodela gene set were derived as described in 

Supplement 5.1. A summary of gene characteristics and a comparison to genes to other 

higher plant genomes was shown in Table S7. Mean exon and coding sequence sizes 

were similar in all 5 genomes. However, Spirodela shared with banana significantly 

larger gene sizes, which apparently resulted from larger introns. Several lines of 

evidences supported the considerably lower gene number in Spirodela compared to other 

higher plant species. First, three independent gene prediction pipelines - the one 

described above, a self-training version of genemark and an approach using homology 

and transcriptome data – consistently predicted a gene number below 20,000 genes. 

Second, we observed a similar coverage of the AraCyc pathway genes[39] between 

monocotyledonous species: 87%, 86% and 83% of the AraCyc genes were represented by 

a homolog (≥40% sequence identity, ≥70% alignment coverage) in the annotations of 

rice, banana and Spirodela, respectively (Table S8). 

In comparison to dicots, increased GC contents were observed in 

monocotyledonous coding sequences, mainly due to a mutational bias of G and C in the 

third codon position.  Spirodela protein-coding sequences exhibited a pronounced GC3 

bias (Figure S8), which was the highest amongst currently sequenced monocot genomes. 

Elevated GC3 contents were found in Spirodela specific genes as well as genes shared 

with monocots and dicots and thus seemed to be a general feature of Spirodela coding 

sequences (Figure S9). In contrast to the reported distinct bimodal distributions in rice 
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and maize, Arabidopsis genes showed a sharp unimodal distribution. Broader 

distributions resulting from a composite of genes with low and high GC3 content were 

observed both for banana and Spirodela genes (Figure S8) suggesting that the distinct 

multimodal patterns evolved specifically, whereas high GC3 biases might have evolved 

independently and several times in the monocotyledonous lineage.  

3.2.2 Tandem Genes 

An undirected graph was constructed from a self-comparison of each proteome 

using blastp with protein identifiers as nodes and edges, which specified similarity 

matched between two proteins and were weighted by expectation values. A first filter 

removed all matches above a threshold e-value E > 10-10. Next, only edges connecting 

two proteins with a genomic distance of less than 10 dissimilar intervening genes were 

retained. Tandem clusters were determined as connected components from this trimmed 

graph. Number of clusters and tandem repeated genes for 7 species are shown in Table 

S11. Arabidopsis, Tomato, Rice, Sorghum, and Brachypodium contained on average 

~20% of their genes arranged in tandem clusters whereas only ~15.2% of Spirodela genes 

and 7.5% of banana genes were tandemly repeated in their genomes.  

Interestingly, genome sequences of the latter two genomes are largely based on 

assemblies of next generation sequencing technologies and some very closely related 

tandem genes may have been collapsed in the assembly of short reads. It has to be 

determined by future studies, whether the two species indeed have a lower number of 

tandem genes or assembly artifacts cause the lower tandem gene count. Independent of 

this uncertainty, the observed lower number of tandem genes can only partially 

compensate for the lower gene count in Spirodela. 
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3.3 Non-coding RNAs 

3.3.1 tRNAs 

We applied tRNAscan-SE to the entire unmasked sequence of the 33 

pseudomolecules of Spirodela to predict candidate tRNAs[40]. Excluding pseudo-tRNAs, 

we detected in total 191 tRNAs, of which 7 contained an intron. The tRNAs covered the 

whole set of 21 amino acids including one tRNA for seleno-cysteine. 

3.3.2 miRNAs 

Mature miRNA sequences of all plant species present in miRBase version 19[41] 

were mapped to the Spirodela whole-genome assembly using vmatch[42] allowing up to 

two mismatches.  Subsequently, 150 bp flanking sequences adjacent to the 5’- and 3’-

boundaries of putative miRNAs were retrieved and their secondary structure was 

predicted using RNAfold[43] with standard settings. The structure was evaluated using 

MIRcheck with default settings[44]. Putative miRNAs passing MIRcheck were retained 

and overlapping loci of matched miRNAs were concatenated and annotated as one 

miRNA. A summary of annotated candidate miRNAs is shown here (Table S12). 

One miRNA family, miR156, was highly overrepresented in Spirodela polyrhiza 

with a total of 32 members while only 23, 19, 10, and 4 members were identified in 

maize, rice, Arabidopsis, and Brachypodium applying an identical approach, respectively. 

In Arabidopsis, miR156 has been shown to be required and sufficient for the promotion 

of the juvenile phase and repression of the phase transition from vegetative to 

reproductive growth[45]. The high abundance of this miRNA family may be causative 
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for a suppressed shoot in the Lemnoideae and their predominant vegetative growth by 

forming daughter fronds. 

Interestingly, the opposite is true for miR169 and miR172. These miRNAs are 

highly expressed in sweet sorghum, which exhibited late flowering and drought 

tolerance[46], properties that were not required for the growth of Spirodela. Therefore, 

the expansion of miRNA gene families was consistent with the finding that the size of 

gene families correlates with the phenotypic traits of the organism. Still, we also would 

like to emphasize that the evidence for the reported candidate miRNAs were based solely 

on sequence similarities and phenotypes or target genes were not functionally evaluated. 

3.4 Organellar Insertions 

The assembled nuclear genome of Spirodela was compared by blastn against the 

Spirodela plastid genome (JN160603)[47] and the mitochondrial genome (JQ804980)[48] 

respectively, to identify the insertion of organellar sequences into the nuclear genome. 

We retained all hits longer than 50 bp and hits were categorized by their size (Table S4) 

(Table S5). 

A total of 1,385 chloroplast DNA fragment insertions covering 240,242 bp 

(0.15%) of the nuclear genome were identified. 1,320 insertions detected were shorter 

than 500 bp, with 34 between 0.5 and 1 kb, 21 between 1 and 2 kb, and only 10 

exceeding 2 kb with the largest being 5,197 bp (Table S4). A total of 1,589 mtDNA 

insertions into the nuclear genome covering 207,711 bp (0.13%) had been detected. 

Similar to the findings for the chloroplast insertions, 1,554 were less than 500 bp in 
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length, with 31 between 0.5 and 1 kb, 3 between 1 and 2 kb, and 1 exceeding 2 kb (2,185 

bp) (Table S5). 

4. Synteny Analysis 

4.1 Methods 

Analysis of genome duplications were based on all-against all blastp comparisons 

between non-redundant gene sets of the respective species (E-value cutoff E< 10-10). 

Intra- and intergenomic duplicated segments were identified by a combination of quota-

alignments[49] (exploring various quota settings for the expected evolutionary history of 

genome duplications) and manual inspection and curation of dot plots. Genes between 

candidate duplications were aligned by a global alignment similar to the methods 

described elsewhere[50]. Statistical significance of candidate duplications was evaluated 

by a Monte Carlo test. Briefly, the gene order in one genome was randomly shuffled 

1,000 times by exchanging gene identifiers and gene alignments were recomputed 

according to the initial genomic borders of candidate segments. Alignments of the 

random genomes were ranked by the number of aligned homologs and all candidate 

duplications with a p-value < 0.001 were retained.  

Synonymous Ks and non-synonymous Ka substitution rates for duplicated genes 

were determined with Smith-Waterman alignments of protein sequences and 

subsequently derived codon-based alignments[51]. Rates were computed by the Nei-

Gojobori method as implemented in the KaKsCalculator tool[52]. Previous studies had 

shown a strong dependency of Ks values on the GC3 composition of gene pairs[49, 53]. 

We therefore analyzed Ks values of gene pairs separately for GC3-high (GC3 > 75% for 
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both genes), -medium (exactly one gene with GC3 > 75%) and -low (GC3 ≤ 75% for 

both genes) pairs. Divergence time estimates were based on histogram peak Ks values of 

the low pairs (Figure S21) (Figure S24) and a molecular clock of λ=6.5x10-9 synonymous 

substitutions per site and year[54]. Divergence times T were computed as T = 2λKs. We 

emphasize, however, that all estimates might be biased by the unusual GC3 content of 

Spirodela genes and possible rate differences that had been reported in monocots[54].  

4.2 Intragenomic Duplications in Spirodela 

Quota-alignments and dot plots suggested the occurrence of two independent 

large-scale or whole genome (WGD) duplications in Spirodela (Figure S19). Copy 

numbers of duplicated chromosomal segments provided further support for two rounds of 

WGDs in Spirodela (Figure S20). For about one third of the genome, no duplicated 

counterpart was observed. However, segments with copy numbers of four comprised 

approximately a quarter of the available genome sequence and were the second largest 

copy number class, followed by segments with three and two copies in the genome.  

Syntenic conservation between segmental blocks was significantly lower 

compared to those reported for grasses. Whereas syntenic regions between sorghum and 

rice contained on average 58% of the genes in collinear blocks[20], duplications in 

Spirodela showed a sparse conservation with a mean of 11.3% of syntenic paralogous 

pairs in collinear order (Table S14). This number might be an underestimate because 

global gene-based alignments between two blocks might miss small inversions or local 

translocations. Nevertheless, the reduced number was consistent with the older age of the 

presumed WGDs and a continuous loss of duplicated genes[55-57]. Synonymous 
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substitution rates showed a unimodal distribution indicating that both WGDs occurred 

within a short period of time (Figure S21) and that they could not be separated by their 

divergence times. We therefore refer to the WGDs in Spirodela as αSP/βSP. There was a 

distinct shift in the mean peak Ks values for GC3-high (mean ~0.85) and GC3-low (mean 

~1.23) gene pairs. In this study and in agreement with other reports[49], we used the 

GC3-low paralogous pairs to estimate the occurrence of both WGDs at approximately 95 

mya, which was older than the grass family.  

4.3 Comparison of Genome Duplications Between Spirodela and Rice 

 We determined the syntenic relations between rice and Spirodela as described in 

the supplementary paragraphs above. The dot plot suggested a quota for the syntenic 

relation of 2:4 for rice and Spirodela duplicated segments, respectively (Figure S22) 

indicating that the well-known ρ-WGD in grasses and the αSP/βSP-WGDs in Spirodela 

occurred independently of each other. The reported σ-duplication in grasses predating 

ρ[49] had recently been placed after the split of the Zingiberales and Poales[58]. This 

study also reported an additional γ-WGD that was specific to the Zingiberales and hence 

had occurred after the split of the Alismatales and the core monocots. The Alismatales - 

together with the Acorales - represented the most ancient monocotyledonous clade that 

diverged from the core monocots, which included for example the Commelinids, 

Asparagales, and Liliales, approximately 130 mya ago[59]. This placed the αSP/βSP-

WGDs in the Alismatales branch (Figure S23). 

 Syntenic conservation of collinear gene pairs was surprisingly slightly higher than 

those of the αSP/βSP-WGDs, with a mean of 15% of co-orthologous pairs in the 
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chromosomal segments showing conserved order. In total, the segments spanned 20,451 

loci in rice and 11,479 in Spirodela with 4,275 and 3,710 non-redundant collinear genes, 

respectively. Syntenic gene pairs between rice and Spirodela showed a pronounced 

bimodal distribution that was clearly caused by the superimposition of two unimodal 

distributions of GC3-high and GC3-low gene pairs (Figure S24). Following the rationale 

in 4.2, we determined a mean peak Ks of ~1.7 for the GC3-low distribution translating 

into a divergence time of ~130 mya. This estimate closely agrees with the divergence of 

the Alismatales and the core monocots that had been estimated to occur between 128-131 

mya[59]. 

5. Comparative Genomics 

For comparative and functional analysis, we employed genome sequences and 

annotations of Arabidopsis thaliana TAIR10[17], Vitis vinifera v1.4[60], Populus 

trichocarpa v2.0[61], Solanum lycopersicum[62], Brachypodium distachyon v1.2[18], 

Zea mays AGPv2[21], Oryza sativa MSU7[19, 63, 64],  Sorghum bicolor high 

confidence gene set v1.4[20] and Musa acuminata[58]. Alternative splice variants of 

protein and coding sequences were not considered in our comparative studies. To obtain a 

non-redundant set of loci for each genome, we either used representative sequence sets 

precompiled by the respective genome project or selected the model with the longest 

ORF. 

5.1 Unified Datasets for Comparative Analysis 

Functional classifications and annotations like protein domains or gene ontologies 

are predominantly inferred electronically for all plant genomes. These annotations were 
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based on different evidences and reflected current knowledge at the time of the respective 

genome project. A notable exception were rice and particularly Arabidopsis thaliana, for 

which efforts of large research communities and up to more than 10 years of ongoing 

manual curation created a rich and up-to-date view on the biological roles of thousands of 

genes[17, 65]. Outdated annotations as well as annotations highly biased in their detail 

might severely impair comparability of data sets for genome-wide inter-species 

comparisons. To achieve consistency between all genomes used in this study, we 

annotated all genomes in this study including Spirodela polyrhiza applying the AHRD 

pipeline[62]. Briefly, for each proteome, we computed blastp comparisons to the 

Arabidopsis TAIR10, UniprotKB/Swissprot and UniprotKB/Trembl databases[17, 66]. 

Next, protein domains and gene ontologies were determined by the standalone version of 

InterProScan[67]. Using this computational evidence, description lines as well as 

homogenous functional classifications were derived by AHRD for all genomes. 

5.2 Orthologous Gene Sets 

We applied orthoMCL to cluster the proteomes of five genomes into gene family 

groups, which comprised (co-)orthologs and very closely related (in-)paralogs. Parameter 

settings for the all-against-all blastp comparison as well as for clustering parameters were 

as recommended[68]. Results were illustrated for the five-way clustering (Figure 3). We 

classified all orthoMCL family groups into divisions, with one division containing all 

groups of one particular species combination. In addition, we defined a cluster class as 

the set of divisions containing equal species numbers (Figure 3). Divisions were named 

by abbreviations of the species constituting the respective division, cluster classes by the 

number of constituting species. 



	
   227	
  

In the five-way analysis, we identified 18,765 orthoMCL clusters in total, 

comprising 110,787 genes. The fraction of genes that were partitioned into family 

clusters ranged from 61.8% for rice, 68.2% for banana, 71% for tomato, 75.2% for 

Spirodela and up to 81.4% for Arabidopsis. As expected, class 5 with the largest division, 

‘AtMuOsSpTo’ - was most abundant containing 43.8% of all clusters and 58.7% of all 

genes. Class-1 comprising the species-specific divisions was the second largest class that 

included 19.2% and 29.4% of all clusters and genes, respectively. In general, abundance 

of divisions in one class reflected expected phylogenetic relationships between the five 

species. For example, in class-2 the dicot-specific division ‘AtTo’ and in class-3 the 

monocot-specific division ‘OsSpMu’ showed the highest cluster counts. One division - 

the class-4 division ‘AtMuOsTo’, which was missing Spirodela genes, was notably the 

largest division. We assumed that this division contained genes, which might have been 

either lost due to neoteny or might have undergone divergent evolution in Spirodela. 

Generally, however, the basic gene content of an angiosperm plant seemed to be well 

represented in Spirodela. Excluding cluster class-1 families, the total number of 

orthoMCL families showed only small differences between the five genomes (Figure 

S25), indicating a high overlapping coverage of the qualitative gene content. Although 

the number of families containing Spirodela genes was the lowest (10,596), we detected 

for the rice genome with twice the gene count as Spirodela also only 11,007 families of 

cluster class-2 or higher. Thus, the orthoMCL family count did not or only in part explain 

the lower gene number in Spirodela. However, mean copy number of Spirodela genes per 

family was significantly lower for Spirodela (Table S15). This suggested either loss of 

paralogs or reduced gene family expansions, i.e generation of in-paralogs in this species. 
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5.3 Gene Ontologies 

Based on comparable annotations of plant genomes as described above, we 

investigated enriched gene ontology terms for selected divisions. Overrepresentation was 

computed using the R package GOstats with conditional probabilities[69]. As expected, 

division ‘AtMuOsSpTo’ showed enrichment in numerous basic biological processes like 

sugar, lipid, and amino acid metabolic processes, RNA processing, translation, and 

replication (data not shown). Genes in the Spirodela-specific division were enriched for 

various defense related processes and included antimicrobial peptides and NBS-LRRs 

(Table S17). The likewise enriched proteinases and peroxidases had also been implicated 

– besides many other processes - to adapted immune responses. Strong 

overrepresentations of immune and defense genes were also commonly seen in the other 

species-specific divisions (data not shown) and underpin the importance to adapt to an 

environment with host-specific pathogens.  

As previously described, we assumed the division comprising genes of each of 

Arabidopsis, Tomato, Banana, and rice, but missing Spirodela members as candidates for 

functions that had been highly modified – either lost or divergently evolved – in 

Spirodela. A survey of the division ‘AtMuOsTo’ revealed several biological processes 

that were sufficiently specific to analyze consistency with the biology of Spirodela. 

Corresponding GO identifiers were shown in Table (Table S16). The small body size and 

aquatic environment of Spirodela made water transporters (GO:0006833) like aquaporins 

less likely relevant for a small, aquatic plant. The high buoyance of water and a floating 

lifestyle of Spirodela with continuous contact to water allowed for a less rigid plant body 

and likely required distinct cell wall architecture as compared to erect land plants. 
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Laccases are extracellular multicopper oxidases that act on a range of substrates 

including (mono) phenols and aromatic amines[70]. They have been associated – besides 

other processes - to cell wall cross-linking and both lignification and lignin degradation 

thus maintaining cell wall structure and xylem fibers. Two other terms (GO:0009664, 

GO:0005975) supported cell wall specific processes, which were present in the four other 

species but were missing or modified in Spirodela. Genes found in GO:0009664 - ‘plant-

type cell wall organization’, were all α-expansins, which have important roles in 

biological processes that require cell wall loosening[71]. Although the term GO:000597 – 

‘carbohydrate metabolic process’, could specify a broad range of metabolic processes, 

closer inspection of the genes underlying the overrepresentation in the four species 

revealed strong enrichment for hydrolases acting on cell wall and storage 

polysaccharides[72]. Out of 222 genes, 62% (137) encoded glycosidases, including α- 

and β-endoglucanases, xyloglucan hydrolases, xylanases, and polygalacturonases. The 

latter class of glycosidases had been associated with pectin degradation and fruit 

ripening, a process that was triggered by the plant hormone ethylene[21, 73]. Several 

terms indicated a partial loss of isoforms of two key enzymes in ethylene biosynthesis, 1-

aminocyclopropane-1-carboxylate (ACC) synthase and oxidase[74]. The term 

GO:0009692 (‘ethylene biosynthesis’) contained 20 ACC-synthases of the four species in 

the division ‘AtMuOsTo’, for which no ortholog or close paralog was detected by 

orthoMCL. Interestingly, in the term GO:0055114 (‘oxidoreduction’), 14 genes encoding 

isoforms of ACC oxidases were represented.   

5.4 Analysis of Selected Gene Families 
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Gene families were selected based on prior knowledge about Spirodela biology 

and on biased representations of gene families, domains, and biological processes, 

identified in our analysis of orthoMCL clusters as well as global inter-species 

comparisons. Figure S26 provided an outline of our applied pipeline for genome-wide 

surveys of targeted gene families. Briefly, we compiled a list of gene identifiers either 

from publicly available, curated gene families or by selection of genes with specific 

PFAM/InterPro domains from the AHRD annotations[62]. For this starting list of gene 

identifiers, we collected all orthologous genes for this list from the orthoMCL clusters 

analysis of five plant species. We referred to this data set as strict gene family list. To 

extend the strict list and include closely related candidate in-paralogs from distinct 

clusters, we determined for each cluster the minimal intra-cluster similarity/threshold T 

of its members using an all-against all blastp comparison between all genomes. The 

minimal intra-cluster threshold Ti was defined as the minimal expectation value E of all 

pairwise similarity comparisons between members of cluster i. In addition, it was 

restricted to a maximal value of E ≤ 10-30.  Next, we expanded our strict list by including 

all matches that exceeded threshold Ti to any member of the ith cluster and derived by this 

procedure the extended gene list. For both gene lists, multiple protein sequence 

alignments were computed using MUSCLE[75]. Alignments were checked by 

Gblocks[76] and manual curation. Phylogenetic trees were constructed using 

FastTree[77]. Visualization and analysis of phylogenetic trees was performed with 

custom-made python scripts, the python module ETE2 and iHOP[78, 79]. Trees were 

manually inspected for reduced and amplified copy numbers of orthologous genes 
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between Spirodela and other plant species and results were analyzed by searches of the 

known literature.  

5.4.1 Cellulose Biosynthesis Genes 

Cell wall polysaccharides are the most abundant organic molecules on our planet, 

but only a few conserved genes involved in primary cell-wall biogenesis have been 

identified, including Cellulose synthases (Ces), Cellulose synthase-like (Csl) genes and 

Glycosyl transferases (GT). 

We conducted the blastP analysis (e-20) by querying Spirodela protein database 

with cell wall protein sequences in rice downloaded from the Purdue cell wall genomics 

website: http://cellwall.genomics.purdue.edu/families/index.html. The predicted 

candidates were further checked for their functional domain by InterProScan search. We 

summarized the gene numbers for each family and each species analyzed (Table S18). 

After multiple alignments for sequences of Arabidopsis, rice, and Spirodela by ClustalW, 

the dendrograms were constructed using the Neighbor Joining method with 1,000 of 

bootstrap replications in MEGA5[80].  Dendrograms were redrawn in program of 

TreeDyn (Figure S29) (Figure S30). The summary of results was described in the main 

text. 

5.4.2 Expansins 

The expansin superfamily comprised four families, α-, α-like, β- and β-like 

expansins[81]. Expansins were identified as cell-wall loosening proteins[71] involved in 

many plant processes including cell growth and expansion, root, and root hair expansion, 

fruit softening, ripening and abscission[81]. In our study, we analyzed α- (Figure S27) 
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and β-expansins (Figure S28), which were strongly reduced in numbers in Spirodela. 

Several clades of α-expansins were missing orthologous Spirodela genes including 

AtEXP 2, 8, 17, 11, 7, and 18. The latter two expansins had been implicated in root hair 

initiation with AtEXP7 restoring a short root hair phenotype in rice[82, 83]. Lack of these 

expansins was consistent with the reduced size and aqueous environment of Spirodela 

roots.  

Monocots had experienced a great expansion of β-expansins, with 10 detected in 

banana and on average 20 members in Poaceae species in this study (Figure S28). 

However, we detected only three β-expansins in Spirodela, indicating that the expansion 

continually progressed along the monocot diversification or a selective decrease of this 

gene family in Spirodela. 

5.4.3 Lignin-monomer Biosynthesis 

Lignin, as a major component of secondary cell wall, played an important role for 

the support structure, water transport, and stress responses in vascular plants. In support 

of the cellulose and hemicellulose fabric a solid mesh-like structure formed by cross-

linking, which gave them mechanical strength necessary for upright stature. The 

emergence of lignin was believed to be a critical factor for plants to adapt on land. 

Furthermore, lignin content and composition was relevant to the digestibility of plant cell 

walls. The elucidation of the pathway involved in lignin biosynthesis will greatly 

improve bioenergy feedstock by genetic modification.  

In higher plants, monolignol biosynthesis appears to be performed by 10 gene 

families: Phe ammonia lyase (PAL), Trans-cinnamate 4-hydroxylase (C4H), 4-
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Coumarate: CoA ligase (4CL), Hydroxycinnamoyl-CoA:shikimate/quinate 

hydroxycinnamoyltransferase (HCT), p-Coumarate 3-hydroxylase (C3H), Caffeoyl-CoA 

3-O-methyltransferase (CCoAMT), Cinnamoyl-CoA reductase (CCR), Ferulate 5-

hydroxylase (F5H), Caffeic acid O-methyltransferase (COMT), Cinnamyl alcohol 

dehydrogenase (CAD)[84].  A total of 63 protein sequences of the 10 gene families for 

monolignol biosynthesis were retrieved from the Arabidopsis database 

http://www.arabidopsis.org based on previous genome-wide lignin study[85]. We 

followed the same protocol as comparative genome analysis of lignin biosynthesis gene 

families across the plant kingdom[86]. Briefly, in order to find the candidate lignin 

biosynthesis genes, 63 protein sequences served as the base for the lignin gene 

identification and similarity, searched by blastP against the Spirodela database at e-30 

except CCR at e-24 and COMT at e-08. Secondly, we continued to select the gene family 

members mainly on the basis of the conserved functional domain from the candidate 

genes by InterproScan analysis. The protein sequences without the well-defined 

functional domain were removed. The final result was summarized in Table S19 and the 

main text. 

5.4.4 Laccases 

Laccases are multicopper oxidases found in many microbes, fungi, and plants and 

are acting on a broad spectrum of phenols and amines in vitro[70]. Based on their ability 

to oxidatively couple monolignols, it has been proposed that they play important roles in 

cross-linking cell wall components and in lignification. In addition, laccase activity is 

associated with xylem fibers and many laccases show expression patterns most prominent 

in the proximity of vasculature tissue[70]. Several mutants and transgenic lines in 
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Arabidopsis laccases have recently provided direct evidence for a role in lignification. 

TRANSPARENTA TESTA 10 (TT10), a loss-of-function mutation in laccase 15 

(LAC15), is impaired in the oxidative polymerization of flavonoids and contains reduced 

lignin content[87, 88]. Significantly reduced lignin levels are observed in double mutants 

of LAC4 and LAC17, two laccases that contribute to the constitutive lignification of 

Arabidopsis stems[89]. 

Consistent with the low requirement of rigid supporting tissue, Spirodela lacked 

or had strongly reduced representations in three of the Laccase clades (Figure S31). In 

particular, there was no ortholog in the clade with LAC17 and at most a highly divergent 

Spirodela gene in the group with LAC4, two genes implicated in lignification in 

Arabidopsis stems. For another group completely lacking Spirodela orthologs but 

harboring monocotyledonous members (LAC 2, 5, 12, 13) no functional information was 

available.  

5.4.5 Starch Biosynthesis Genes 

Aquatic plants like Spirodela present exceptional tolerance to cold winter through 

its dormant turions in place of seeds. In fact, abundant starch in turions could be an 

important carbon source, not competing with seed crops like corn. The members of 

starch-metabolizing enzyme gene families include ADP-glucose pyrophosphorylase 

(AGPase), starch synthase (SS), granule-bound starch synthase (GBSS), branching (BE) 

and debranching enzyme (DBE)[90]. 

The phylogenetic analysis of AGPase genes across different plant species clearly 

revealed two main groups: small and large subunits except AtAPS2 (Figure S32) (Table 
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S20). There was one member of small subunit and three large ones in Spirodela. The 

dendrograms indicated that the starch synthase was phylogenetically separated into five 

subgroups corresponding to SSI, SSII, SSIII, SSIV and GBSS. Spirodela contained all 

homologues for each subclass. There were two main groups of BE. Whereas Arabidopsis, 

rice, and maize had two copies for group II, Spirodela had only one. We found the third 

independent branch from SpBEIII, which might split from the common ancestor of BE 

and develop Spirodela specific function. DBE were split into four subclasses: ISA1, 

ISA2, ISA3 and PUL. All four species had counterparts of DBE.  

5.4.6 Nitrogen Assimilation: GOGAT 

Nitrogen is often the major limiting nutrient for plant growth. Glutamate synthase 

(glutamine-oxoglutarate aminotransferase or GOGAT) is a key enzyme involved in the 

assimilation of inorganic nitrogen in higher plants, which contain two isoforms, one with 

NADH and one Ferredoxin (FD) as cofactor. Besides its role in primary nitrogen 

assimilation, Fd-GOGAT also plays a crucial role in the re-assimilation of ammonia 

released during photorespiration due to the oxidization of RuBisCo[91]. We found 10 Fd-

GOGAT isoforms in the Spirodela genome compared to one in other monocots (Figure 

S33). The highly amplified copy number of Fd-GOGAT could explain the detoxification 

capabilities of duckweeds with fertilizer run-offs. Because the water surface also 

reflected light, these isoforms could be in addition an adaption of Spirodela to an 

environment of high light exposure and excessive energy, which dissipated in the 

photorespiratory pathway. 
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5.4.7 Juvenile-to-adult transition 

Seed plants undergo in their life cycle a series of distinct developmental steps. 

After embryogenesis, and seed maturation, a plant passes through a period of juvenile 

vegetative growth before the adult plant acquires the competency to flower and enters the 

reproductive phase, producing flowers and setting seeds after fertilization. Each 

developmental phase is characterized and accompanied by unique and specific changes of 

the apical meristems and transitions are performed as ‘all-or-none’ switches, which are 

regulated by an intricate network of endogenous regulators and various environmental 

factors like temperature and photoperiod. Within the last ~20 years, biochemical, 

forward, and reverse genetic studies have revealed identity and interactions of many of 

the molecular players involved in the transition from the juvenile to the adult flowering 

phase[92-94]. 

We observed a recurrent pattern of copy number changes in our study of 

Spirodela genes that were orthologs or close paralogs to key players of this phase 

transition in Arabidopsis. Frequently, genes promoting adult phases showed reduced copy 

numbers in Spirodela, whereas repressors were retained or even amplified in the genome 

compared to rice and Arabidopsis. We were aware that several limitations might exist for 

our analysis. Missing or false positive gene annotations and absent genomic sequence 

counterparts in assemblies could result in incorrectly estimated copy numbers. However, 

such a bias should be balanced between promoters and repressors. In addition, we 

assumed that co-orthologous genes have similar functions between species. Although 

such knowledge transfer had succeeded in numerous studies, the derived functions for the 

Spirodela genes should be regarded as computational evidence. 
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 The microRNA miR156, which is highly abundant in Spirodela (Supplement 

3.3.2), has been shown to act as a potent promoter of the juvenile phase in Arabidopsis by 

repressing the SPB-(Squamosa promoter binding protein-)-like proteins SPL3, SPL4, 

SPL5, SPL9 and SPL10,  which in turn trigger progression into the adult phase[45, 92]. 

Whereas the clade containing SPL3 showed conserved copy numbers between 

Arabidopsis, rice, and Spirodela (3 copies versus 2 copies for the latter two), we detected 

only one Spirodela copy of the SPL10/11 clade versus 3 and 4 copies in Arabidopsis and 

rice, respectively (Figure S34). The two paralogs, SPL9 and SPL15, had been reported to 

synergistically promote the progression into the adult phase[95, 96]. This pair was again 

present with two copies in Arabidopsis and at least two copies in the grasses while the 

Spirodela genome contains only one copy (Figure S34).  

 The promoting effect of the SPB genes in Arabidopsis was exerted by inhibition 

of (at least) six repressors of flowering. These six genes – APETALA2 (AP2), TOE 

(TARGET OF EAT) 1, 2 and 3, and SCHLAFMÜTZE (SMZ) and SCHNARCHZAPFEN 

(SNZ) - belonged to the AP2-EREB transcription factor gene family. We detected in the 

orthoMCL clusters and by blastp searches (E-value ≤ 10-70) all six members in Spirodela. 

This was consistent with the general pattern that repressors of the adult phase were 

preferentially retained despite the lower gene count in Spirodela.  

 In higher plants, many members of the MADS-box gene family participate in a 

multilayer regulatory network of flowering activators and inhibitors to integrate 

environmental and endogenous inputs of flowering pathways and to control the transition 

from an adult vegetative shoot to an inflorescence meristem characterizing the beginning 

of the adult reproductive phase. One subfamily, SOC1 and SOC1-like proteins act as 
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integrators of four different flowering pathways, the autonomous, the vernalization-, the 

gibberellin- and the photoperiod-dependent pathway, to activate the inflorescence and 

floral meristem identity genes LEAFY and the synergistically promoting MADS-box 

genes AP1, CAULIFLOWER (CAL), and FRUITFUL (FUL)[92, 97, 98]. In Spirodela, 

we observed only one copy of AP1/CAL/FUL and no copy for the SOC1-like gene 

family, whereas in rice and Arabidopsis, at least 3 copies for each of these MADS-box 

clades were present (Figure S35). Additionally, the floral meristem and organ identity 

genes of the SEPALLATA (SEP)-subfamily were present in four and at least five copies 

in Arabidopsis and the grasses, respectively, but only one member could be detected in 

Spirodela[99]. In contrast to the decreased numbers of MADS-box subfamilies in 

Spirodela activating floral meristems, the number of Spirodela genes (6 copies) in a clade 

containing potent repressors of flowering and flower meristems including FLOWERING 

LOCUS C and M (FLC, FLM), SHORT VEGETATIVE PHASE (SVP) and MADS 

AFFECTING FLOWERING (MAF) 2 and 3[97, 100-102] were comparable to those in 

Arabidopsis (8) and higher to the number of four rice homologs (Figure S35). At least 

one of these genes, FLC, repressing the phosphatidylethanolamine binding proteins 

(PEBP) FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF), were required 

for AP1 activation and thereby promoting the establishment of a floral meristem[97]. 

Two other genes in Arabidopsis that also encoded PEBPs, TERMINAL FLOWER 1 

(TFL1) and At-CENTRORADIALIS (At-CEN) were antagonists to TFL1/TSF by 

maintaining an indeterminate meristem[103]. Consistent with the pattern of less floral 

promoters and retained floral repressors, we observed only one orthologous copy in 

Spirodela for FT and TSF, which were present as pairs both in Arabidopsis and rice, 
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whereas both copies of TFL1/TSF were retained in Spirodela (Figure S36). However, we 

also note a clade comprising PEBP genes that is specifically amplified in the 

monocotyledonous species and for which we could not deduce candidate functions 

(Figure S36). Interestingly, a third clade of the PEBP-family defined by the Arabidopsis 

gene MOTHER OF FT AND TFL1 (MFT1), had with four copies the highest number of 

co-orthologs in Spirodela compared to only one in Arabidopsis and two in rice. MFT1 

had been implicated in the promotion of embryonic growth[104] and the high 

amplification in Spirodela might be consistent with a prolonged juvenile growth phase.  

In summary, the Spirodela genome had retained gene functions promoting the juvenile 

phase and preferentially lost or reduced functions acting in the progression to adult and 

floral transition phases. Table S21 shows a summary of this paragraph. 
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Supplementary Figures 

 

 

Figure S1: The morphology and life cycle of Lemnoideae. 

In (A), a schematic drawing of Lemna taken from (Landolt 1986) is shown. F0, F1 and 

F2 represent mother and daughter fronds.  Subfigure (B) shows the fossil 

Limnobiophyllum, an ancestor of the Lemnoideae. Subfigure C illustrates the vegetative 

life cycle of Spirodela, alternating between turions as dormant stages and fronds floating 

on the water surface. 
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Figure S2: Genome size estimated from Flow cytometry (FCM) histogram. 

The histogram shows the relative DNA content of Spirodela polyrhiza in relation to the 

internal reference standard Raphanus sativus (543 Mbp). Based on the G1 peak means 

the genome size of Spirodela (Sp) was estimated to be ~158 Mb. 
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Figure S3: Alignment of telomeric sequences to the pseudomolecules. 

Hexa- and Heptameric sequences characteristic for plant telomere sequences were 

mapped to the Spirodela pseudomolecules 1 to 32. Location and copy numbers of 

consecutive matches are indicated for each pseudomolecule. 
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Figure S4: Cytogenetics by fluorescence in situ hybridization 

A) Metaphase spread indicating a chromosome number of 2n = 40 for Spirodela 

polyrhiza 7498. B) Validation of BAC positions on a single chromosome pair by 

anchoring pseudo #6 of S. polyrhiza via multicolor FISH. C) The chimeric pseudo #7 was 

revealed by reprobing BACs with different fluorescence color schemes. Scale bars: 10 

µm. 
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Figure S5: Sequence completeness of the Spirodela assembly compared to 454 reads 

set with different genome coverage. 

 



	
  

	
  

254	
  

	
  

Figure S6: Comparison of genome compositional heterogeneity in several plants.  

Standard variation of GC content within a sequence fragment (window) is shown as a 

function of the window size. 

	
  

	
  	
  

Figure S7: Distribution of difference between GC content of exons and introns in 

the same gene among the genes in Spirodela genome. 



	
  

	
  

255	
  

 

Figure S8. GC3 distributions in genes.  

Distribution of GC (green histograms, top row) and GC3 (red histograms, bottom row) is 

unimodal for Arabidopsis, bimodal for Oryza, whereas Spirodela and Musa show skewed 

unimodal distributions with banana genes being more AT-rich while a higher GC3 

composition is more frequent in Spirodela genes. 
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Figure S9: GC3 composition of orthoMCL divisions. 

For each orthoMCL division of the Venn-diagramm (Figure S12, see also Supplement), 

GC3-content for each monocotyledonous species has been determined. ‘At’, ‘To’, ‘Mu’, 

‘Os’ and ‘Sp’ indicate Arabidopsis, tomato, banana, rice and Spirodela genes, 

respectively. GC3 content for monocot genes is higher in monocot specific divisions 

compared to their genome-wide mean (left column) or genes shared in all five species. 

This trend is observed for all three monocot species indicating the evolution of a 

mutational GC3 bias in this group.  
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Figure S10: Repetitive elements of the Spirodela genome assembly in comparison to 

other plant genomes.  

The figure is based on 16-mer counts and depicts the cumulative genome content versus 

16-mer frequency cutoffs: e.g. in rice all 16mers occurring >= 10 times account for 20% 

of the total genome size. 
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Figure S11: Linear dependency between genome size and LTR retrotransposon 

content for small sized (<< 1Gb) plant genomes. 
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Figure S12: Composition of tandem repeat. 

Comparative tandem repeat composition indicated that Spirodela has an exceptional high 

proportion of microsatellite tandem repeats: 50% versus 3 to 6% in four different 

reference genomes. 
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Figure S13: Amount of tandem repeats. 

Comparison of tandem repeats indicated that Spirodela topped the list with 1 Mb over the 

much larger sorghum genome (0.9 Mb). 
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Figure S14: Distribution of the four possible types dinucleotide repeats. 

The Spirodela genome assembly contains a disproportionally high amount (both in 

element number and total bp) of "GAGA" tandem repeats in comparison to other 

genomes. The dinucleotide repeat with the strongest binding (cG)n and 100% GC content 

is absent in At and Sp, the larger genomes contain only very small amounts of it. The 

usual order of abundance (cG)n, (cA)n, (GA)n and (tA)n is disrupted in Spirodela by the 

over 10-times increase of (GA)n, where one strand contains only purine the other only 

pyrimidine bases. lower case: pyrimidine bases, upper case: purine bases, |: 3 hydrogen 

bonds, |: 2 hydrogen bonds, the annotated dinucleotide repeats have a stretch length of at 

least 25 bp (default parameter of Tandem Repeats Finder). 
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Figure S15: Heatmap for the 32 pseudomolecules. 
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Figure S16: The overview of heatmap for pseudomolecule 2. 

 

 

Figure S17: The overview of heatmap for zoomed in part of pseudomolecule 0.  

 



	
  

	
  

264	
  

 

Figure S18: Comparison of LTR insertion age distributions. 
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Figure S19: Dot plot of intragenomic duplications in Spirodela. 

The top 20 blastp hits for each gene of an intra-genomic blastp comparison of Spirodela 

are plotted. Matches of selected duplicated regions are shown in red.  
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Figure S20: Distribution of copy numbers of duplicated chromosomal segments in 

Spirodela. 
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Figure S21: Distribution of Ks-values of syntenic gene pairs of duplicated segments 

in Spirodela and relation to GC3 composition.  

Top figure shows the histogram of synonymous substation rates Ks of paralogous 

Spirodela gene pairs located in duplicated segments (grey bars), figure at the bottom right 

the histogram of the GC3 gene composition. A clear negative correlation is observed 

between GC3 and Ks in the figure left bottom. Ks-values for gene pairs were also 

separately plotted for GC3-high (GC3 > 75% for both genes, red bars), -medium (exactly 

one gene with GC3 > 75%, blue bars) and -low (GC3 ≤ 75% for both genes, green bars) 

pairs. 
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Figure S22: Dot plot analysis between Spirodela (horizontal axis) and Rice (vertical 

axis). 

Genome and chromosome sizes of rice and Spirodela are normalized to equal axis sizes. 

Red dots show the reported syntenic segments between the two species. 
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Figure S23: Phylogeny of monocotyledonous orders. 

The dendrogram is a simplified version redrawn from (Janssen and Bremer 2004). Core 

monocots are shown in brown, known WGDs are shown as blue circles. Details about 

their placements are given in the supplementary text (4.3). 
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Figure S24: Ks values of syntenic gene pairs between rice and Spirodela and their 

dependency on GC3 composition. 

Synonymous substiution rates of syntenic Spirodela-rice gene pairs. The bimodal Ks-

distribution can explain the negative correlation of GC3 and Ks. 
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Figure S25: orthoMCL cluster per species. 

Figure shows for each species (At: Arabidopsis, Mu: banana, Os: rice, Sp: Spirodela, To: 

tomato) the number of orthoMCL families that contain at least one gene of the species. 

Cluster class 1- the species-specific divisions, were excluded from counting. 
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Figure S26: Schema for determination of gene families. 

Starting from 2 alternative selection modes, an initial list of gene identifiers is defined 

either by a published data set or by the occurrence of a specific domain identifier. The 

starting set was adjusted by comparison to orthoMCL clusters and putatively extended by 

a blast search. 
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Figure S27: Phylogenetic tree of the α-expansin family. 
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Figure S28: Phylogenetic tree of the β-expansin family. 
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Figure S29: Phylogenetic tree for the cellulose synthase consisting of CesA and Csl 

sequences from Arabidopsis, rice and Spirodela. 
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Figure S30: Phylogenetic tree for the family GT31 from Arabidopsis, rice and 

Spirodela. 
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Figure S31: Laccase Gene Family. 

Dendrogram of the laccase family in Spirodela (red), banana (orange), Poaceae (brown 

shades: Sorghum, Brachypodium and Rice), Arabidopsis (light green) and tomato (dark 

green). LAC1 is missing in this analysis because it represents a highly divergent clade in 

the Arabidopsis laccase family (Turlapati, Kim et al. 2011). Clade of AT5G48100 

(TT10/LAC15) is shown at the right of the tree indicating doubling in Spirodela and 

higher expansion in Poaceae. Clade comprising LAC7/8/9 (highlighted in blue) shows an 

expansion of Spirodela genes relative to other monocotyledonous genes. Three other 

groups indicating loss or strong reduction of Spirodela members are highlighted in red. 
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Figure S32: Starch biosynthesis genes in Spirodela and their orthologs in maize, rice 

and Arabidopsis. 
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Figure S33: Dendrogram of glutamate synthase isoforms in rice, Brachypodium, 

sorghum, banana, tomato, Arabidopsis and Spirodela. 
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Figure S34: The SBP-like protein family. 

For SPL9 and 15 as well as the clade containing SPL2, 10 and 11 we found only one 

Spirodela member while all other species contain at least two genes of each subfamily. 

However, for another subfamily reported to promote the transition from the juvenile to 

adult phase, SPL 3, 4 and 5, Spirodela had no reduced gene count: the two dicots and 

banana contained each 3 members while Spirodela had – like the three grass species – 

two copies in the genome. 
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Figure S35: The MADS-box gene family. 

A dendrogram of the MADS-box family of seven species: Arabidopsis (light green), 

tomato (dark green), rice (light brown), sorghum (tan), Brachypodium (dark brown), 

banana (yellow) and Spirodela (red). A detailed description of selected subfamilies in 

Spirodela in comparison to other species is provided in Supplement section 5.4.6.  
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Figure S36: The Phosphatidylethanolamin-binding protein (PEBP)-family. 
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Supplementary Tables 

 

Table S1: Total sequence input for the genome assembly. 

 

 

Table S2: Statistics of Spirodela genome assembly. 

The unit of scaffold and contig size is base pair (bp). 
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Table S3: Size of assembled pseudomolecules. 

 

 

Table S4: Length and distribution of chloroplast DNA insertions in Spirodela 

scaffolds. 

 

 

Table S5: Length and distribution of mitochondrial DNA insertions in Spirodela 

scaffolds. 
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Table S6: Accuracy of the assembly validated by fosmid sequence. 
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Table S7: Gene characteristics*. 

*Table shows statistics of gene features for 3 monocotyledonous species (Spirodela, 

Rice and Banana) and two dicotylodonous species (Tomato and Arabidopsis). For 

each species, alternative splice variants were not considered for the statistics and 

either the representative model for one locus – if available – or the longest transcript 

of each locus was used. CDS describes the coding sequence from start to stop codon 

without introns, gene the genomic sequence from start to stop codon including 

intronic sequences. All sizes are shown in [bp]. 
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Table S8: Comparison of gene content with the AraCyc pathway. 

Non-redundant (i.e. excluding alternative splice variants) gene sets of four species 

were compared to the Arabidopsis genes of the AraCyc-pathways by blastp. The last 

row lists the number of AraCyC genes with high similarity to genes of each species.  

 

 

Table S9: Spirodela samples pooled for Roche/454 EST sequencing. 



	
  

	
  

288	
  

 

Table S10: Number of ESTs aligned to pseudomolecules. 

 

 

Table S11: Tandem genes and clusters in 7 species*. 

*Tandem cluster and genes are determined as described. The last row shows the 

percentage of tandemly repeated genes in relation to the entire number of gene loci in 

each genome.  
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Table S12: Number of candidate miRNAs for each miRNA family of Spirodela. 
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Table S13: Repeat composition of Spirodela compared to other plant genomes. 
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Table S14: Genomic size and number of conserved paralogous gene pairs of 

duplicated chromosomal segments in Spirodela. 
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Table S15: Average copy number per orthoMCL cluster for each species. 

Mean copy number of paralogous and co-orthologous genes per orthoMCL-cluster 

was determined for each species and each division of the Venn diagram as described 

in Supplement 5.2. The set of species defining a particular division is provided by 

abbreviations: At: Arabidopsis, Mu: Banana, Os: Rice, Sp: Spirodela and To: Tomato. 

Row ‘all’ shows the average of all clusters. Species with the lowest copy number in 

each division are shown in red. 
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Table S16: Overrepresented GO terms in division of AtMuOsTo except 

Spirodela. 

Table shows overrepresented GO terms for the orthoMCL family cluster present in 

four genomes but missing in Spirodela. Further explanation for some columns and 

GO identifiers is shown in Supplement paragraph 5.3. 
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Table S17: Overrepresented functional categories of Spirodela-specific genes. 

First column shows the overrepresented GO identifier, second the p-value, third a 

short description of the GO term. The forth column lists a description of molecular 

class(es) of proteins found in majority in the cluster with the respective GO term. 

‘Mixed’ indicates that there was no major contribution by one class. 
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Table S18: Comparative numbers of cellulose biosynthesis gene families in 

Arabidopsis, rice and Spirodela. 

 

Table S19: Copy numbers of mono-lignin biosynthesis genes. 

Copy number of each gene family from Arabidopsis, Medicago, Poplar, Sorghum, 

Rice and Spirodela for biosynthesis of mono-lignols is shown.  
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Table S20: List of starch biosynthesis genes and their origins. 
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Table S21: Copy numbers of selected genes involved in juvenile-to-adult 

transition and flowering. 

Repressors of the adult phase are highlighted in red, promoters in green. For a 

description of the genes and gene names, see Supplement section 5.4.6. 
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To extensively estimate the DNA content and to provide a basic reference for duckweed genome sequence research, the nuclear
DNA content for 115 different accessions of 23 duckweed species was measured by flow cytometry (FCM) stained with propidium
iodide as DNA stain. The 1C-value of DNA content in duckweed family varied nearly thirteen-fold, ranging from 150 megabases
(Mbp) in Spirodela polyrhiza to 1,881 Mbp in Wolffia arrhiza. There is a continuous increase of DNA content in Spirodela, Landoltia,
Lemna, Wolffiella, and Wolffia that parallels a morphological reduction in size. There is a significant intraspecific variation in
the genus Lemna. However, no such variation was found in other studied species with multiple accessions of genera Spirodela,
Landoltia, Wolffiella, and Wolffia.

1. Introduction

The Lemnaceae, commonly known as duckweeds, are
the smallest, fastest-growing, and simplest of flowering
plants. In this globally distributed aquatic monocot family
(Figure 1(a)), there are 33 species representing five genera:
Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia. Among
them, Spirodela is the most ancestral, while Wolffia is the
most derived [1]. The individual plants range in size from
1.5 cm long (Spirodela polyrhiza) to less than one millimeter
(Wolffia globosa). Therefore, there is a successive reduction
of morphological structures in parallel with evolutionary
advancement within the family (Figure 1(b)). Duckweeds
are not simply miniature versions of larger angiosperms;
they represent a highly modified structural organization that
resulted from the alteration, simplification, or loss of many
morphological and anatomical features [2]. The biomass
doubling time of the fastest-growing duckweeds in optimal
growth conditions is less than 30 hours, nearly twice as fast as
other “fast” growing flowering plants and more than double
that of conventional crops [3].

Before the days of Arabidopsis, duckweeds, and more
specifically Lemna, were an important model system for

plant biology [4]. Since duckweeds are small, morpholog-
ically reduced (although with root and leaf-like structure),
fast growing, easily cultivated under aseptic conditions
(Figure 1(c)), transformable, crossable, and particularly
suited to biochemical studies (direct contact with media),
it is an ideal system for biological research [5]. Much of
what we know about photoperiodic flowering responses
comes from fundamental research conducted on Lemna by
the preeminent plant biologist Dr. William Hillman at the
Brookhaven National Laboratories [6]. Some of the current
uses of Lemnaceae are a testimony to its scientific, commer-
cial, and biomass utility: basic research and evolutionary
model system [7], toxicity testing organism [8], biotech
protein factories [9], wastewater remediation [10], high
protein animal feed, carbon cycling [5], and biofuel potential
candidates [11].

The advent of high-throughput sequencing technologies
has enabled a new generation of model plant systems [12].
In an effort to initiate duckweed genomic research, we
endeavoured to identify species with small genomes that
would be ideal for sequencing. First, we queried the Kew
plant genome database (http://data.kew.org/cvalues/) and
found that there were only 6 duckweed accessions that
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Spirodela

Landoltia

Lemna

Wolffia

Wolffiella
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(b)

(c)

Figure 1: Duckweeds are small aquatic plants that are widely distributed in nature and amenable to culturing in the lab. (a) Duckweeds
growing in the Raritan Canal River, Piscataway, NJ, USA. This population of duckweed includes Wolffia, Spirodela, and Lemna. (b) The
relative size of Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia in the order of phylogeny as compared to an American Quarter. (c) Sterile
Spirodela polyrhiza grown in the Schenk and Hildebrandt basal salt medium.

had been measured by the Feulgen method [13, 14]. DNA
content of single species from each genus was determined
and showed obvious difference. Due to it being laborious
and time consuming, the popularity of Feulgen technique has
waned. Feulgen has been largely replaced by flow cytometry
(FCM) [15], a faster, easier, and more accurate method and
the current preferred technique for genome size estimations
and DNA ploidy analyses in plants [16].

In order to find the smallest duckweed genome for
sequencing and also explore previous observations about
genome complexity in duckweeds, we estimated the genome
size of all of the five duckweed genera using FCM. These
genome size measurements will form the foundation for
future work in sequencing duckweed genome, and enabling
duckweeds as a model and applied system.

2. Materials and Methods

2.1. Plant Materials. 115 accessions of 23 duckweed species
representing all 5 genera were measured in this study
(Table S1 in Supplementary Materials available online at
doi:10.1155/2011/570319) (They provide details of sample
collection and results of nuclear DNA content measurements
for Lemnaceae.). Elias Landolt collected most of the duck-
weed accessions described in this work over the past 50
years (Landolt Duckweed Collection) [2]. Accessions were
either obtained directly from Elias Landolt, BIOLEX (NC,
USA) or The University of Toronto Culture Collection of
Algae and Cyanobacteria (UTCC). Currently, the Landolt
Duckweed Collection has been moved to Rutgers University.
Additional lines were collected from lakes and wastewater
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ponds by TPM and WW (NJ, USA). Plants were grown
aseptically for 2 weeks with 1/2 full concentration of Schenk
and Hildebrandt Basal Salt mixture (Sigma, USA) liquid
culture medium under short day growth condition (8 h light
and 16 h darkness with constant temperature 23◦C). We
bar-coded all the determined and undetermined species by
identification of polymorphisms of chloroplast atpF-atpH
noncoding spacer [17].

2.2. Isolation and Staining of Nuclei. To estimate nuclear
DNA contents with flow cytometry (FCM), sample tissue
nuclei were stained with propidium iodide (PI) [18]. Briefly,
10 mg of fresh duckweed tissue and the same amount of
the internal standard were chopped simultaneously with new
razor blades and isolation buffer in a plastic Petri dish [19].
Isolates were filtered through a 30-µm nylon mesh into an
Eppendorf tube. The suspensions of nuclei were stained with
50 µg mL−1 PI mixed with 50 µg ml−1 RNase (R4875, Sigma).
The samples were incubated on ice for a few minutes before
estimation by FCM.

2.3. Analysis of Nuclear DNA Content by FCM. PI-stained
nuclei were analyzed for DNA content with a Coulter
Cytomics FC500 Flow Cytometer (Beckman Coulter, Inc.,
Miami, Florida, USA). In all experiments, the fluorescence
of at least 3000 G1-phase nuclei was measured. DNA
content of each target sample was calculated by comparing
its mean nuclear fluorescence with that of an internal
standard (Figure 2(a)). We utilized internal controls that
closely match the duckweed genome sizes being measured
to ensure accuracy. The internal standard is a Brachypodium
distachyon line, (Bd21, 300 Mbp) [16], Arabidopsis thaliana
Columbia., (At, 147 Mbp) [20], and Physcomitrella patens
ssp patens, (Pp, 480 Mbp) [21]. The numbers in bracket
were generated by our flow cytometry equipment and our
methods. Therefore, the validated genome sizes are not
exactly the same but very close to cited references. Both
duckweed and internal standards have very little secondary
compounds, which will interfere with quantitative DNA
staining. The absolute DNA content of a sample is calculated
based on the values of the G1 peak means:

Sample 1C DNA content

=
[ (

sample G1 peak mean
)

(
standard G1 peak mean

)
]

× standard 1C DNA content
(
Mbp

)
.

(1)

At least, three independent biological replicates for each
sample were analyzed on different days to estimate the mean
DNA content. The transformation factor from pg to Mbp is:
1 pg = 978 Mbp [22].

2.4. Statistical Analysis. Data on intraspecies variation of
genome size were analysed by ANOVA: single factor test.
To test whether genome size variation was correlated with
geographic location or altitude of populations, the Spearman
correlation coefficient (r) was used.

3. Results

3.1. Intra- and Interspecies Variations of Genome Sizes. The
genome sizes of 115 accessions from 23 species representing 5
genera were estimated by FCM (Table S1). The DNA content
estimates varied nearly thirteen-fold, ranging from 150 Mbp
in Spirodela polyrhiza to 1,881 Mbp in Wolffia arrhiza. We
superimposed the estimated 1C-value on a phylogenetic
tree for Lemnaceae based on combination of morphological,
flavonoid, allozyme, and DNA sequence analysis [1] and
found that there is a continuous increase of DNA content in
order of Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia,
which correlates well with the morphological reduction
within the family (Figures 3(a) and 3(b)).

In the genus Spirodela, we measured genome size for
34 accessions and found that the 1C DNA content only
varies from 150 to 167 Mbp (Figure 3(a); Table S1). The
analysis of variance (ANOVA: single factor test) revealed
that there was not a significant difference in Spirodela
polyrhiza genome sizes (P > 0.05). Similarly, the 1C DNA
content for 19 accessions of Landoltia punctata from 372
to 397 Mbp did not show significant variation (Figure 3(a);
Table S1). In the genus Wolffiella, the genome sizes range
from 623 Mbp to 973 Mbp (Figure 3(a)), which is almost
as 4–6 times large as Spirodela polyrhiza. Like Spirodela
polyrhiza and Landoltia punctata, there are no obvious
intraspecific genome size variations in Wolffiella hyalina and
Wolffiella lingulata. In the genus Wolffia, we measured 11
species and found that they have the largest genome sizes on
average among the duckweed family (Figure 3(a)). 5.3-fold
difference was observed from Wolffia australiana (357 Mbp)
to Wolffia arrhiza (1,881 Mbp).

In the genus Lemna, 7 species were investigated. There is
a large amount of genome size variation in this genus. Lemna
valdiviana has the smallest genome size (323 Mbp), while
Lemna aequinoctialis has the biggest (760 Mbp). Surprisingly,
intraspecific genome-size fluctuations are also impressive.
For Lemna minor, 26 accessions have genome sizes ranging
from 356 to 604 Mbp with up to 69.6% of the intraspecific
DNA content variance. We confirmed the intraspecific
difference of them by randomly choosing 2 Lemna minor
with simultaneous measurement of both accessions (26.0%
difference between 6591 Lm and 7436 Lm, Figure 2(b)).
Statistical analyses revealed significant differences among
the Lemna minor accessions (P < 0.01). As well, Lemna
aequinoctialis (424–760 Mbp, 79.2%) (Figure 2(c)), Lemna
trisulca (446–709 Mbp, 59.0%), and Lemna japonica (426–
600 Mbp, 40.8%) all show intraspecific difference, indicating
a drastically uneven evolution of intraspecific genome expan-
sion in Lemna.

3.2. 1C-Value and Latitude, Longitude, and Altitude. To
investigate whether there is a correlation between genome-
size variations and the geographic distribution in the
duckweed, we compared genome size estimates with the
latitude, longitude, and altitude of recorded collection.
However, genome size variation was not correlated with
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Figure 2: Flow cytometry (FCM) histograms showing relative nuclear DNA content of Duckweed. (a) Histogram showing relative DNA
content of Spirodela polyrhiza (1, 151 Mbp) and internal standard Brachypodium distachyon Bd21 (2, 300 Mbp) based on relative PI
fluorescent intensity (channel number). Linear PI fluorescence intensity of G1 nuclei was used for the calculation of DNA content (3500
particles were counted); (b) Difference in relative DNA content of two simultaneously measured Lemna minor accessions (2, Lm6591,
444 Mbp; 3, Lm7436, 560 Mbp) with internal standard Bd21 (1); 5000 particles were counted. (c) Difference in relative DNA content of
two simultaneously measured Lemna aequinoctialis accessions (2, La6612, 410 Mbp; 3, La7126, 748 Mbp) with internal standard Bd21 (1);
5000 particles were counted. (d) Summary of Panel a, b, and c and genome size corresponding to each peak.

latitude by Pearson coefficient (r-value: Spirodela = −0.05,
Landoltia = 0.17, Lemna = −0.07, Wolffiella = −0.17, Wolffia
= 0.34) (Figure 4(b)), nor with longitude (r-value: Spirodela
= 0.17, Landoltia = 0.04, Lemna = 0.26, and Wolffia =
−0.41) (Figure 4(c)) except Wolffiella with a high r-value
−0.86 possibly due to limited accessions (n = 8). No
correlation was found between C-values and altitude, either
(r-value: Spirodela = 0.13, Landoltia = −0.25, Lemna =
−0.33, Wolffiella = −0.41, and Wolffia = 0.13) (Figure 4(d)).
It is interesting we found that most of Spirodela, Landoltia,
Wolffiella, and Wolffia were collected from a similar
geographic range between 0◦ to 45◦ and preferred to localize
above 600 m to 1200 m of altitude. In contrast, most of
Lemna species were collected between 30◦ to 60◦ and

preferred to distribute below 600 m. However, this most
likely represents a sampling bias and could also explain
the absence of a relationship between genome size and the
environment in duckweed.

4. Discussion

4.1. Genome Evolution in Duckweeds. In the phylogeny of
Lemnaceae, there is a strong relationship observed between
genome size evolution and morphological progression. We
found that the ancestral genus Spirodela has the smallest
genome size, while the most advanced genus Wolffia contains
biggest genome size (Figure 3; Table S1), which correlates
with the morphological reduction rather than organism
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Figure 3: Genome size variation across the duckweeds. Estimated 1C-value superimposed on a phylogenetic tree for Lemnaceae based on
combination of morphological, flavonoid, allozyme, and DNA sequence analysis [1]. The species in black were what we tested, and the
species in the grey were the ones we did not examine in this experiment. In the bracket is the number of different accessions we tested. (b)
Average genome sizes (y-axis) of duckweed species negatively parallel with degree of primitivity (x-axis). Duckweed species are arranged on
the x-axis from lower to higher evolutionary status, which deduced from primitive and derived morphological traits [13].

complexity within the family. This result is consistent with
Geber’s finding, which showed that there was a relationship
between DNA content and degree of primitivity [23].

Genome doubling has been a pervasive force in plant
evolution, which has occurred repeatedly [24]. Even the
smaller genome of Arabidopsis thaliana has been impacted

by genome duplication [25]. Cytological variation by
counting the chromosomes was extensively investigated
within duckweed. They concluded that polyploidy (2n =
20, 30, 40, 50, 60, and 80) is the main intrapopulational vari-
ation [2], which means polyploidization was very active and
occurred in the duckweeds for multiple rounds in the past.
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Figure 4: The relation of 1C DNA content with geographical coordinates and altitude. (a) Geographical origin of the duckweed
accessions analyzed; (b) Latitude and 1C DNA content; (c) Longitude and 1C DNA content; (d) Altitude and 1C DNA content.
http://maps.google.com/maps/ms?ie=UTF&msa=0&msid=208117868393582853927.0004a4942c7109c95133a.

After polyploidization, transposable element mobility, inser-
tions, deletion, and epigenome restructuring contribute to
the successful development of a new species and also genome
size changes [26]. Changes in genome structure could lead to
differential gene loss, extensive changes in gene expression
[27], and have immediate effects on the phenotype and
fitness of an individual [28]. It is likely polyploidy might
drive the divergence during duckweed evolution.

4.2. Geographic Distribution and Genome Size Variation. It
was suggested that variation in DNA content has adaptive
significance and is correlated with the environmental traits
of species [29]. The environmental conditions of plants are
to a large extent determined by latitude, longitude, and alti-
tude. Previous studies have indicated a positive correlation
between genome size and latitude (associated with the length
of sun light with the growing season and the temperature)
and also altitude (associated with the temperatures) among
plant species. For example, the increase of DNA content

corresponded with the increasing latitude found in the
Pinaceae family [30] and with increasing altitude observed
in Zea mays [31]. Duckweeds are distributed broadly around
the world (Figure 4(a)). Our result shows that there is no
significant overall correlation of genome size with latitude,
longitude, and altitude (Figure 4). The same result was found
in Vicia faba [32], Sesleria albicans [33], and Asteraceae
[34]. A summary revealed that these relationships were not
straightforward and not clear. Five studies (Picea sitchensis,
Berberis, Poaceae, and Fabaceae, Tropical versus temperate
grasses, 329 tropical versus 527 temperate plants) found pos-
itive, seven (Arachis duranensis, Festuca arundinacea, North
American cultivars of Zea mays, 162 British plants, 23 Arctic
plants, 22 North American Zea mays, and 11 North American
Zea mays) found negative, and five (Allium cepa, Dactylis
glomerata, and Helianthus) found nonsignificant correlations
between genome size and latitude. Additionally, nine were
positive, eight were negative, and six were not statistically
significant between genome size and altitude [35]. But

303



Journal of Botany 7

the different environmental distribution of the Lemna genus
(30◦ to 60◦ of latitude and below 600 m of altitude) with the
other four duckweed genera (0◦ to 45◦ of latitude and 600 m
to 1200 m of altitude) might explain the large intraspecific
genome size variation.

4.3. Intraspecific Variation in Genome Size. Intraspecific
genome consistency has been reported in Allium cepa [36],
Glycine max [37], and Capsicum and Gossypium [38]. We
also found a similar result for Spirodela polyrhiza, Landoltia
punctata, Wolffiella hyalina, Wolffiella lingulata, and Wolf-
fia australiana, which do not have statistical intraspecific
differences in genome size (Table S1). One explanation is
that these species have a mechanism to maintain genome
size constancy, for example, by intraspecific stabilizing
selection on genome size [39]. On the other hand, we found
obvious intraspecific variation in Lemna minor, Lemna
aequinoctialis, Lemna trisulca, and Lemna japonica. Some
artifacts of intraspecific variation in genome size have
been noted, such as environmentally induced variations,
secondary compounds and fluorescence staining inhibitor,
and erroneously determined species [15, 40]. However,
our experiments are not complicated by these factors. We
developed an easy bar-coding method to correctly identify
duckweed species, which allowed us to correct any misnamed
duckweed in the collection [17]. As cytosolic components
may change in response to changes in the environment,
we grew the duckweed plants under identical conditions.
We used internal standardization such as Brachypodium
distachyon, Arabidopsis thaliana, and Physcomitrella patens
that were prepared simultaneously and under the same
experimental conditions as the duckweed accessions. Both
duckweed and the internal standard have very little sec-
ondary compounds, which may affect genome size estimates.
Additionally, we performed biological replicate on different
days to eliminate instrument bias. In addition, intraspecific
differences were independently confirmed by simultaneously
measuring two accessions of the same species by FCM
(Figures 2(b) and 2(c)).

The intraspecific variation may result from different
numbers of repeated sequences, including satellite DNA
[41], transposable elements [42], and ribosomal genes [43].
Large-scale polymorphism of heterochromatic repeats exist
in the DNA of Arabidopsis thaliana and could account for
about 50% of the variance among the Arabidopsis thaliana
accession [44]. In addition, the amount of rDNA accounts
for the differences in genome size between closely related
lines of Linum usitatissimum (flax) [43]. The activity of
transposable elements (TE) potentially multiply 20∼100
times (∼0.1–1 Mbp) in a single generation [45]. For example,
the BARE-1 TE is positively correlated with genome size
within wild barley (Hordeum spontaneum) in response to
sharp microclimatic divergence [42]. Deletions and inser-
tions (INDELs) are most likely not candidates for genome
size differences in duckweed. In Drosophila melanogaster,
genome loss is only less than 1 bp per generation [46],
indicating a small contribution to genome-size variation.
However, in the fast growing duckweeds, which only need

2∼5 days for each generation, one could imagine it is more
likely that TE have higher rate than other flowering plants to
influence genome size within and between species.

5. Conclusion

This is the first extensive analysis of genome sizes in
duckweeds and examination of genome size variations across
a range of taxonomic levels. We showed that duckweeds,
in general, have remarkable smaller genome size com-
pared with other flowering plants. The smallest genome
size of Spirodela polyrhiza, combined with its sterile and
controllable culture, fast growing, and promising applica-
tion in research, suggest that this species may be good
candidates for ongoing whole-genome sequencing projects
and a model experimental tool. The 150 Mbp Spirodela
polyrhiza genome is being sequenced by the DOE-JGI
community-sequencing program (CSP), which will address
challenges in alternative energy, bioremediation, and global
carbon cycling. Also, the availability of a DNA C-values
database of duckweeds and a consensus higher-level phylo-
genetic tree has opened the way for exploring the general
processes underlying the evolution of genomes. Obvious
intraspecific variation in duckweeds will also provide nice
material to study the mechanism of within-species and
between-species variation in genome size. However, the
main force driving the intraspecific variance and how
the genome size affects the phenotype still requires more
research.
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Abstract

Background: Members of the aquatic monocot family Lemnaceae (commonly called duckweeds) represent the
smallest and fastest growing flowering plants. Their highly reduced morphology and infrequent flowering result in
a dearth of characters for distinguishing between the nearly 38 species that exhibit these tiny, closely-related and
often morphologically similar features within the same family of plants.

Results: We developed a simple and rapid DNA-based molecular identification system for the Lemnaceae based on
sequence polymorphisms. We compared the barcoding potential of the seven plastid-markers proposed by the
CBOL (Consortium for the Barcode of Life) plant-working group to discriminate species within the land plants in 97
accessions representing 31 species from the family of Lemnaceae. A Lemnaceae-specific set of PCR and sequencing
primers were designed for four plastid coding genes (rpoB, rpoC1, rbcL and matK) and three noncoding spacers
(atpF-atpH, psbK-psbI and trnH-psbA) based on the Lemna minor chloroplast genome sequence. We assessed the
ease of amplification and sequencing for these markers, examined the extent of the barcoding gap between intra-
and inter-specific variation by pairwise distances, evaluated successful identifications based on direct sequence
comparison of the “best close match” and the construction of a phylogenetic tree.

Conclusions: Based on its reliable amplification, straightforward sequence alignment, and rates of DNA variation
between species and within species, we propose that the atpF-atpH noncoding spacer could serve as a universal
DNA barcoding marker for species-level identification of duckweeds.

Background
The cost of DNA purification and sequencing has
dropped considerably in recent years so that identifica-
tion of individual species by DNA barcoding has become
an independent, subtler method than solely morphologi-
cal-based classification to distinguish closely related spe-
cies, which also defines the systematic relationships by
analysis of genetic distance. The key element for a robust
barcode is a suitable threshold between inter- and intra-
specific genetic distances. Sequence variation between
species has to be high enough to tell them apart while
the distances within species must be low enough for
them to cluster together [1]. The mitochondrial coxidase
subunit I (COI) gene has proven to be a reliable, cost-
effective, and easily recovered barcode marker to success-
fully identify animal species [2-4], but its application in
the plant kingdom is impeded by a slow nucleotide

substitution rate, which is insufficient for the diagnosis of
individual species [5,6]. However, the Consortium for the
Barcode of Life (CBOL) plant-working group recently
proposed seven leading candidate sequences for use as
barcoding markers [7]. Four plastid coding genes (rpoB,
rpoC1, rbcL and matK) and three noncoding spacers
(atpF-atpH, psbK-psbI and trnH-psbA) have been
selected based on previous investigations among different
plant families [8-10]. However, the utility of each of these
sequences for individual families of species within the
plant kingdom is hardly predictable [11,12].
Although there have been attempts to use the single-

locus of matK [8], a combination of two loci, rbcL and
trnH-psbA [9], and even multi-loci combinations [13] as
barcoding sequences, the use of a unified barcode for
the identification of all the land plants would be difficult
due to conflicting needs of different researchers. For
example, an optimal barcode marker that has been
determined empirically to distinguish plants at the
family level may prove less useful for making accurate
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species level identifications. Most of the proposed plant
barcode markers were designed primarily for identifying
distantly related organisms in biodiversity hotspots such
as Panama [14] and Kruger National Park in South
Africa [8]. So far, little attention and only a few studies
have been devoted to developing unified barcodes suita-
ble for making identifications within a family, within a
genus, or between closely related sister species. A test of
seven other candidate barcoding sequences in the family
of Myristicaceae was applied to eight species within a
genus and yielded two suitable barcodes [15]. Recently,
it has been shown that all three markers (rbcL, trnH-
psbA and matK) can discriminate 4 sister species of
Acacia across three continents [16]. The marker matK
has been reported to distinguish 5 Dendrobium species
[17]. More complex approaches have been developed at
the subfamily level identification of larger groups of
related plants [18]. Although an extensive barcode study
for 31
Carex species suggested that a single locus or even mul-

tiple loci cannot provide a resolution of greater than 60%,
it did not include some of the new markers (atpF-atpH
and psbK-psbI) [19]. When atpF-atpH and psbK-psbI were
included for distinguishing Carex and Kobresia, it could
be shown that matK identifies 95% as single-locus or
100% of the species when combined with another marker.
However, this study used material from a well defined
regional perspective, the Canadian Arctic Archipelago,
where the number of co-existing closely related species is
limited [20]. Our objective was to determine whether one
or more of the markers proposed by the CBOL plant-
working group would serve as an optimal marker for
species-level identification within the family Lemnaceae.
The members of the family Lemnaceae, commonly

called duckweeds, comprise 38 species in five genera
[21]. They are all aquatic plants that grow on or below
the surface of the water all over the world and they
include the smallest flowering plants [22]. They are ideal
material for physiological, biochemical, and genomic
studies because of their direct contact with medium,
rapid growth and relatively small genome sizes [22].
They are valuable means for biomanufacturing through
genetic engineering technology and due to the recent
progress towards duckweed-based commercial products
[23]. They can be easily maintained by vegetative repro-
duction in aseptic cultivation for decades [23]. The
small size of the plant is ideal for maintaining diverse
accessions and therefore for evolutionary studies at
the DNA level. Some species, such as Lemna minor,
are used by the Environmental Protection Agency for
measuring water quality because their growth rates are
sensitive to a wide range of environmental contaminants
such as metals, nitrates, and phosphates [24]. Indeed,
wastewater treatment with duckweed has been proposed

as a “green” way to remediate municipal water supplies
[25]. Rapid growth also offers practical applications of
duckweeds as a biofuel crop. Some duckweeds form
starch-rich over-wintering fronds called turions, which
can be easily induced from vegetative fronds by treat-
ment of cold shock, starvation, or with abscisic acid
[26,27]. Resulting from their size and density, both vege-
tative fronds and turions are much more easily
harvested than microalgae [28], which make duckweeds
an attractive feedstock for bioethanol production that
does not compete for agriculturally productive land.
Given these potential uses, the 160-Mb Spirodela poly-

rhiza genome has been selected for whole genome
sequencing by the DOE-JGI community-sequencing pro-
gram (CSP). A reference genome within this family will
be invaluable for gene discovery and evolutionary analy-
sis of aquatic monocot species. Furthermore, from a sys-
tematic point of view, classification solely based on
morphological characteristics has been a significant
challenge. The most readily observed anatomical feature
of the minute and highly reduced duckweeds are their
fronds with or without roots. These few and somewhat
variable morphological characters and rarely emerging
flowers or fruits make identification of duckweeds extre-
mely difficult even for professional taxonomists [29].
Complementing traditional classification methods with a
DNA-based method would be highly applicable for such
a family of species. It would permit these species to be
classified in a highly reproducible and cost effective
manner because DNA-based methods are independent
of morphology, integrity, and developmental stage of the
organism and can distinguish among species that super-
ficially look alike [30].
Here, we present a simple and accessible protocol to

barcode duckweeds and establish a sequence database
against which unknown species may be compared and
tentative species identifications can be validated. This
database also provides a high-resolution phylogenetic
resource for this important plant monocot family.

Results
Sampling criteria
The duckweed family consists of 38 species classified
into 5 genera [21]. A worldwide collection has been
characterized by genome sizes (Wang et al., ms. in
prep.). From this collection, 97 ecotypes were sampled
for the current work representing all five genera and 31
species (81.6% of the known species; Additional file 1).
The ecotypes selected encompass the worldwide geogra-
phical distribution of duckweeds originating from differ-
ent climates and geographical regions, ranging from
N60° to S42° latitude and 9 m to 1287 m in altitude
(Additional file 1, Figure 1). 85 ecotypes from 19 species
were used for statistical calculations and candidate
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barcode evaluations. An additional 12 single-ecotype
species were examined to determine the broader applic-
ability of the barcode markers for identification.

Validation of DNA barcoding markers
To simplify identification of different species by DNA
barcodes, a target DNA sequence marker has to meet
two basic requirements: the first is a high success rate
during PCR amplification and DNA sequencing, the sec-
ond is sufficient DNA sequence polymorphism to per-
mit different species to be distinguished and
evolutionary distances between them to be calculated
[1]. The CBOL plant-working group proposed 7 leading
candidates [7], i.e., 4 coding genes (rpoB, rpoC1, rbcL
and matK) and 3 noncoding spacers (atpF-atpH, psbK-
psbI and trnH-psbA). To evaluate the seven markers,
genomic DNA extracted from the 97 ecotypes was sub-
jected to PCR amplification with the primer pairs based
on the chloroplast sequence of Lemna minor. The PCR
primers were also used for sequencing (See Materials
and methods). PCR and sequencing were generally suc-
cessful (≥95%) for all the barcode candidates except
matK (71%) (Table 1). The maximal and minimal align-
ment length of PCR product for rpoB, rpoC1, rbcL and

matK were identical, while that of atpF-atpH, psbK-psbI
and trnH-psbA were quite variable, with a range of 579-
622 bp, 185-576 bp and 286-504 bp, respectively. It was
not unexpected that the coding markers (rpoB, rpoC1,
rbcL and matK) were conserved in PCR product length,
while the noncoding spacers (atpF-atpH, psbK-psbI and
trnH-psbA) displayed more variability due to extensive
insertions/deletions (Table 1). These results indicate
that the selection of markers by the COBL plant-work-
ing group should provide a reasonable level of success
for new untested plant families.

Intra- and inter-specific DNA sequence polymorphism
To assess the degree of DNA polymorphism between
DNA samples, sequence divergences between and within
species were calculated by Kimura 2-parameter (K2P)
and uncorrected p-distance, respectively. Both models
exhibited the same tendency: higher average interspecific
diversity and lower intraspecific distance. For example,
the K2P distance within and between species is as fol-
lows: psbK-psbI (0.1648 and 0.0072), trnH-psbA (0.1133
and 0.0058), matK (0.0715 and 0.0019), atpF-atpH
(0.0633 and 0.0008) rpoB (0.0388 and 0.0069), rpoC1
(0.0303 and 0.0006), rbcL (0.0216 and 0.0004). The

Figure 1 Google map of the worldwide collection of duckweeds for the current study. The distribution of duckweeds was made by GPS
with corresponding latitude and longitude.

Table 1 Success ratios of PCR amplification and sequencing for seven candidate barcoding markers

psbK-psbI trnH-psbA matK atpF-atpH rpoB rpoC1 rbcL

Max. length of product* 576 504 725 622 389 450 522

Min. length of product* 185 286 719 579 389 450 522

# tested Samples 97 97 97 97 97 97 97

% Success of PCR and sequencing 100% 95% 71% 99% 98% 100% 100%

* The analyzed product length becomes shorter than corresponding one’s due to removal of the end of ambiguous nucleotides
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noncoding spacer psbK-psbI showed the highest inter-
specific diversity (66 average substitution sites among
675 bp), while the coding marker rbcL is the most con-
served one (11 average substitution sites among 522 bp)
(Table 2). Wilcoxon signed rank tests further showed
that the most variable barcode between species was
psbK-psbI, followed by trnH-psbA, matK and atpF-atpH
(Additional file 2). The lowest intraspecific distance was
provided by atpF-atpH and rbcL, whereas the highest is
trnH-psbA, psbK-psbI and matK (Additional file 3).
Although none of the seven proposed markers possessed
both the highest variation between species and the low-
est distance within a species, atpF-atpH seemed to show
sufficient interspecific but relatively low intraspecific
divergence, compared to the other six markers (Table 2,
Additional file 2 and 3).
The accuracy of barcoding for species identification

depended to a large extent on the barcoding gap
between intraspecific and interspecific sequence varia-
tions. Effective barcoding became weaker when interspe-
cific and intraspecific distances overlapped. To evaluate
whether there was a significant barcoding gap, we calcu-
lated the distribution of divergences for the seven mar-
kers (Figure 2). Median and Mann-Whitney U tests
inferred that the mean of intraspecific divergence was
significantly lower than that of interspecific distance in
each case (p < 0.0001). Even though psbK-psbI and
trnH-psbA exhibited the highest rates of divergence
between species, they were also most diverged within
species, which could easily result in misidentification
(Table 2, Additional file 3 and 4, Figure 2). On the
other hand, the adequate variation and the narrow over-
lapping distance of the atpF-atpH marker would ensure
accurate ecotype and species identification (Table 2,
Additional file 2 and 3, Figure 2).

DNA sequence similarity-based identification
In order to test whether accurate species identification
can be made in our samples, we adopted the “best

match” function in the program TAXONDNA [31]. The
rank order for the correct identification is atpF-atpH
(92.85%) psbK-psbI (84.7%), trnH-psbA (82.5%), matK
(77.77%), rpoB (77.5%), rpoC1 (70.58%), rbcL (70.58%)
(Table 3). Generally, the three noncoding spacers pro-
duced higher rates of successful identifications than
those of the four coding markers. Consistent with Figure
3, atpF-atpH yielded the best result with 92.85% suc-
cessful identifications. Among 84 ecotypes (not includ-
ing species with single sampled ecotypes), 78 samples
were successfully discriminated, three were ambiguous
and three were incorrectly identified using atpF-atpH.
When we combined atpF-atpH with one of the other
five barcoding markers, the percentage of correct identi-
fication dropped, except for psbK-psbI, which gave an
increase of 1.19% (Table 3). The markers matK + atpF-
atpH were not counted because of the small number of
sequence comparisons done with matK.

Tree-based sequence classification
As an alternative to sequence similarity-based identifica-
tion, we estimated the proportion of recovered mono-
phyly from multiple conspecific ecotypes per species in
the phylogenetic tree for each barcoding marker. Here,
we need to stress that the primary purpose of the tree is
not so much the evolutionary relationship, but the spe-
cies identification. The atpF-atpH attained the highest
score of monophyletic species (73.7%, i.e., 14 correctly
identified out of 19 species; Table 4 and Figure 3). The
number of successfully identified species with the other
six markers was rpoB (11), rpoC1 (11), rbcL (11), trnH-
psbA (10), psbK-psbI (8). The atpF-atpH marker did not
distinguish closely-related pairs of sister species such as
W. gladiata and W. oblonga and L. minuta and
L. valdiviana.
Although the location of most grouped ecotypes in the

taxonomic trees did not change in regard to each mar-
ker, a close examination consistently revealed two inter-
esting connections. First, despite the fact that very little

Table 2 Measurement of inter- and intra-specific divergences for seven barcoding markers

Region psbK-psbI trnH-psbA matK atpF-atpH rpoB rpoC1 rbcL

Aligned length (bp)* 675 520 725 674 389 450 522

Mean interspecific No. of
substitution

66 32 48 44 13 13 11

Mean interspecific Kimura
2-parameter distances

0.1648 ± 0.0221 0.1133 ± 0.0120 0.0715 ± 0.0061 0.0633 ± 0.0068 0.0338 ± 0.0051 0.0303 ± 0.0050 0.0216 ± 0.0038

Mean interspecific
Kimura 2-parameter
distances

0.0072 ± 0.0015 0.0058 ± 0.0014 0.0019 ± 0.0003 0.0008 ± 0.0002 0.0069 ± 0.0008 0.0006 ± 0.0002 0.0004 ± 0.0002

Mean interspecific P-
distances

0.1435 ± 0.0156 0.0986 ± 0.0095 0.0671 ± 0.0052 0.0601 ± 0.0059 0.0327 ± 0.0048 0.0295 ± 0.0048 0.0212 ± 0.0037

Mean interspecific P-
distances

0.0066 ± 0.0012 0.0057 ± 0.0014 0.0019 ± 0.0003 0.0008 ± 0.0002 0.0062 ± 0.0007 0.0006 ± 0.0002 0.0004 ± 0.0002

* Aligned length becomes longer than corresponding ones due to addition of the gap.
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Figure 2 Relative distribution of all intra- and inter-specific divergence for single or combined markers. (A) rpoC1. (B) rpoB. (C) rbcL. (D)
matK. (E) psbK-psbI. (F) trnH-psbA. (G) atpF-atpH. (H) atpF-atpH+ psbK-psbI. × axis is uncorrected p-distance with corresponding increment unit
based on variation of each marker. Y axis is the number of occurrences. Barcoding gaps were evaluated with high significance (p < 0.0001) by
Median and Mann-Whitney U tests for all markers. Blue bars indicate intraspecific distance and red bars are interspecific distance.
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is known about how cross pollination in these tiny flow-
ering plants occurs, L. japonica has been suspected to
originate from a hybridization event between L. minor
and L. turionifera based on morphological characters
[22]. Our data indicates that sequence from each of the
seven tested markers of L. japonica 7182 was always
identical to and clustered with L. minor (Figure 3). Since
the chloroplast is maternally inherited in many (but not
all) plants, our data is consistent with L. japonica arising
from a cross between L. minor and L. turionifera.
The second connection was S. polyrhiza 9203, which

consistently clusters with S. intermedia rather than
other S. polyrhiza in all seven tested markers (Figure 3).
We examined 34 ecotypes of S. polyrhiza from the col-
lection using the atpF-atpH marker and found four
additional ecotypes that grouped closely with S. interme-
dia (Additional file 4). This suggested that these acces-
sions might have been misidentified as S. polyrhiza due
to the overlap in morphological characteristics between
these species.

Discussion
Here, we present data validating the most useful DNA
barcoding markers for the family of Lemnaceae from

among those proposed by the CBOL plant-working
group. Such a fundamental, whole family-wide analysis
lays the groundwork for phylogenetic and genomic stu-
dies. Our samples represent a worldwide collection from
the same family with many sister species (Figure 1 and 3,
Additional file 1). Specimens in previous taxonomic clas-
sifications using barcoding markers were mainly from
distantly related groups from broadly different families
that originated from the local or more defined regions,
such as the National Park [8], the Amazon [32], and the
Panama region [14]. Because of the diversity of the col-
lection that has accumulated over the years, duckweeds
provide a unique system to test the proposed barcoding
markers for closely related species. Furthermore, it is dif-
ficult to classify members of this family by morphology
alone. Therefore, we can not only validate the universal
application of barcoding markers, but also apply it to spe-
cies that may be solely dependent on such an approach
for conservation. The advantage of universal barcoding
markers is the design of universal primers for barcoding
markers from reference sequences, which in this case was
L. minor [33]. The primers worked very well for all the
samples (31 species and 97 ecotypes) with PCR amplifica-
tion and the sequencing success rates better than 95%,
except in the case of matK, which yielded a rate as low as
71% (Table 1). In addition, a lower PCR annealing tem-
perature than optimal for Lemna minor permits primers
to anneal to the target sequences despite sequence poly-
morphism in related species. It is interesting that most
PCR failure existed in the Wolffioideae subfamily (Addi-
tional file 1). The locus matK has been shown to be very
variable in numerous phylogenetic studies [34,35]} and
other studies have also noted the difficulties of its utiliza-
tion due to PCR failure and lack of truly universal primer
sites [9,10]. Further improvement of primer designs for
matK for other targets could increase amplification suc-
cess, but might fail because of less conserved sites near
the most variable sequences of the locus. Although matK

Table 3 Identification success based on “best close match” tools

psbK-
psbl

trnH-
psbA

matK atp-
atpH

rpoB rpoCl rbcL psbK-psbl
+ atp F-
atpH

trnH-psbA
+ atp F-
atpH

matK+
atpF-
atpH

rpoB
+atp F-
atpH

rpoCl +
atp F-atp
H

rbcL +
atpF-
atpH

Correct 72
(84.7%)

66
(82.5%)

49
(77.77%)

78
(92.85%)

62
(77.5%)

60
(70.58%)

60
(70.58%)

79(94.04%) 71(89.87%) / 77
(91.66%)

77
(91.66%)

77
(91.66%)

Ambiguous 8
(9.41%)

11
(13.75%)

10
(15.87%)

3(3.57%) 12
(15.0%)

21
(24.7%)

21
(24.7%)

0(0.0%) 3(3.79%) / 2(2.38%) 4(4.76%) 4(4.76%)

Incorrect 5
(5.88%)

2(2.5%) 4(6.34%) 3(3.57%) 6(7.5%) 4(4.7%) 2(2.35%) 5(5.95%) 5(6.32%) / 5(5.95%) 3(3.57%) 3(3.57%)

No match 0(0.0%) 1(1.25%) 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 2(2.35%) 0(0.0%) 0(0.0%) / 0(0.0%) 0(0.0%) 0(0.0%)

Threshold 22.12% 4.01% 2.62% 2.96% 2.57% 0.44% 0.38% 22.16% 2.08% / 2.44% 1.77% 1.67%

“best close match” was analyzed by TAXONDNA program [31] with single region or two-region combinations. The ecotypes was classified into correct,
ambiguous, incorrect and no match group. The group number was shown in each well. Number in bracket indicates percentage in all barcoding ecotypes. matK
+ atpF-atpH was not counted due to the small number of sequence comparison done for matK. Percentage in the bracket was calculated by dividing each item
by all tested sample.

Table 4 Number of monophyletic species recovered with
the best two phylogenetic methods for six markers

Loci UPGMA MP

psbK-psbI 8 (93.3) 8 (87.5)

trnH-psbA 10 (87.5) 10 (85.7)

matK / /

atpF-atpH 14 (100) 14 (94.1)

rpoB 11 (83.3) 11 (68.8)

rpoC1 11 (85.7) 11 (68.8)

rbcL 11 (85.7) 12 (68.8)

The number of monophyletic species out19 species was shown in each well.
Proportions supported by bootstrap >50% are in brackets.

Wang et al. BMC Plant Biology 2010, 10:205
http://www.biomedcentral.com/1471-2229/10/205

Page 6 of 11
312



DNA sequences exhibited the highest interspecific varia-
tion among the four coding markers (Table 2), the low
percentage of successful PCR amplification and sequen-
cing in duckweeds would restrict its extensive use.
It was not surprising that the noncoding spacers

showed dramatically higher sequence variability than the
coding markers (Table 2). Given the slow evolutionary
rate of rpoB, rpoC1 and rbcL (especially for rbcL, which
is strongly recommended for barcoding across all land
plants), they work well to distinguish distantly related
species either alone or when combined with other more
variable regions [6,9]. However, their sequence poly-
morphisms might not be sufficient to distinguish closely
related species. The non-coding spacers of psbK-psbI
and trnH-psbA were the most polymorphic plastid
sequences with variable sequence length in duckweeds
(Table 1). The size of trnH-psbA in Spirodela (~504 bp)
was 218 bp longer than in the other four genera (~286
bp). The length of the psbK-psbI sequence was the most
variable, ranging from ~185 bp in S. polyrhiza to ~479
bp in S. intermedia even though they were sister-species
(Table 1 and Figure 3). These significant length varia-
tions caused by deletion/insertion, simple sequence
repeats and rearrangements were problematic for accu-
rate alignment, but could potentially be adapted for sim-
ple diagnostic tests that would not require DNA
sequencing. Furthermore, the high sequence polymorph-
isms of the aligned sequences of psbK-psbI and trnH-
psbA could offer greater distinction between species in a
diverse set of genera in certain families [5,8]. Still, one
has to use caution for intraspecies comparison where
the relatively higher intraspecific distance compromised
their power in barcoding duckweed species. One nearly
has to cluster samples into two groups, one for ecotypes
of the same species and one for species to species com-
parison (Table 2, 3, and 4, Figure 3). Failure to do so
would prevent the detection of true differences between
congeneric species and conspecific ecotypes and there-
fore impede the use of a universal duckweed barcode
(Figure 2).
Although previous studies showed that atpF-atpH as a

barcoding marker was inferior to psbK-psbI, trnH-psbA
and matK based on distantly related species [5,8,9], our
data suggested that it was the most promising barcoding
marker for duckweeds with respect to high PCR amplifica-
tion, ease of alignment, and sufficient sequence divergence
(Table 1, 2, 3, 4 and Figure 2). Therefore, our data differed
from the conclusions of evaluating barcoding markers
made from unrelated species. Although it was shown that
barcoding plants by more than one region tended to be
more effective [11-13], combination of atpF-atpH with
any of the other markers resulted in only slight increases
or drops of the rate of successful identification of species
compared to itself alone (Table 3), indicating that the

Figure 3 UPGMA tree based atpF-atpH sequences. The tree was
drawn among 20 species with more than one ecotype except L.
japonica.
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discriminatory power of atpF-atpH has already reached an
optimum. When the atpF-atpH marker was combined
with other markers, the reduced resolution lowered the
differential value without complementary benefits. A simi-
lar finding that a combination of matK and trnH-psbA did
not improve species identification has been reported as
well [8].
One of the most significant applications of DNA bar-

coding is to overcome taxonomic obstacles, where it is
difficult to identify unknown or wrongly named species
in a family with similar morphology (Figure 3). Further-
more, DNA barcoding could offer us a primary screen
for further characterization of cryptic species. Although
scientists within the duckweed community were trying
to resolve the question of whether L. japonica (Lj) origi-
nated from hybridization of L. minor (Lm) and L. turio-
nifera (Lt), preliminary attempts to cross Lm and Lt (50
crosses) to reproduce the hybridization event were not
successful [22]. The key problem is that flowering is
very rare and the flower is small in size, which makes
outcrossing extremely tedious [23]. Here, the sequences
from the seven tested chloroplast markers of L. japonica
7182 were always identical and clustered with L. minor
(Figure 3). Therefore, we used the limited nuclear mar-
kers (glyceraldehyde-3-phosphate dehydrogenase, his-
tone 3 gene, beta-1,2-xylosyltransferase isoform 1,
expression control elements from the Lemnaceae family)
to uncover the relationship among them by polymorph-
isms. Unexpectedly, the sequences showed great conser-
vation and there was not sufficient variation to answer
this question. However, the identical alleles in L. japo-
nica 7182 and L. minor support the assumption that L.
japonica might have come from the cross of L. minor
and L. turionifera.
Generally speaking of members of the duckweed

family, the more derived they are, the simpler their
morphologies. The reduction in size and simplification
in structure make the fronds more mobile and better
successfully adapt to variable conditions [22]. S. interme-
dia was characterized by a slight degree of primitivism
of more nerves, roots, and ovules compared to S. poly-
rhiza, which suggested that S. intermedia was differen-
tiated into S. polyrhiza potentially through gradual
morphological reduction and isolation. However, gradual
differences were sometimes difficult to distinguish from
each other due to overlapping characteristics [22]. Our
studies for 34 ecotypes of S. polyrhiza using atpF-atpH
markers showed five ecotypes that have been clustered
with S. intermedia (Additional file 4), which is mainly
restricted to South America [22]. Good trace evidence
comes from S. polyrhiza 9203 (Figure 3). Among five
ecotypes, three are derived from South America, while
another two are from India. Therefore, a refined

classification is necessary to determine whether another
four ecotypes except S. polyrhiza 9203 should be classi-
fied as S. intermedia rather than S. polyrhiza.
Both phylogenetic data [21] and our barcoding data

showed that closely related species W. gladiata and W.
oblonga, L. minuta and L. valdiviana could not be sepa-
rated from each other (Figure 3). These sister-species
share identical sequences for barcoding markers, which
would require a search for additional barcoding markers
with greater sequence polymorphism. In fact, a universal
DNA barcoding marker has not been reported to distin-
guish more than 90% of species tested until now [8,32].
Elucidation of recently evolved species sharing identical
barcoding sequences still needs further taxonomic or
case-by-case morphological, flavonoid, and allozyme
analyses. On the other hand, use of next-generation
sequencing technologies and corresponding software
applications are emerging where low pass coverage of
different specimen could provide the necessary
resolution.

Conclusions
In this study we have demonstrated that atpF-atpH
noncoding spacer could serve as a universal DNA bar-
coding marker for species-level identification of duck-
weeds. This marker will allow to identify unknown
species or to exploit new species of duckweeds by rea-
son of its reliable amplification, straightforward
sequence alignment, and rates of DNA variation
between species and within species. DNA barcoding
developed in this study are a significant contribution to
the taxonomical structure in duckweeds compared with
insensitive morphological classification.

Methods
Plant materials
The Lemnaceae collection originated from the Institut
für Integrative Biologie (Zürich, Switzerland), the BIO-
LEX company (North Carolina, USA), and the University
of Toronto Culture Collection of Algae and Cyanobac-
teria (UTCC, Toronto, Canada) where it was maintained
for many years. Detailed information about many of
these accessions is included in Dr. Landolt’s mono-
graphic study [29]. In total, 97 ecotypes representing 31
species (81.6% of the known species) were sampled in
this study. Since the intraspecific distance is very impor-
tant for evaluating a suitable barcoding marker, 2 to 8
representatives per species are included for 19 species,
whereas another 12 species are represented by a single
ecotype. Moreover, the selected ecotypes represent a
worldwide geographical distribution (Figure 1). A sum-
mary of all specimens included in this study was listed in
Additional file 1.
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DNA amplification, sequencing and alignment
All duckweed fronds were grown aseptically in half-
strength Schenk and Hildebrandt medium (Sigma, S6765).
Total DNA was extracted using CTAB [36]. The chloro-
plast markers rpoB, rpoC1, rbcL, matK, atpF-atpH, trnH-
psbA, and psbK-psbI, which were proposed by the CBOL
plant-working group, were amplified with a set of modified
primers (Table 5) based on reference sequences from
Lemna minor [33]. The amplicon sizes were also estimated
according to Lemna minor (Table 5). PCR reaction condi-
tions also followed guidelines from the CBOL plant-work-
ing group. Briefly, 50-100 ng genomic DNA and 5 pmol of
each primer are added with the JumpStart™Redtop® Ready-
Mix™Reaction Mix (P1107, Sigma) Redix in 25 ml of final
volume. To improve the universal application of these pri-
mers, they were designed to have an annealing tempera-
ture (Ta) of 50°C, which is 1 to 6°C lower than the optimal
Ta of Lemna minor as determined by Beacon Designer
software (PREMIER Biosoft International) under reaction
conditions of 50 mM monovalent ion and 200 nM nucleic
acid concentration (Table 5). The program uses the fol-
lowing formula: optimal Ta = 0.3 × Tm (primer) + 0.7 Tm
(product) -14.9 [37]. The PCR products were purified with
ExoSap-IT™(USB Corp.) and then sequenced on an
ABI3730 automated sequencer using the same primers as
in the PCR reactions. Both strands of each PCR product
were sequenced and double-checked. The success ratios of
PCR amplification and sequencing were counted (Table
1). After the ambiguous nucleotides (~30bp) at the ends of
reads were removed, the length of products was measured
and multiple DNA sequence alignments were generated
using ClustalW in MEGA 4.1 [38].

Genetic distance analysis
Genetic distance was calculated using pairwise alignments
of sequences between and within species (Table 2). The

average intraspecific distance was calculated with the
mean pairwise distance in each species with more than
one representative, which eliminated biases due to unba-
lanced sampling among taxa. We evaluated conspecific
and congeneric variability for each pair of marker
sequences by Wilcoxon signed rank tests (Additional file 2
and 3) [9]. Median and Mann-Whitney U tests were exe-
cuted to examine the extent of DNA barcoding gap/over-
lap between intra- and inter-specific divergences [8].

Evaluation of DNA barcoding markers based on sequence
similarity
For assessing success in species assignment or identifica-
tion among our data set, we adopted the “best match”
function in the program TAXONDNA (Table 3) [31].
We calculated pairwise distances as uncorrected pair-
wise distances and compared two sequences over at
least 300 bp except for psbK-psbI (230 bp). We sup-
pressed indels when computing distances. The threshold
was set at a value below which 95% of all intraspecific
pairwise distances were found. Since the best match was
based on direct sequence comparison with other con-
specific ecotypes, the analysis only counted species with
multiple ecotypes per species.

Evaluation of DNA barcoding markers using
phylogenetic analysis
The other criterion used to measure success of species
identification was based on generating a phylogenetic
tree. We built trees with MEGA 4.1 by using the best
algorithms methods of UPGMA and MP compared with
other tree building techniques for DNA barcoding [8].
UPGMA trees were made from K2P distances. The MP
trees were constructed using the close neighbor inter-
change (CNI) method with search level 1. The initial
tree for the CNI search was created by random addition

Table 5 List of primers for the seven proposed DNA barcoding markers

Marker Primer sequence Amplicon size (Lemna minor) Ta Optimum (Lemna minor)

psbK-psbI Forward: 5’-TTAGCATTTGTTTGGCAAG-3’; 544 bp 51°C

Reverse: 5’- AAAGTTTGAGAGTAAGCAT -3’

trnH-psbA Forward: 5’-GTTATGCACGAACGTAATGCTC-3’; 300 bp 55°C

Reverse: 5’- CGCGCGTGGTGGATTCACAATCC-3’

matK Forward: 5’-CGTACTGTACTTTTATGTTTACGAG-3’; 862 bp 55°C

Reverse: 5’- ATCCGGTCCATCTAGAAATATTGGTTC -3’

atpF-atpH Forward: 5’-ACTCGCACACACTCCCTTTCC-3’; 675 bp 53°C

Reverse: 5’- GCTTTTATGGAAGCTTTAACAAT -3’

rpoB Forward: 5’-ATGCAGCGTCAAGCAGTTCC-3’; 406 bp 55°C

Reverse: 5’- TCGGATGTGAAAAGAAGTATA -3’

rpoC1 Forward: 5’-GGAAAAGAGGGAAGATTCCG-3’; 509 bp 56°C

Reverse: 5’- CAATTAGCATATCTTGAGTTGG -3’

rbcL Forward: 5’-GTAAAATCAAGTCCACCACG-3’; 580 bp 56°C

Reverse: 5’-ATGTCACCACAAACAGAGACTAAAGC -3’
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for 10 replications. Each tree contains the bootstrap
values as calculated by the software from 500 replicates.
Here, we only calculated the number of successfully
clustered species as monophyly among the species with
multiple conspecific individuals (Figure 3, Additional file
4, Table 4).

Additional material

Additional file 1: Information of sampled duckweeds and GenBank
accession numbers for sequence. A complete list of all species and
ecotypes with relevant information including geographical position and
marker sequences is provided.

Additional file 2: Wilcoxon signed rank tests of interspecific
distance among markers. Values for each marker assessment is
provided and ordered.

Additional file 3: Wilcoxon signed rank tests of intraspecific
divergence among markers. Values for each marker assessment is
provided and ordered.

Additional file 4: UPGMA tree based atpF-atpH sequences for sister
species of S. polyrhiza and S. intermedia. Distance analysis was
carried out as described under Methods.
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High-Throughput Sequencing of Three Lemnoideae
(Duckweeds) Chloroplast Genomes from Total DNA
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Abstract

Background: Chloroplast genomes provide a wealth of information for evolutionary and population genetic studies.
Chloroplasts play a particularly important role in the adaption for aquatic plants because they float on water and their major
surface is exposed continuously to sunlight. The subfamily of Lemnoideae represents such a collection of aquatic species
that because of photosynthesis represents one of the fastest growing plant species on earth.

Methods: We sequenced the chloroplast genomes from three different genera of Lemnoideae, Spirodela polyrhiza, Wolffiella
lingulata and Wolffia australiana by high-throughput DNA sequencing of genomic DNA using the SOLiD platform.
Unfractionated total DNA contains high copies of plastid DNA so that sequences from the nucleus and mitochondria can
easily be filtered computationally. Remaining sequence reads were assembled into contiguous sequences (contigs) using
SOLiD software tools. Contigs were mapped to a reference genome of Lemna minor and gaps, selected by PCR, were
sequenced on the ABI3730xl platform.

Conclusions: This combinatorial approach yielded whole genomic contiguous sequences in a cost-effective manner. Over
1,000-time coverage of chloroplast from total DNA were reached by the SOLiD platform in a single spot on a quadrant
slide without purification. Comparative analysis indicated that the chloroplast genome was conserved in gene number
and organization with respect to the reference genome of L. minor. However, higher nucleotide substitution, abundant
deletions and insertions occurred in non-coding regions of these genomes, indicating a greater genomic dynamics than
expected from the comparison of other related species in the Pooideae. Noticeably, there was no transition bias over
transversion in Lemnoideae. The data should have immediate applications in evolutionary biology and plant taxonomy with
increased resolution and statistical power.
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Introduction

Plants are defined by primary plastids, encompassing algae,

Streptophytes, and land plants [1]. Each plant cell has three

genomes, separated in three subcellular compartments, the

nucleus, the chloroplasts, and the mitochondria. Chloroplasts are

key organelles of green plants for photosynthesis. They are also

responsible for storage of starch, and synthesis of chlorophyll,

nucleic acids, and 50% of soluble protein in leaves. Chloroplasts

are highly conserved in terms of their structure, genome size (from

120 to 217 Kb) and its gene content (,130 genes) [2]. Typically

chloroplast genomes in plants contain two identical inverted

repeats (IRa and IRb), separated by unique sequences, the large

single copy (LSC) and the small single copy (SSC) regions [3].

Chloroplasts contain multiple copies of a circular, double-stranded

DNA molecule. For instance, leaf cells of tobacco and pea typically

have ,100 chloroplasts and up to 10,000 DNA copies [4]. Total

genomic DNA could have as much as 5,000 times the copies of

chloroplast DNA relative to nuclear gene copies as tested in

monocots and dicots [5]. In addition to its important biological

roles, chloroplast genome sequences are widely used in evolution-

ary studies, comparative genomics [6], and biotechnology [7].

Lemnoideae (duckweeds) are a subfamily of the Araceae of aquatic

flowering monocot plants [8]. However, their minute size and

simple morphologically characteristics made them extremely

difficult for systematic analysis and species identification. Integra-

tion of morphological, flavonoid, allozyme, and DNA markers

have yielded a single and well-resolved maximum parsimonious

tree, but the resolution for closely related species is problematic

with very low value of bootstrap support [9]. The same is true

for DNA barcoding of the Lemnoideae subfamily. Actually, the atpF-

atpH marker appeared to be the most powerful barcode to

distinguish individual species of Lemnoideae with 14 out of 19

species, still short of complete coverage [10]. Indeed, a prevalent

feature of chloroplast genomes is their high degree of sequence

conservation. Choices of greater numbers of divergent sequences

should increase resolution both for the exploration of plant

relationships and DNA plant barcoding. Because the chloroplast

genome in contrast to the nuclear genome is haploid and is

uniparentally inherited, acting as a single locus, it has the potential

to become the elusive universal single-locus for plant species

identification and systematic analysis.

Duckweeds also have great potential industrial applications.

Their biomass doubles every 1 or 2 days. They contain a starch
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content of 45.8% (dry weight) growing in wastewater [11]. They

can keep accumulating starch as high as 65% when switching from

frond to the turion phase [12]. Therefore, duckweeds have been

proposed as an alternative starch source for fuel production.

Taking into account the recent improvements in transplastomic

techniques, which provides an environmentally benign method of

plant genetic engineering and accumulates extraordinarily high

levels of foreign proteins [7], duckweed chloroplast transformation

would greatly accelerate the exploration of its biofuel potential.

Traditionally, chloroplast genomes have been sequenced by primer

walking based on closely related known genomes [13] or by shotgun

sequencing [6]. However, with the advent of next generation

sequencing platforms a new cost-effective option to capture multiple

genomes on a larger scale has arisen [14]. Still, the separation of plastid

DNA from nuclei and mitochondria can be tedious and would require

the use of multiple long PCR reactions to obtain overlapping fragments

(5 to 10 Kb) of the entire chloroplast genome, which could produce

long gaps if some PCR reactions would fail [14,15]. Another way is to

use a modified chloroplast isolation protocol and further amply them

by multiple-primed rolling circle methods [16]. Either way, it would

need substantial efforts to obtain enriched chloroplast DNA that could

contain significant amounts of contaminating non-target DNA.

A recent study reported that chloroplast genome sequences were

recovered from total DNA including nuclei, chloroplasts, and

mitochondria by using an Illumina-based sequencing platform.

Still, many gaps could not be bridged because of highly divergent

regions [17]. However, here we could demonstrate that it is

possible to assemble complete chloroplast genome sequences from

total leaf DNA with the SOLiD sequencing platform at a high

level of accuracy, following the same principles that have been

applied to the first genome assembled entirely by shotgun DNA

sequencing [18]. To obtain regions from the chloroplast genome

that diverged from a reference genome, de novo assembly was

employed using paired reads based on the concept of universal

synthetic primers [19]. Before assembly, SOLiD reads from

mitochondrial and nuclear DNA, were filtered electronically.

Furthermore, we could use the chloroplast genome of the closely

related species L. minor as a reference that has been sequenced with

traditional overlapping long reads [13]. Genome assembly, the

comparative and phylogenetic analyses of these genomes are

presented here.

Methods

DNA isolation and SOLiD DNA sequencing
Duckweeds sequenced in this study (Table 1) were grown from a

cluster of 3–5 fronds produced by a single mother frond. Total

DNA was extracted from whole plant tissue by the CTAB method

[20]. Sequencing runs were done on a SOLiDTM 3 Analyzer

(Applied Biosystems, Foster City, CA) at the Waksman Genomics

Core Facility of Rutgers University. Mate-paired libraries with

approximately 1.5 Kb inserts were constructed from 20 mg of

genomic DNA following the manufacturer’s instructions (SOLiD

sample preparation protocol for Mate-Paired library sequencing),

and deposited in one spot of a quadrant slide. Fifty nucleotide-long

reads were obtained from each of the F3 and R3 tags, with more

than 100 million reads obtained for each of the genomes.

Sequence data analysis pipeline
To assemble the chloroplast genomes using SOLiD reads

and close the remaining gaps with long reads from capillary

electrophoresis (CE) sequencers, we used the following steps

(Fig. 1). Because all chloroplast genomes contain two identical

inverted repeats (IRs), we first assembled genomes without IRb’s

and with LSC, SSC, IRa, but added them later on for the full-

length molecules.

1) Data filtering: SOLiD mate-paired short reads were

preprocessed by Mean Filter of a Perl script [21]; i.e., reads were

truncated to 40 bp and average quality of reads were set to exceed

the threshold QV score of 20. Because coverage is very high, only

successful mate-pair reads went into the next step. 2) Selection of

chloroplast-related reads: The filtered mate-pair colorspace reads

from each of the three samples were aligned to the chloroplast

genome of L. minor [13] (GenBank accession number: DQ400350)

using the BWA short-read alignment component with default

parameters [22]. At least one end of the paired-end reads was

anchored to the chloroplast genome of L. minor before interrogat-

ing the second end to map to a linked sequence or to a gap. 3) 1st

run of genome assembly: De novo assembly was performed with

identified chloroplast-related reads using the SOLiDTM System

de novo Accessory Tools 2.0 (http://solidsoftwaretools.com/gf/

project/denovo/) in conjunction with the Velvet assembly engine

[23]. These tools are designed to simplify and optimize parameters

for ease of use and best performance. They sample an optimal sub-

set of reads and automatically estimate optimal parameters for

each step. Velvet parameters generated from the tools were

deposited in Table 2 with hash length 19 and coverage cut-off 11.

The assembly assistant module in the tool kit took the input from

Velvet and produced scaffolds with 120 mate-pair confirmations to

make confident scaffolding at the conclusion of this pipeline. 4) 2nd

run of genome assembly: After the first run, all scaffolds were

concatenated into pseudomolecules. In order to maximize

chloroplast-related reads, the artificial molecule functioned as a

new reference and step 2 and 3 were then reiterated. 5) Correction

Table 1. Species used for comparative genomic analysis.

Species Source

Nuclear
Genome Sizeb

(Mbp)

Chloroplast
Genome Size
(bp)

Inverted
Repeats
Size (bp)

Genbank
Number

Spirodela polyrhiza 7498 North Carolina, Durham Co.,
Durham, ’USA

160 168788 31755 JN160603

Lemna minor (reference) a Russia 356-604 165955 31223 DQ400350

Wolffiella lingulata 7289 Amazonas, Manaus, Rio Negro, ’Brazil 655 169337 31683 JN160604

Wolffia australiana 7733 Mount Lofty Range, Torrens
Gorge, ’South Australia

357 168704 31930 JN160605

aReference chloroplast genome [13];
bNuclear genome sizes [29].
doi:10.1371/journal.pone.0024670.t001
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of scaffold building: The biggest scaffolds of each genome were

aligned with the most closely related reference genome of L. minor

using BLAST2 (http://blast.ncbi.nlm.nih.gov/). Indeed in a

few instances, non-contiguous genomic regions were found in

juxtaposed positions at gap positions. At these gaps scaffolds were

broken and contigs reordered in collinearity with the reference

genome. Smaller contigs were manually ordered based on the

reference genome. All scaffolds were then concatenated into a

single full-length molecule, where each gap in the sequence was

marked with one N. 6) Gap closure: Gaps were small enough so

that flanking primer pairs could be chosen (Table S1) to isolate

missing sequences by PCR and apply CE sequencing methods

(ABI 3730XL) for closure. PCR amplification and conditions have

been described recently [10]; 7) Assembly validation: Because

PCR amplification of gaps required correct ordering of contigs

into scaffolds, the long CE reads provided validation of

overlapping sequences and the correct ordering of short read

assemblies. Accumulative overlaps and discrepancies between

alignments of sequences from both methods were summarized

using DNASTAR software (http://www.dnastar.com/), which

would reveal sequencing errors of the SOLiD platform. Because of

mate-pair data junctions between IRb and LSU or SSU could be

confirmed with CE sequencing of PCR products. 8) GenBank

deposition: The fully sequenced genomes of the three species were

annotated by DOGMA [24], checked manually, and have been

deposited into GenBank as a whole genome shotgun project

(Table 1).

To assess the contribution of the filtering step with the reference

genome to the performance of Velvet as an assembly tool, we also

performed an assembly with total DNA reads including the

nuclear and mitochondria DNA. Under these conditions, we could

not use the default set-up parameters for the pipeline, which

requires uniform coverage by a single genome. Otherwise, the

precomputed parameters would extract sub-set reads that

represent a mixture of three genomes with different coverage.

To avoid this, we determined the optimized parameters after

omitting data filtering as step 1 by empirically testing parameters

for step 2, 3, and 4 and then manually accessing the SOLiDTM

System de novo Accessory Tools 2.0 as shown in Table 2. All other

assembly steps were the same as described with selected reads.

Whole genome alignments, comparison, and
phylogenetic analysis

Lemnoideae chloroplasts, S. polyrhiza 7498 (S.pol), L. minor (L.min),

W. lingulata 7289 (W.lin), W. australiana 7733 (W.aus) were aligned

by a program of global multiple alignments of finished sequences

(Multi-LAGAN) [25] and annotation for the reference genome of

L. minor [13] was used to construct sequence conservation plots in

the program mVISTA [26].

The 81 protein coding nucleotide sequences from duckweeds

were retrieved after annotation by DOGMA, concatenated as

one full-length molecule and pair-wisely aligned with each other

by Multi-LAGAN. MEGA 5 was used to detect transitions,

transversions, and INDELs (insertion/deletion) for all genomes

except the IRb regions and protein coding sequences. A similar

analysis of 71 common genes was done for chloroplast genomes of

species in the subfamily of the Pooideae, i.e., wheat (AB042240),

barley (EF115541) and Brachypodium (EU325680). They were

chosen because wheat and barley belong to the same tribe of

Triticeae, whereas Brachypodium belongs to the different tribe of

Brachypodieae within the same subfamily. This is taxonomically

equivalent to the division within the subfamily of the Lemnoideae.

The Spirodela and Lemna species belong to the same tribe, but

Wolffiella and Wolffia to a different one [8,9].

To examine whether the genome-wide phylogenetic analyses

were consistent with those of morphological, flavonoid, and

allozyme markers, as well as selected DNA sequences [9], we

employed Maximum Parsimony to reconstruct the Lemnoideae

phylogeny with whole chloroplast sequences by using MEGA 5

[27]. Phoenix dactylifera is in the same class of Liliopsida as Lemnoideae

and functions as an outgroup here [28]. However, one of the two

inverted repeat regions (IRb) was excluded from phylogenetic

analyses.

Results

De novo assembly of short sequence reads yields high
quality contigs

The chloroplast genomes of S. polyrhiza, W. lingulata and W.

australiana in this study were selected on the basis of phylogenetic

diversity of the subfamily Lemnoideae and their extensive variation

of nuclear genome sizes (Table 1) [29]. The three genomes were

sequenced using mate-paired libraries with the SOLiDTM 3

Figure 1. Pipeline of chloroplast genome assembly. Details are
described under Methods.
doi:10.1371/journal.pone.0024670.g001
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System. The previously sequenced L. minor chloroplast genome

was used as computational filter to separate chloroplast reads from

nuclear and mitochondria reads. Considering the identical feature

of the two inverted repeats, we first assembled 136 Kb of the

chloroplast genome from the LSC, IRa, SSC regions. All three

genomes were each processed into one single large scaffold of

92 Kb (S.pol), 136Kb (W.lin), and 134 Kb (W.aus), respectively.

Assembly of SOLiD reads resulted between 39 to 60 contigs

and 1 to 3 scaffolds per genome (Table 2). With the second largest

scaffold of 40 Kb for S.pol, the length of all the added contigs

already reached a size expected for a chloroplast genome

excluding the IRb region. However, alignment of these assemblies

with the reference genome suggested between one to three

misassembled scaffolds that needed to be corrected. Most contigs

were interrupted by mononucleotide repeats and low complexity

sequences.

Clearly, read length is a critical factor for assembly programs,

but how critical is the filtering step for separating the mixture of

nuclear, mitochondria, and chloroplast genomic sequences for the

assembly tool used here. We therefore modified the parameters

and the steps in the data processing protocol empirically to

produce sequence assemblies without prior selection of chloroplast

sequences. De novo assembly from total reads generated 60–82

contigs with 2333–4062 bp of N50 contig length, whereas

assembly from selected chloroplast reads gave us a significant

improvement with 18% to 35% lower contig numbers and longer

N50 values of contig lengths (Table 2). If the computational read

selection were omitted, 13–29 additional PCR reactions would

have been required to close the gaps from total reads assembly and

validate order of contigs and scaffolds as described below.

Using the ends of contigs separated by Ns, primers were

designed for PCR amplification. Because of the alignment with the

reference genome, the correct ordering of contigs could be

confirmed by the fact that PCR amplification occurred. Further-

more, when PCR products were sequenced by the CE ABI

3730XL platform, overlapping sequences could be used to close

gaps and validate the order of contigs. Accumulative overlaps for

the three genomes totaled 48 Kb. When short read assemblies

were compared with CE long read sequences, the cumulative

differences amounted to just 0.041%, reflecting a high consensus

between the two sequencing methods. We also could test the short

read assembler by mapping de novo assemblies back to the complete

genome. Although only 2.5,12.9% of the reads were successfully

aligned, keeping in mind the DNA mixture from plant tissue, this

was sufficient to give a mean coverage between 1,070 to 5,474

times (Table 2 and Fig. 2). The IRa and IRb regions had lower

coverage due to random placement of repetitive read pairs when

mapping. For nuclear genome sequences, we found 12 to 42-fold

coverage by ignoring mitochondrial DNA reads (Table 2). Based

on these assessments, there were approximately 100 chloroplast

genome copies for every nuclear genome copy.

Sequence comparison and phylogeny among
Lemnoideae chloroplast genomes

The chloroplast genomes of duckweeds appeared to be within a

short range of 165,955 bp to 169,353 bp in length (Table 1). All of

them include a pair of inverted repeats of around 31 Kb separated

by SSC and LSC. Large single copy (LSC) and Small Single Copy

(SSC) regions were close to 90 Kb and 10 Kb long, respectively. S.

polyrhiza, W. lingulata and W. australiana contain the same gene

number and order as the reference genome L. minor (Fig. 3).

The conservation of the overall structure of the chloroplast

genomes allowed us to align the sequences of four duckweed

species at the genome-wide level. Comparison of the sequencesT
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revealed multiple hotspots of high sequence length polymorphism

(Fig. 3). The IRs showed lower sequence divergence than the

single-copy regions. The majority of highly divergent regions were

in non-coding regions as illustrated in an mVISTA alignment plot.

The region between rpoB and psbD from position 28 Kb to 36 Kb

is one of the most polymorphic regions. For example, W. australiana

has a 425-bp deletion in the 29 Kb rpoB-tRNA-Cys region. S.

polyrhiza has a 505-bp deletion compared with 100-bp deletions in

W. lingulata, whereas a 353-bp insertion occurred at 31 Kb of the

intergenic petN-psbM region of W. australiana. Both W. lingulata and

W. australiana have a 460-bp deletion in the 32 Kb psbM-tRNA-

Asp region. Moreover, some INDELs existed in introns, such as a

123-bp insertion in atpF of Spirodela at 13 Kb, and 114-bp deletion

in ndhA for W. lingulata and 105-bp for W. australiana at the 132 Kb

region (Fig. 3).

Maximum parsimony produced a single fully resolved tree

with strong node support (Fig. 4). Our phylogenetic results showed

Wolffiella and Wolffia were more closely related than the others.

Furthermore, our analysis strongly supported that Spirodela was at

the basal position of the taxon, followed by Lemna and Wolffiella,

whereas Wolffia was the most derived (Fig. 4).

Evolution of Lemnoideae and Pooideae, with chloroplast
genomes in different orders

To further evaluate the pace of evolutionarily divergence, we

compared chloroplast genomes from different monocot orders by

quantifying nucleotide substitution rates and INDELs ratios. The

subfamily of Pooideae within the Poaceae belongs to the order of the

Poales, whereas the Lemnoideae belong to the order of the Alismatales.

When such a comparison is made, duckweeds have a higher rate of

substitution than species of the Pooideae at the whole genome level

and in protein-coding regions. Moreover, INDELs were very

prominent in duckweed genomes with ratios of 0.061 to 0.095,

whereas they were much higher than the values between 0.006

and 0.012 in conservative coding regions. When we compared

duckweeds with species of the Pooideae, duckweeds had twice as

many INDELs in their chloroplast genomes than the Pooideae’s

species based on the same level of intra-tribe or inter-tribe

comparisons (Table 3). Based on INDELs length in genome and

coding regions (Table 3), we could conclude that most INDELs

were located in non-coding regions. Interestingly, we found that

transversions were higher than transitions in the subfamily of

Lemnoideae with R-values from 0.6 to 0.7 of the total genome. The

same result was discovered in protein coding regions except

between S. polyrhiza and L. minor (R = 1.1). However, these values

were completely the opposite in the species of the subfamily of

Pooideae with R-values from 1.2 to 1.7, where transitions were more

numerous than transversions (Table 3).

Discussion

Next generation sequencing platforms have mainly been used

for re-sequencing, SNP analysis, and expression profiling because

it has been difficult to develop de novo assembly tools for short

sequence reads [30]. Whereas re-sequencing or sequencing of

related genomes can be very productive for SNP detection and for

map-based cloning of mutant alleles, short-read assemblies often

fail to detect large INDELs and variable regions in new genomes

because technically there is no reference for them. De novo

assemblies of short reads could cover all insertions, deletions, and

rearrangements that would otherwise be incorrectly assembled

based on alignments with a reference genome [14]. The pipeline of

the SOLiDTM System de novo Accessory Tools 2.0, however, has

been well adapted to assemble high-coverage SOLiD reads of

microbial genomes [31]. Because chloroplasts are even smaller

than bacterial genomes, more in the order of large viruses, they

represent an exception where such method can be applied.

Moreover, we could use paired reads from the same DNA

fragment to anchor one end to a contig and the other to a gap that

could overlap with other unanchored ends. For this purpose, we

used a module Assembly Assistant for SOLiDTM to maximally fill

gaps in scaffolds by sufficiently utilizing benefits of these paired

ends (http://solidsoftwaretools.com/gf/project/denovo/). Indeed,

we got good assemblies by using high quality reads and

minimizing non-target DNA from read mixtures. However,

interference for contig building arose mainly from long mononu-

cleotide repeats and low complexity sequence. Final mapping of

SOLiD reads back to the complete chloroplast genome yielded

only 2.5,12.9% alignment due to 1,000 times smaller genome

size than nuclear genome. After comparison of the assembly from

computationally selected chloroplast reads with that from total

reads, we could show that there is a significant advantage of

masking non-chloroplast reads if a related genome sequence is

available. Furthermore, without masking, the minimum coverage

required to form a contig (coverage cut-off) for Velvet needs to be

empirically determined to favor the higher coverage of chloroplast

reads over the much lower coverage of nuclei and mitochondria

genome sequences to enter the assembly program. Exploration of

different computational filters, however, could be used to mask

chloroplast sequences instead to favor the assembly of either

nuclear or mitochondrial genomic DNA in parallel from the same

Figure 2. Coverage of Lemnoideae chloroplast genome by SOLiD system reads. Depth of coverage was plotted along the genome
coordinates. Blue peaks show the coverage.
doi:10.1371/journal.pone.0024670.g002
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data set, provided a deep enough genome coverage. Assuming that

read length will improve for next generation sequencing platforms

as they did for conventional methods in the transition from gel to

capillary separation techniques, the major advances in shotgun

DNA sequencing are now throughput and computational capacity

[32].

It is generally assumed that there is a universal transition bias

over transversion, probably as a consequence of the fundamental

biochemical basis of mutations [33]. This rule appears to hold

quite well in many vertebrate species [34] and it also works very

well in the Pooideae subfamily as we have calculated here.

Surprisingly, this is not the case for the Lemnoideae subfamily,

where a transition bias is absent. Although there is an exemption

of transition bias in coding regions of Spirodela and Lemna, which

could be explained by a selection of nonsynonymous substitutions.

If all types of substitutions were to be equal, a 1:2 ratio of

transition/transversion would be expected because of two

possibilities of transitions (AG+CT) and four of transversions

(AT+AC+GT+GC). Excluding nucleotide mutations in coding

regions from whole genomes of duckweed chloroplasts, the

Figure 3. Alignment of Lemnoideae chloroplast genomes. The sequence of L. minor chloroplast genome was compared to those of S. polyrhiza
(top), W. lingulata (middle), W. australiana (bottom). Sequences were aligned in mVISTA and the annotation shown above the alignment corresponds
to the L. minor genome. Grey arrows above the alignment indicate genes and their orientation. Thick black lines show the position of the IRs. The
grey peaks determine the percent identity between two sequences of L. minor as the reference and our sequenced genomes.
doi:10.1371/journal.pone.0024670.g003

Figure 4. Complete chloroplast genome phylogeny of Lemnoideae. The phylogram was drawn by Maximum Parsimony with 1000 replicates
of bootstrap test. The tree was rooted by Phoenix dactylifera as an outgroup. Support from bootstrap value was shown at the nodes. The GenBank
accessions used for the analyses are JN160603 (S. polyrhiza), DQ400350 (L. minor), JN160604 (W. lingulata), JN160605 (W. australiana) and GU811709
(P. dactylifera). The whole genome sequences were aligned by Multi-LAGAN and MEGA 5 was used to draw the tree.
doi:10.1371/journal.pone.0024670.g004

Table 3. Pairwise sequence divergence of the whole genome and protein coding regions in the subfamily Lemnoideae compared
with those of the subfamily Pooideae (wheat, barley and Brachypodium).

Comparative
Type Alignment Region Pair Alignment

Alignment
Length

Substitution
Ratea R = sib/svc

INDELs
Length

INDELs
Ratiod

intra-tribe whole genome S.pol+L.min 141014 0.05 0.7 10262 0.073

intra-tribe whole genome W.lin+W.aus 141506 0.04 0.6 8635 0.061

inter-tribe whole genome S.pol+W.lin 143722 0.07 0.6 12757 0.089

inter-tribe whole genome S.pol+W.aus 142828 0.07 0.6 11849 0.083

inter-tribe whole genome L.min+W.lin 142965 0.07 0.6 13543 0.095

inter-tribe whole genome L.min+W.aus 141968 0.07 0.6 12429 0.088

intra-tribe whole genome wheat+barley 115940 0.02 1.2 4365 0.038

inter-tribe whole genome wheat+B.dis 117055 0.04 1.2 6615 0.057

inter-tribe whole genome barley+B.dis 116768 0.04 1.3 6196 0.053

intra-tribe 81 Protein genes S.pol+L.min 69247 0.03 1.1 420 0.006

intra-tribe 81 Protein genes W.lin+W.aus 69503 0.03 0.8 633 0.009

inter-tribe 81 Protein genes S.pol+W.lin 69539 0.04 0.9 819 0.012

inter-tribe 81 Protein genes S.pol+W.aus 69459 0.04 0.9 682 0.010

inter-tribe 81 Protein genes L.min+W.lin 69521 0.04 0.9 831 0.012

inter-tribe 81 Protein genes L.min+W.aus 69468 0.04 0.9 748 0.011

intra-tribe 71 Protein genes wheat+barley 58607 0.01 1.5 290 0.005

inter-tribe 71 Protein genes wheat+B.dis 58658 0.03 1.7 1045 0.018

inter-tribe 71 Protein genes barley+B.dis 58647 0.03 1.7 1034 0.018

aSubstitution Rates = substitution/alignment length;
bsi (Transitional Pairs) = AG+CT;
csv (Transversional Pairs) = TA+TG+CA+CG;
dINDELs Ratio = INDELs length/alignment length. AG means A is mutated to G and others follow the same rules. S.pol = S. polyrhiza, L.min = L. minor, W.lin = W.

lingulata, W.aus = W. australiana, B.dis = B. distachon
doi:10.1371/journal.pone.0024670.t003
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number of R-values for non-coding region would be very close to

0.5. In such a case, there would be no significant difference

between transition and transversion rates. However, in a study of

grasshopper pseudogenes a transition/transversion bias was not

universal and both substitution rates reached a 1:1 ratio [35].

Interestingly, transversions could also occur more frequently than

transitions in chloroplasts of green algae [36].

Despite the overall high conservation of genome content across

different duckweed species, our results demonstrate that substitu-

tion rates, insertion and deletion events are more frequent in

duckweed chloroplast genomes than in species of the Pooideae,

especially in non-coding regions (Table 3, Fig. 3). Recent studies

also support the observation that Lemnoideae have a higher rate of

chloroplast sequence evolution relative to Pistia and related Araceae

[37].

Nucleotide substitutions and INDEL mutations are generated

during DNA replication or are due to DNA damage [38,39].

Although the enzymes responsible for the maintenance of

chloroplast replication and DNA repair are highly faithful, under

certain conditions chloroplasts may have to tolerate some level of

oxidative damage that occurs spontaneously due to an abundance

of reactive oxygen species from the water-splitting activity of the

photosystem [36]. Because duckweeds float on water surface, are

fully exposed to sunlight, and produce biomass at such a fast rate,

their plastid genomes probably transmit and accumulate muta-

tions more frequently than other plants. Once the genome of

Spirodela has been sequenced, it will be interesting to analyze its

nuclear genes that are involved in DNA replication and repair of

the plastid genome and how they have evolved compared to

terrestrial slow growing plants.

So far, all phylogeny constructions of Lemnoideae have used

selected genes or partial regions as markers. However, with

sequenced chloroplast genomes of four species in this subfamily

and the powerful program to align them, it is possible for the first

time to perform whole chloroplast genome phylogenetic analysis.

The topology of nodes, all with 100% bootstrap values, conforms

to the accepted phylogeny based on extensive analysis from

morphology and DNA sequence markers. However, there were

two nodes that were problematic with only 42% and 53%

bootstrap values in Wolffia [9]. Therefore, our results contradict

the hypothesis that Wolffia arose from a merger of Wolffiella and

Lemna, which was based on the trnL-trnF marker only [37]. Clearly,

the addition of more informative sites from whole genome

sequences will improve resolution and confidence in phylogenetic

analyses.

In summary, our data gave evidence that next-generation

platforms have the capacity to sequence the chloroplast genome at

over 1,000 times coverage in just an individual spot on a quadrant

slide without plastid purification (Table 2). In order to gain an

improved understanding of genome evolution in members of the

duckweed subfamily, we generated chloroplast genomes for three

species from different genera using L. minor as a reference. Our

analysis further suggests that (i) gene content is very conserved in

duckweeds; (ii) fast nucleotide substitution and abundant INDELs

played a key role in the evolution of chloroplast genomes of

duckweeds; (iii) duckweed chloroplast genome sequences are very

promising to become an elusive single-locus plant barcode for

systematic analysis. This information will be critical for the

development of a chloroplast transformation system in industrial

applications of duckweeds.
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Abstract

Background: Spirodela polyrhiza is a species of the order Alismatales, which represent the basal lineage of monocots with
more ancestral features than the Poales. Its complete sequence of the mitochondrial (mt) genome could provide clues for
the understanding of the evolution of mt genomes in plant.

Methods: Spirodela polyrhiza mt genome was sequenced from total genomic DNA without physical separation of
chloroplast and nuclear DNA using the SOLiD platform. Using a genome copy number sensitive assembly algorithm, the mt
genome was successfully assembled. Gap closure and accuracy was determined with PCR products sequenced with the
dideoxy method.

Conclusions: This is the most compact monocot mitochondrial genome with 228,493 bp. A total of 57 genes encode 35
known proteins, 3 ribosomal RNAs, and 19 tRNAs that recognize 15 amino acids. There are about 600 RNA editing sites
predicted and three lineage specific protein-coding-gene losses. The mitochondrial genes, pseudogenes, and other
hypothetical genes (ORFs) cover 71,783 bp (31.0%) of the genome. Imported plastid DNA accounts for an additional
9,295 bp (4.1%) of the mitochondrial DNA. Absence of transposable element sequences suggests that very few nuclear
sequences have migrated into Spirodela mtDNA. Phylogenetic analysis of conserved protein-coding genes suggests that
Spirodela shares the common ancestor with other monocots, but there is no obvious synteny between Spirodela and rice
mtDNAs. After eliminating genes, introns, ORFs, and plastid-derived DNA, nearly four-fifths of the Spirodela mitochondrial
genome is of unknown origin and function. Although it contains a similar chloroplast DNA content and range of RNA
editing as other monocots, it is void of nuclear insertions, active gene loss, and comprises large regions of sequences of
unknown origin in non-coding regions. Moreover, the lack of synteny with known mitochondrial genomic sequences shed
new light on the early evolution of monocot mitochondrial genomes.
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Introduction

Usually, a plant cell contains three genomes: plastid, mitochon-

drial, and nuclear. In a typical Arabidopsis leaf cell, there are about

100 copies of mitochondrial DNA (mtDNA), about 1,000 copies of

chloroplast DNA (cpDNA), and two copies of nuclear DNA

(ncDNA) [1].

The mitochondrial genome plays fundamental roles in devel-

opment and metabolism as the major ATP production center via

oxidative phosphorylation [2]. The mitochondrial genetic system

in flowering plants exhibit multiple characteristics that distinguish

them from other eukaryotes: large genome size with dispersed

genes, an incomplete set of tRNAs, trans-splicing, and frequent

uptake of plastid DNA or of foreign DNA fragments by horizontal

and intracellular gene transfer [2,3,4,5,6]. Plant mtDNAs are a

major resource for evolutionary studies, because coding regions

evolve slowly, in contrast to the flexible non-coding DNA.

Therefore, the structural evolution and plasticity of plant mtDNAs

make them powerful model for exploring the forces that affect

their divergence and recombination.

With the emergence of second-generation sequencing technol-

ogies, the number of completed plant mitochondrial genomes

deposited in the GenBank database (http://www.ncbi.nlm.nih.

gov/genomes/GenomesGroup.

cgi?taxid = 33090&opt = organelle. Accessed 2012 Sep 11) has

increased until August of 2012 to 69. Most are from Chlorophyta

(17 of green algae) and seed plants (26 of eudicotyledons). So far,

among 11 sequenced monocot mt genomes, 10 are from the

Poales, which have been extensively studied and only one, Phoenix,

a palm, from the order of Arecale has been sequenced [7].

Obviously, complete mt sequence data will be needed not only

from closely but also distant related taxa to give us a broader

perspective of mt genome organization and evolution.

Spirodela polyrhiza, with great potential for industrial and

environmental applications, is a small, fast growing aquatic plant

in the Araceae family of the Alismatales order [8,9]. There are 14

families, 166 genera, and about 4,500 species in this order. The

early diverging phylogenetic position of Alismatales offers a

broader view at features of monocot mt genomes. Plant

mitochondria could also open a strategy for transgenes with high
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expression level and biological containment because of their

maternal inheritance [10]. Here, we demonstrate the de novo

assembly of a complete mt genome sequence from total leaf DNA

using the SOLiD sequencing platform and a genome copy

number-sensitive algorithm that can filter chloroplast and nuclear

sequences. Indeed, comparative analysis of this genome provides

us with unique features and new insights of this class of plants that

differ from other monocots.

Materials and Methods

DNA Isolation and SOLiD DNA Sequencing
The methods for DNA extraction and DNA sequencing by the

SOLiD platform followed a protocol as previously published [11].

Briefly, total genomic DNA was extracted from the clonally grown

whole plant tissue of Spirodela polyrhiza. A mate-paired library was

made with 1.5 Kb insertions and read length was 50 bp. Since

nucleic, mitochondrial and chloroplast sequence all exist in reads

from total DNA preparation, copy number between three

genomes was significantly different [12,13], so that it was feasible

to de novo assembly both chloroplast and mitochondria genomes

using the same dataset but with different coverage cut-off numbers

as described previously [11].

Genome Assembly, Finishing and Validation
The coverage cut-off was fully utilized to only allow the target

organellar genome to be assembled due to obvious differentiation

of copy number for three genomes in total reads [12].

Furthermore, low-level contaminating sequences from foreign

DNA (mainly nuclear DNA) were discarded by this approach.

Quality control and other details were described recently [11].

Before we assembled the mitochondria genome using mate-paired

reads, we masked chloroplast reads to reduce effects due to plastid

sequence predominance. The detailed pipeline was shown below

(Fig. 1).

1) Filtering chloroplast reads: we mapped total high quality

reads to existing chloroplast genome (GenBank # JN160603) by

BWA short-read alignment component with default parameters

[14]. Only unmapped reads were used in the next step. 2) de novo

assembly: the assembly was executed using the SOLiDTM System

de novo Accessory Tools 2.0 (http://solidsoftwaretools.com/gf/

project/denovo/) in conjunction with the Velvet assembly engine

[15]. 3) Gap closure: since chloroplast reads were pre-removed

before mitochondrial assembly, theoretically, any location with

chloroplast insertion in mtDNA would create a gap. Using

flanking primers bridging 57 gaps, the missing sequences were

amplified and sequenced with the ABI 37306l system, yielding a

complete contiguous mtDNA sequence (Table S1). To validate the

circularity of the Spirodela mtDNA, PCR products were sequenced

with pairs of primers bridging gaps and overlapping with the

assembled linear scaffold. 4) Most gaps were small enough for

single CE (capillary electrophoresis) sequence reads and overlap-

ping sequences served as a measure for the accuracy of the SOLiD

assembly and error rate. Therefore, PCR amplification and CE

sequence provided validation of the order of contigs and also

revealed sequencing discrepancies between these two platforms.

Genome Annotation and Sequence Analysis
The main pipeline for mitochondrial genome annotation was

adapted from other sources [5]. Databases for protein-coding

genes, rRNA and tRNA genes were compiled from all previously

sequenced seed plant mitochondrial genomes. BLASTX and

tRNAscan-SE were the mainly used programs [5]. The boundaries

for each gene were manually curated. The sequin file including

sequence and annotation was submitted to NCBI GenBank as

JQ804980. The graphical gene map was processed by Organel-

larGenomeDRAW program [16]. The codon usages for all protein

coding genes in Spirodela and Oryza were calculated by using the

Sequence Manipulation Suite [17].

Cp-derived tRNAs were identified by aligning all tRNA in

annotated cpDNA to mtDNA with 80% of identity, an e-value of

1e-10 and a 50% coverage threshold. All remaining sequences

were further scanned by EMBOSS getorf for open reading frames

(ORFs) with more than 300 bp [18].

Putative RNA editing sites in protein-coding genes were

identified by the PREP-mt Web-based program based on the

evolutionary principle that editing increases protein conservation

among species (http://prep.unl.edu/. Accessed 2012 Sep 11) [19].

The optimized cut-off value 0.6 was set in order to achieve the

maximal accurate prediction. RNA editing sites from four genes

were validated by RT-PCR with gene-specific primers (Table S2).

Sequences transferred to mtDNA were found by BLASTN

search of mtDNA against the Spirodela chloroplast genome with

80% of identity, e-value of 1e-10 and 50 bp of length threshold.

Repeat sequence analysis was predicted by using REPuter web-

based interface, including forward, palindromic, reverse and

complemented repeats with a cut-off value of 50 bp [20]. The

mitochondrial genome was screened by repeatmasker under

cross_match search engine (http://www.repeatmasker.org/cgi-

bin/WEBRepeatMasker. Accessed 2012 Sep 11) for interspersed

repeats and low complexity DNA sequences [21].

Phylogenetic Analysis
We aligned 19 homologous protein-coding gene sequences

(nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9, cob, cox1, cox2,

cox3, atp1, atp4, atp6, atp8, atp9 and rps3) from the Spirodela

mitochondrial genome and other seven plant organisms (Table S8,

Cycad, NC_010303; Phoenix, NC_016740; Spirodela, JQ804980;

Oryza, NC_011033; Zea, NC_007982; Boea, NC_016741; Nicotiana,

Figure 1. Pipeline of mitochondrial genome assembly. Details
were described in Methods.
doi:10.1371/journal.pone.0046747.g001
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NC_006581; Arabidopsis, NC_001284) and constructed a phyloge-

netic tree. Annotations were revalidated and sequences were

concatenated into a single continuous sequence from 18,537 to

19,041 bp to initiate alignment by MEGA5 [22]. The phylogeny

of the mitochondrial genome was estimated by maximum

likelihood (ML) with 1,000 Bootstrap of replicates. Cycas was used

as the outgroup.

Comparison of Global Genome Structure
The conserved regions for protein-coding and rRNA genes were

identified between Spirodela and Oryza sequences by BLASTN. The

synteny together with the annotation file were uploaded to a web-

based genome synteny viewer GSV [23]. The relative ordering of

a set of homologous genes was illustrated in Fig. 2.

Results and Discussion

The de novo Assembly of SOLiD Reads
The optimal parameter of the SOLiDTM System de novo

Accessory Tools 2.0 for the assembly of the Spirodela mitochondrial

genome has a hash length of 25 and coverage cut-off of 45. Under

these conditions, assembly of SOLiD reads from total leaf DNA

resulted in 15 scaffolds and 88 contigs, of which three scaffolds

were mitochondrial (173,697, 47,896, 1824 bp) (Table 1). As

expected, the other scaffolds were mainly copies of ribosomal

RNA genes and retroelements of the nuclear genome because

their copy number was comparable to the copies of mitochondrial

genomes per leaf cell. To validate the assemblies, gaps were

amplified with PCR for dideoxy sequencing with the CE ABI

37306l system. With this information the order of the three

scaffolds were resolved. Furthermore, after the SOLiD short read

assembly was aligned with the CE long read sequences, only

0.036% discrepancy was found within 19 Kb sequence of

overlaps, demonstrating high consistency between the two

platforms. When we mapped the total reads back to the complete

mtDNA, a total of 467-fold coverage was calculated. Considering

the 5,474-fold chloroplast coverage, we found 41-fold coverage of

nuclear genome sequences (Table 1). This level of coverage from

assembled sequences was consistent with the expected represen-

tation of the three genomes in total leaf DNA, yielding chloroplast,

mitochondria, and nuclei with the approximate ratio of 100:10:1.

Here, we applied a layered approach of sequencing organelle

genomes without fractionation from total leaf DNA. Thanks to an

assembly algorithm of sequence reads that is sensitive to the

differential copy number of organelle and nuclear genomes, we did

not physically need to fractionate plastid, mitochondrial, and

nuclear DNA for deep sequencing. Therefore, we first assembled

the complete Spirodela chloroplast genome from ABI SOLiD and

gap-closure 3730xl reads, which permitted us to mask all plastid

DNA reads before assembling mitochondrial DNA, which is in

access of nuclear DNA but not as abundant as plastid DNA

[11,24]. Furthermore, we can take advantage of the ratios of these

genomes to limit the value of coverage cut-off with identical

dataset of SOLiD reads, which is taken in consideration for the

assembly algorithm to distinguish between plastid, mitochondrial,

and nuclear genome sequence reads [12,13]. Assemblies were

validated like in the case of chloroplast DNA by PCR and gap

sequencing of long reads with the traditional ABI 37306l

sequencing system. Following this protocol, we obtained a

complete mitochondrial genome from an aquatic plant in a very

cost-efficient way, which can serve as a reference for future mt

genomics.

Features of the Spirodela Mitochondrial Genome
The mitochondrial genome was assembled into a 228,493 bp

master circle (Fig. 3), which makes it the smallest genome of all

sequenced monocots, much smaller than the 715,001 bp of Phoenix

dactylifera [7], 490,520 bp of Oryza sativa [25], or 569,630 bp of Zea

mays mitochondria [26]. Because Spirodela diverged at a very early

stage in the monocot lineage, it suggests that either the common

ancestor of monocots had a relatively compact genome, with a

series of independent expansions by accumulation of chloroplast

and nuclear sequences or proliferation of pairs of repeats, leading

to the large genomes in rice and maize [5,25,26], or a number of

size contractions happened in Spirodela from the large genome of

their ancestor. The GC content in the mtDNA was 45.7%, slightly

higher than 43.8% of Oryza and 43.9% of Zea [25,26]. The coding

sequences covered 31% of the mitochondrial genome compared

with 57.4% of the chloroplast genome [11] (Table 2). There were

57 functional genes and 4 pseudogenes in total, encoding 35

proteins, 19 tRNAs and 3 rRNAs (Table S3). Therefore, it gave

rise to a density of 4.0 Kb per gene. Noticeably, eight genes (ccmFc,

cox2, nad1, nad2, nad4, nad5, nad7, rps3) had 15 cis-spliced group II

introns, whereas nad1, nad2 and nad5 were disrupted by 6 trans-

splicing sites (Table 2 and S1). Previous studies suggested that trans-

splicing had evolved before the emergence of hornworts [27]. In

general, the numbers and locations of introns in the Spirodela

mtDNA were rather well conserved in other sequenced monocot

genomes.

Protein Genes and Transcript Editing
The content of key protein coding genes in Spirodela mtDNA is

highly conserved with other angiosperms [26,28,29,30]. There

were nine subunits of the oxidative phosphorylation complex I

(nad1, 2, 3, 4, 4L, 5, 6, 7 and 9); one subunit of complex II (sdh4);

one subunit of complex III (cob); three subunits of complex IV

(cox1, cox2 and cox3); five subunits of complex V (atp1, 4, 6, 8 and

9); and four subunits of a complex involved in cytochrome c

biogenesis (ccmB, ccmC, ccmFn and ccmFc). Other genes encoding

maturase (matR) and transport membrane protein (mttB) were also

present in Spirodela mtDNA. As in maize [26], the matR gene in

Spirodela also resided in the intron 4 of nad1, which is trans-spliced

after transcription. In Spirodela, there were ten functional ribosomal

genes and two pseudogenes of rps14 and rps19 with early stop

codons, whereas rice had a functional rps19 and a non-functional

rps14 [25] and both were missing in maize (Table S3) [26]. All

annotated genes and coordinates were listed in Table S3 and

shown in a graphical map (Fig. 3).

Post-transcriptional editing occurs in nearly all plant mitochon-

dria, which results in altered amino acid sequences of the

translated protein by converting specific Cs into Us in their

transcripts. We used the program of the predictive RNA editor of

plant mitochondrial genomes (PREP-mt) to predict the location of

RNA editing sites, which are based on well-known principles that

plant organelles maintain the conservation of protein sequences

across many species by editing mRNA [19]. By setting the cut-off

value to 0.6 within the 35 protein-coding genes of Spirodela mtDNA

600 sites were predicted as C-to-U RNA editing sites (Table S4).

To validate the accuracy of this prediction, we compared RNA

transcripts from atp9, nad9, cox3 and rps12 by RT-PCR with the

corresponding genomic sequences yielding a confirmation for

90.8% of the predicted sites. Considering a level of about 10%

artificial predictions, we estimate about 540 RNA editing sites, a

number that lies between the 441 of protein-coding genes of Oryza

[25] and 1,084 of Cycas [29].

It is generally accepted that RNA editing is essential for

functional protein expression as it is required to modify amino
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acids to maintain appropriate structure and function [31], or to

generate new start or stop codons [32]. Indeed, the abundance of

RNA editing sites in Spirodela mtDNA might have increased

genome complexity and pace of divergence. We summarized the

number of potentially modified codons of Spirodela mtDNA in

Table S5. Three edited codons (TCA (S) = .TTA (L); TCT

(S) = .TTT (F); CCA (P) = .CTA (L)) were found most

frequently, whereas three editing events from two codons (CAA

(Q) = .TAA (X); CAG (Q) = .TAG (X)) resulted in stop codons

(Table S5). Even though three new stop codons are located close at

the carboxyterminal end of proteins (ccmC, rps1 and rpl16), it is

not clear whether these small truncations affect their functions or

not, which would require experimental evidence.

The rRNA, tRNA Genes and Codon Usage
Spirodela mtDNA contains 3 ribosomal RNA genes (rrn5, rrn18,

rrn26) and one pseudogene of rrn26. The 19 putatively expressed

tRNA genes are specific for 15 amino acids (Table S3). Four of

them (trnN-GTT, trnH-GTG, trnM-CAT and trnS-GGA) are

probably chloroplast-derived because of high sequence similarity.

They are also predicted as chloroplast origin in maize, rice, sugar

beet and Arabidopsis except trnS-GGA in maize [26]. Therefore,

they were not recently acquired from chloroplast, but more likely

an event of horizontal transfer in a common ancestor. One trnH-

GTG is considered to be a non-functional pseudogene. Functional

tRNA genes for the amino acids Ala, Arg, Leu, Thr and Val are

absent. Because all 20 amino acids are required for protein

synthesis, and all 64 codons are used in the Spirodela mt genome

based on a codon-usage scan (Fig. 4 and Table S6) [17], the

missing tRNAs are presumably encoded by the nuclear genome

Table 1. de novo assembly statistics for the Spirodela
mitochondrial genome.

Statistical list Number

Number of scaffolds 15

N50 scaffolds (bp) 173,697

Number of contigs 88

N50 contigs (bp) 6,528

Sum contig length (bp) 240,987

Hash length 25

Expected coverage 90

Coverage cut-offa 45

Total reads (X10‘6) 153

Aligned reads (%) 1.4

Average chloroplast coverageb 5,474

Average mitochondrial coverage 467

Average nuclear coverage 41

aCoverage cut-off: minimum coverage required to form a contig.
bAverage chloroplast coverage was cited from Spirodela chloroplast genome
assembly [11].
doi:10.1371/journal.pone.0046747.t001

Figure 2. Comparison of synteny in conserved gene loci of
Spirodela and Oryza mitochondrial genomes. The annotated
protein-coding genes were indicated for Spirodela and Oryza. Major
conserved regions were bridged by lines. The visualized genome
synteny was performed by GSV: a web-based genome synteny viewer
[23].
doi:10.1371/journal.pone.0046747.g002
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and imported from the cytosol into the mitochondria [33–34]. We

also found that the two codons for TAT-Tyr and TTT-Phe are

highly preferred in Spirodela and Oryza and overall other codon

usage is rather similar between the two species (Table S6).

ORFs and Intergenic Sequences
Only ORFs encoded by a hypothetical gene with more than 300

bp in length between start and stop codons and no match with a

known mt coding sequence were counted. Based on this cut-off, we

found 39 mitochondrial ORFs, most of which were not cp

migrations and specific to Spirodela (Table S3). We named ORFs

using their amino acid numbers. When the same length of ORFs

happened, a lower case letter (a, b, c, etc) was added. Given the

large amount of intergenic DNA in Spirodela mtDNA, it is not

surprising to find an abundance of additional ORFs in its genome.

Rarely, ORFs showed conservation to any other plants so that

putative ORFs were considered to be spurious prediction [35].

However, orf100a had an ortholog of a NADH-ubiquinone

oxidoreductase chain in Nicotiana tabacum (GenBank: YP_717128)

and orf257 had sequence similarity to DNA polymerase

(GenBank: YP_003875487) found in plant mt plasmids [4]. Some

studies found that unidentified ORFs had transcripts in rapeseed

[36] or to be actively transcribed in sugar beet [37], but further

studies are needed to determine whether they encode functional

proteins.

A striking feature of Spirodela mtDNA was that 81% of the

intergenic regions were species-specific and showed no sequence

Figure 3. The gene map of Spirodela polyrhiza mitochondrial genome. Genes indicated as closed boxes on the outside of the circle are
transcribed clockwise, whereas those on the inside were transcribed counter-clockwise. Pseudogenes were indicated with the prefix ‘‘Y’’. The biggest
repeat pair was also marked by arrows. The genome coordinate and GC content are shown in the inner circle.
doi:10.1371/journal.pone.0046747.g003
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similarity to any other known sequence. It seemed that anonymous

sequences in intergenic DNA were quite common. For instance,

unidentifiable sequences comprised 70% of Beta vulgaris mtDNA

[38]. Although they split about 50 million years ago, 76% of rice

mtDNA sequences appeared to be highly divergent from maize in

intergenic regions [26]. The repetitive DNAs [39], mt plastidal

migrations [40] and viral DNA insertions [41] could contribute to

the expansion of intergenic regions, but still comprised a rather

small fraction in most seed plant mt genomes. On the other hand,

it was quite common that multipartite mt genomes could be

generated through large repeat pairs with high frequency [35].

Indeed, 29 potential candidates of repeat pairs with more than

50 bp were found in Spirodela mtDNA by using REPuter [20]

(Table S7). However, we could not detect repeat-specific contigs

from the assembly that could be explained of isomeric and

subgenomic molecules derived from a master circle after

recombination. Probably, the high rate of non-coding sequence

turnover in Spirodela mtDNA was mainly generated through the

process of micro-homologous recombination or non-homologous

end joining, later on of active rearrangement and continuous

reshuffling. Still, the high proportion of enigmatic non-coding

regions in mtDNA is quite extensive. To understand where all

these enigmatic sequences might come from and why they

appeared to be so common would require additional sequences

from closely related species.

Phylogenetic Analysis and Gene Loss in Angiosperm
Mitochondrial Genomes

After re-examining mitochondrial genome annotations from

seven species, a selection of 19 conserved genes (nad1, nad2, nad3,

nad4, nad4L, nad5, nad6, nad7, nad9, cob, cox1, cox2, cox3, atp1, atp4,

atp6, atp8, atp9 and rps3) was concatenated to permit alignment

analysis of 19,824 sites in eight genomes, listed in Table S8 (dicot:

Arabidopsis, Nicotiana and Boea; monocot: Spirodela, Phoenix, Oryza

and Zea; outgroup: Cycas). The gene tree topology from multiple

loci (Fig. 5) was largely congruent with the known phylogenetic

relationships inferred from analysis of rbcL. There were two

subclades of monocots and dicots within the angiosperm [42].

Previous studies of fossil records [43], morphology and molecular

analysis [44] also supported that Alismatales (Spirodela) was a basal

monocot followed by Arecales (Phoenix), whereas the Poales (rice

and maize) resided in the most developed positions.

The loss of protein coding and tRNA genes in seven genomes

relative to the outgroup was examined based on the phylogenetic

tree. Generally, most losses were limited in their phylogenetic

depth to a single family and must have occurred recently (Fig. 5).

Three ribosomal protein genes rps10, rps11 and rpl2 were missing

in Spirodela mtDNA. Frequent gene losses of ribosomal protein

genes also occurred in other species. At a closer look, rps2 seemed

to have been lost early in the evolution of dicots, whereas rps2 was

Table 2. Summary of general features for Spirodela
mitochondrial genome.

Feature Value

Genome size (bp) 228,493

GC content (%) 45.7

Coding sequences (%)a 31.4

Protein coding gene # 35

ORFs # 39

cis2/trans-intron # 15/6

tRNA gene # 19

rRNA gene # 3

Chloroplast-derived (%) 4.1

Gene density (bp) 4009

acoding sequences include identified mitochondrial genes, pseudogenes, ORFs
and cis-spliced introns.
doi:10.1371/journal.pone.0046747.t002

Figure 4. The fraction of each codon usage among the same amino acid in Spirodela compared to that in Oryza. Black bar was Spirodela
and grey was Oryza. The fraction of each codon usage was shown on Y-axis.
doi:10.1371/journal.pone.0046747.g004
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present in Cycas, Marchantia, and other monocots [45]. The rps11

gene was missing in dicots (Arabidopsis, Nicotiana and Boea) and also

in some monocots (Spirodela, Oryza and Zea). The corresponding mt

rps2 and rps11 genes have been transferred to the nucleus in

Arabidopsis, soybean, and tomato, suggesting that gene loss followed

functional transfer to the nucleus [6,45]. The unparallel loss of

rps11 and rpl2 in Spirodela compared with other monocots suggested

that the loss of many genes might have occurred independently in

various lineages during speciation of angiosperms. The sdh3 gene

was absent and the sdh4 gene was present in both Spirodela and

Phoenix, whereas neither was retained in rice and maize (Fig. 5 and

Table S8). A previous study showed that sdh4 losses were

concentrated in the monocots and no losses were detected in

basal angiosperms by Southern blot survey of 280 angiosperm

genera, which further showed most of the losses were limited in

phylogenetic depth to a single family [46].

Our data lend support to previous studies that most gene losses

occurred with mt ribosomal protein genes and rarely with

respiratory genes, which was well documented with a Southern

blot survey of gene distribution in 281 diverse angiosperms [6].

When a gene was missing from mtDNA of a given species, it was

generally assumed that the original copy had been transferred to

the nucleus. Therefore, our results strongly suggested that

intracellular gene transfer of ribosomal protein and tRNA genes

from mitochondria to the nuclear genome was a frequent process,

which in return allowed the nucleus to control the organelle by

encoding organelle-destined proteins [33,34]. Still, functional

copies of these putative transferred genes will have to be confirmed

after the whole nuclear genome sequence will be available. The

finding of many intermediate stages of the cox2 gene transfer in

legumes had shown that physical movement of mtDNA to the

nuclear genome was an ongoing process [47].

Chloroplast DNA Insertions
The Spirodela mtDNA contained multiple cp-originated inser-

tions, ranging in size from 69 to 1,048 bp. These sequences added

up to 9,295 bp of the total amount of transferred cpDNA (Table

S9), accounting for 4.07% of the mtDNA. A total of 4,436 bp was

derived from the inverted repeats of the chloroplast genome,

whereas 4,859 bp was transferred from single copy regions of

cpDNA. The similarity level of each insertion to the chloroplast

genome varied between 75% and 100%. Moreover, the migrated

plastid fragments had 732 substitutions, 28 insertions, and 49

deletions within 9,295 bp. They also contained fragments of

plastid genes, such as psbA, petB, psbC and ycf1 (Table S9). All of the

protein-coding genes of plastid origin in Spirodela mtDNA were

likely to be non-functional as a result of truncations and mutations,

whereas four tRNAs of plastidal origin appeared to be intact.

Indeed, chloroplast-derived sequences were very common in plant

mt genomes, such as 6% in rice [25], 4% in maize [26] and 1% in

Arabidopsis [28]. Surprisingly, 42.4% of the chloroplast genome of

Vitis has been incorporated into its mt genome [48]. And a large

segment of 113 Kb from chloroplast sequences was captured by

the Cucurbita mt genome [5].

Integrated Nuclear DNA
It is believed that transposable elements in mitochondria are

nuclear-derived and are therefore common in mt intergenic

regions [38,49]. For instance, 4% of Arabidopsis mtDNA was

probably derived from transposons of nuclear origins [28]. Four

fragments of transposable elements were found in maize mtDNA

[26] and nineteen were identified in rice [25]. However, we could

not find any transposons in the Spirodela mt genome when we

searched against the Repbase repetitive element database [50].

This suggests that either very few nuclear sequences have migrated

into Spirodela mtDNA or Spirodela mitochondria select against

transposable elements.

Figure 5. Phylogenetic tree based on 19 conserved genes in mitochondrial genomes. The ML calculation was run by MEGA5 with 1,000
bootstrap replicates. All the gene losses were mapped on the tree branches. Cycas was included in the analysis as an outgroup. The signs of Amino
Acid (Ala, Arg, Leu, Thr, His, Trp, Ile, Gly, Leu and Val) mean corresponding functional tRNA genes were absent in their mtDNAs.
doi:10.1371/journal.pone.0046747.g005
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Comparison of Genome Synteny
A significant degree of synteny was found within mitochondrial

genomes of liverworts, mosses, and chlorophytes at the base of

land plants, including a set of gene clusters (more than two genes

together), such as the ribosomal protein cluster, ccm gene cluster,

and two regions containing the nad and cox genes [51]. It was clear

that the sequences of protein-coding genes were highly conserved,

but the relative order of genes was greatly rearranged between

Spirodela and rice (Fig. 2). Many ribosomal proteins were

independently lost in both Spirodela and rice (Fig. 5); therefore,

synteny between the remaining genes became harder to detect.

The ancestral cob-nad1-cox3-cox2-nad6-atp6-rps7-rps12-nad2-nad4-

nad5 gene order of basal land plants has been lost due to various

recombination and rearrangement events in angiosperm mtDNA

evolution. [4,41,52].

In summary, our data provides further evidence that SOLiD

platforms can assemble both chloroplast and mitochondrial

genomes with regular coverage without any organellar purification

(Table 1) [11]. Our analysis of the mt genome of Spirodela, having

the smallest size among sequenced monocots, elucidates the

evolutionary change among monocot mt genomes. Although the

critical genes for the electron transport chain in Spirodela mtDNA

are well conserved, different types of ribosomal protein genes are

missing in comparison to other monocots. The number of RNA

editing in protein coding genes is within a typical range as other

plants. Still, no known transposable elements can be found in its

genome, suggesting a rather rare migration from the nucleus to the

mitochondria. Sequence-based phylogenetic analysis clearly sup-

ports the hypothesis that Spirodela is at the very basal lineage of

monocots. Comparative analyses of mitochondrial genes between

Spirodela and rice have shown that the relative order of genes is

greatly rearranged over a very short evolutionary time. In this

regard, additional complete mitochondrial sequences from closely

related species will be needed to fortify the distinct evolution of

plant mitochondrial genomes.
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Abstract

Background: Aquatic plants differ in their development from terrestrial plants in their morphology and physiology,
but little is known about the molecular basis of the major phases of their life cycle. Interestingly, in place of seeds
of terrestrial plants their dormant phase is represented by turions, which circumvents sexual reproduction.
However, like seeds turions provide energy storage for starting the next growing season.

Results: To begin a characterization of the transition from the growth to the dormant phase we used abscisic acid
(ABA), a plant hormone, to induce controlled turion formation in Spirodela polyrhiza and investigated their
differentiation from fronds, representing their growth phase, into turions with respect to morphological, ultra-structural
characteristics, and starch content. Turions were rich in anthocyanin pigmentation and had a density that submerged
them to the bottom of liquid medium. Transmission electron microscopy (TEM) of turions showed in comparison to
fronds shrunken vacuoles, smaller intercellular space, and abundant starch granules surrounded by thylakoid
membranes. Turions accumulated more than 60% starch in dry mass after two weeks of ABA treatment. To further
understand the mechanism of the developmental switch from fronds to turions, we cloned and sequenced the genes
of three large-subunit ADP-glucose pyrophosphorylases (APLs). All three putative protein and exon sequences were
conserved, but the corresponding genomic sequences were extremely variable mainly due to the invasion of miniature
inverted-repeat transposable elements (MITEs) into introns. A molecular three-dimensional model of the SpAPLs was
consistent with their regulatory mechanism in the interaction with the substrate (ATP) and allosteric activator (3-PGA) to
permit conformational changes of its structure. Gene expression analysis revealed that each gene was associated with
distinct temporal expression during turion formation. APL2 and APL3 were highly expressed in earlier stages of turion
development, while APL1 expression was reduced throughout turion development.

Conclusions: These results suggest that the differential expression of APLs could be used to enhance energy flow from
photosynthesis to storage of carbon in aquatic plants, making duckweeds a useful alternative biofuel feedstock.

Keywords: Duckweed, Spirodela, Starch, Turion, ADP-glucose pyrophosphorylase

Background
Duckweed is an aquatic plant seen on water surfaces in
many locations in the world. Because it consists mainly
of a leaf-like body that performs photosynthesis, it is
probably the most efficient multicellular biological solar

energy converter that we have. Its structure during this
stage of the life cycle is referred to as fronds. Greater
duckweed or Spirodela polyrhiza is extremely simple
with only one frond (merging leaf and stem) and some
roots into a compact structure. Fronds grow vegetatively
and can increase biomass rapidly, lowering carbon diox-
ide in the air and reducing nitrogen and phosphor in the
water [1]. Many species of duckweeds can double their
biomass every 2 or 3 days [2,3]. In addition, the tiny and
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free-floating duckweeds need very little amount of lignin
to support their growth [4]. On the contrary, they might
save the extra energy to synthesize more protein and car-
bohydrate. Spirodela polyrhiza has low amount of lignin
[4], which contains 29.1% of protein [2] and up to 70%
carbohydrate in dry weight [5]. The relatively easy har-
vesting process compared to algae is to skim of the float-
ing fronds by net or collect them at the outlet of water by
a grid [5].
There are conditions like temperature shifts due to sea-

sons that can cause a morphological change to a different
structure, called turions. Many species of the subfamily
Lemnoideae can produce this kind of dormant fronds,
which are characterized by more starch, smaller vacuoles
and air space [6,7]. This developmental change is also
accompanied by a shift in metabolism. The energy har-
vested during photosynthesis is shifted to starch bio-
synthesis, resulting in the accumulation of starch in
turions. Because the volume of intercellular air space
shrinks and starch increases the density of the tissue, it
can sink to the bottom of waters where the organism can
survive even if the top of the water freezes. Turions can
change back to fronds vegetatively using the starch as an
energy source, demonstrating a highly evolved adaptation
to the environment. Because fronds have little lignin,
which would interfer with the digestion of the carbohy-
drate fraction of biomass, and turions have high starch
content, duckweed might also be suitable as an alterna-
tive source of bioenergy. Whereas cellulose is a crystal-
line, compact and structural compound resistant to
biological attack and enzymatic degradation, starch is
readily digested. Even though many advances over the
past years have been made in the commercialization of
cellulosic biomass [8], the cost of producing equal
amounts of ethanol from cellulosic biomass is still much
higher than production directly from starch [9]. There-
fore, growing attention is being devoted to use duck-
weeds as a source of carbon compounds and convert
duckweed biomass into bio-ethanol [10]. Fronds growing
in swine wastewater contain 45.8% (dry weight) of starch.
Moreover, 50.9% of the original dry biomass can be enzy-
matically hydrolyzed into a reducing sugar, which contri-
butes to 25.8% fermented ethanol of dry biomass [10].
Recent studies have focused on the influence of various

environmental conditions for turion formation or germi-
nation [11-15], the sensitivity threshold of ABA for turion
formation [13,16] and the different structure (air space,
vacuole, starch and cell wall) of fronds and turions [7]. On
the other hand, information of starch content, granule
size, and derivation of starch granules involvement with
turion formation, which is critical to explore the potential
biofuel of duckweed, is less well understood.
The pathway of starch synthesis is very complex, but

ADP-glucose pyrophosphorylase (AGPase) plays a pivotal

role in regulating starch levels and in determining
patterns of starch deposition in plants. This enzyme com-
prises two identical large subunits (APLs) and two same
small subunits (APSs) in angiosperms, each of which is
encoded by distinct genes. Even though the roles of each
AGPase subunit in the enzyme are not clear, it is gener-
ally proposed that APLs modify the response to allosteric
regulators, whereas APSs act as the catalytic part [17].
Recent studies suggest that AGPase are usually in plasti-
dial forms except for a cytosolic one in cereal endo-
sperms [18,19]. Here, we compared the distinctive
attributes between fronds and turions in S. polyrhiza and
investigated starch production during development upon
induction with abscisic acid (ABA), a plant hormone. To
gain further insight into the function of the large subunit
of AGPase (APLs) in starch synthesis as well, we cloned
the Spirodela genes, analyzed them, and quantified their
expression, which will allow in the future targeting
expression of transgenes.

Results
Turion induction with ABA
Spirodela polyrhiza was grown under controlled light
conditions as described under Methods. Fronds were har-
vested and examined under a dissecting microscope.
Dividing fronds, representing single leaf-like bodies, were
connected, thin, and elliptical (~8 mm in length and ~6
mm in width). The top of fronds was bright green,
whereas the bottom extended a few roots that were sub-
merged into water (Figure 1a). Continued growth in the
presence of ABA gave rise to turion formation with dif-
ferent morphological features (Figure 1b). After 5 days of
ABA application a significant shift to starch accumula-
tion took place in samples collected from both wet and
dry tissues. Starch accumulation during turion develop-
ment exhibited a characteristic pattern. There was a pro-
gressive increase of starch from 5 days to 10 days after
ABA application and after 14 days, the starch content
became almost stable. The final starch content in turions
for wet tissues was 24.4%, which corresponds to 60.1% in
dry mass (Figure 2a). Turions were also harvested and
examined under a dissecting microscope. They appeared
thicker and smaller in nearly round shape (~2 mm in
length and ~3 mm in width). Turions were dark green,
spotted with many anthocyanin pigments, and retained
only rudimentary roots that are not visible by naked eye
(Figure 1b).
Frond samples were then examined by electron micro-

copy. The frond cell had normal discal chloroplasts with
a few small starch grains (Figure 3a and 3c). Most frond
cells contained a single larger vacuole and bigger inter-
cellular air space, while turion cells have multiple smaller
vacuoles and bigger air space between cells (Figure 3b).
The turion cell accumulated many starch granules, which
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almost occupied 1/4-2/3 of cell volume (Figure 3b and
3d). The kidney-shaped starch granule was surrounded
with stacks of thylakoid membranes in chloroplasts (Fig-
ure 3e and 3f). The increased starch granules at the
expense of the vacuolar expansion also contributed to
the distortion of chloroplasts (Figure 3e) and a shift in
tissue density that caused turions to sink to the bottom
of liquid medium (left panel of Figure 4a). Placed on filter
paper, they looked like “green seeds” compared to fronds
(Figure 4b).

Cloning and sequencing of members of the Spirodela APL
gene family
The level of starch accumulation in turions (Figure 2)
and the convenience of collecting them from the flask
bottom (Figure 4) are key features for biofuel applications
as described above. To examine the metabolic regulation
of these features, this study seeks to identify key enzymes,
whose manipulation at the molecular level could

optimize the timing and level of starch production. Com-
mon knowledge would then suggest investigating the dif-
ferential expression of key enzymes in starch
biosynthesis. Therefore, we decided to clone the large
subunit of the ADP-glucose pyrophosphorylase gene
family (APLs) from Spirodela polyrhiza. Because this
gene is very conserved among angiosperms, we used the
known Arabidopsis protein sequences to design degener-
ate primers to amplify APL coding sequences as
described under Methods. Cloned DNA fragments were
then sequenced and overlapping fragments were used to
reconstruct the entire three cDNA-copies from Spiro-
dela. We named them SpAPL1, SpAPL2 and SpAPL3
with Genbank accession numbers of JN180634,
JN180635, JN180636. Based on the cDNA sequences pri-
mers were then designed to clone the corresponding
gene sequences from total genomic DNA as described
under Methods. The cloned genes of SpAPL1, SpAPL2
and SpAPL3 were then also sequenced and deposited

Figure 1 Morphological comparison of frond and turion formed after 14 days of ABA treatment. a) dorsal and ventral frond; b) dorsal
and ventral turion. Bars = 1 mm.
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into GenBank with accessions JN180631, JN180632,
JN180633, respectively. After aligning cDNAs with their
corresponding genomic sequences, all introns could be
identified. Accordingly, all SpAPLs consisted of 15 exons

and 14 introns (Figure 5). Whereas the coding sequences
of the SpAPL1, SpAPL2 and SpAPL3 genes were slightly
different in length with 1,554, 1,611, 1,620 bp or 517,
536, and 539 amino acids, respectively, the corresponding

Figure 2 Starch accumulation and expression of the APL genes during turion development. a) White bars stands for wet tissue and black
bars for dry tissue. Y-axis shows starch content (mg) for every 100 mg wet tissue or dry tissue. b) qPCR was used to quantify expression of APLs
based on RNA from 0, 1, 2, 3, 5, 7 days of ABA treatment. Standard error was shown by vertical bar. Sample collections for starch analysis and
APLs expression quantification were listed in Table 1.
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Figure 3 Microscopic study. a) Transmission electron microscopic (TEM) picture of frond cells with lower magnification, Bars = 2 μm; b) TEM
picture of turion cells with lower magnification, Bar = 2 μm; c) TEM picture of a frond cell with higher magnification, Bar = 2 μm; d) TEM
picture of a turion cell with higher magnification, Bar = 2 μm; e) TEM picture of a section of a turion cell with higher magnification, Bar = 2 μm;
f) TEM picture of a section of a turion cell with the highest magnification, Bar = 500 nm. Abbreviations are chloroplast (C), starch granule (S),
vacuole (V), intercellular air space (A), thylakoid membrane (T), nucleus (N).
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Figure 4 Turion formation induced by ABA. a) Turions (left panel) on the bottom and fronds swimming with roots down (right panel) in
flasks; b) turions (left) and fronds (right) placed on filter paper. Bars = 1 mm.

Figure 5 Structural organization of the large subunit of AGPase (SpAPL) genes. The coding exons were depicted as gray boxes. Introns
were depicted as bar scaled by x-axis (bp). CDSf–First (Starting with Start codon), CDSi–internal (internal exon), CDSl–last coding segment
(ending with stop codon).
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genomic regions differed significantly with 8,449, 4,684
and 3,460 bp (Table 1), reflecting intron expansions.

Structure and phylogeny of members of the Spirodela
APL gene family
The basis for the variation in protein sizes became clear
when their primary structures were compared with other
known APLs. Sequence alignments of the deduced amino
acid sequences of SpAPL1, SpAPL2, and SpAPL3 proteins
showed high homology except for their N-terminal regions
(Additional file 1: Figure S1). APLs are usually targeted to
the plastid through a signal peptide at their amino-termi-
nus. SpAPL2 and SpAPL3 had conserved plastid-targeting
signals with cleavage sites at positions 78 and 64 based on
TargetP http://www.cbs.dtu.dk/services/TargetP/. The
shorter protein of SpAPL1 had a very weak targeting sig-
nal and internal deletions similar to the rice APLs.
Although there were differences in the amino-terminal
regions, the coding sequences from exon 3 to 15 were of
the same size and very conserved.
The corresponding introns, however, have diverged sig-

nificantly in length and composition. Interestingly, com-
parison to the TIGR Plant Repeat Database [20] indicated
that expansion of introns could be largely due to miniature
inverted-repeat transposable elements (MITEs). When the
MUST system was applied that was used to predict
MITEs rather than depending on sequence homology
alone, the sequence data suggested then that MITEs had
invaded the introns of SpAPL1, SpAPL2, and SpAPL3,
comprising now 36%, 21%, and 7% of total intron
sequences, respectively (Table 1).
Using the amino acid sequence alignment of APLs from

S. polyrhiza, rice, and maize, we constructed a maximum
likelihood phylogeny of the APL family. This phylogenetic
tree separated the APLs into three main clades: SpAPL1
clustered together with the plastidial forms of OsAPL1 and
ZmAPL1 in branch APL-I. SpAPL2 shares the branch
APL-II with the plastidial forms of OsAPL4 and ZmAPL4;
SpAPL3 shares a common ancestor with both plastidial
(OsAPL3 and ZmAGP1) and cytosolic forms (OsAPL2 and
ZmSH2) in rice and maize [21] (Figure 6).

A structural model of the APLs
To confirm the inference of their function, three-dimen-
sional structures of SpAPLs were built by using the experi-
mental protein structure (PDB 1yp3) from potato as a

suitable template. Amino acid sequence alignment of the
regulatory site of APLs from potato and S. polyrhiza
showed five key conserved residues (P44, P52, P66, K414
and K452) (Figure 7a) in all three SpAPLs. Molecular mod-
eling analysis of APLs suggested a critical role of APLs for
allosteric regulation in this region with binding sites for
ATP and 3-PGA (Figure 7b). P44 was important for accom-
modating ATP phosphate groups, as it was located between
a conserved GGXGXRL loop region and the strongly con-
served “PAV” region, which involved catalysis and allosteric
regulation [22]. P52 was predicted to be located in flexible
loops close to the lysine residues (K414 and K452), while
P66 lied in a helix. Site-directed mutagenesis of the P52
and P66 in potato showed dramatic changes in affecting
enzyme regulatory properties, while P44 mutants resulted
in a nearly catalytically inactive enzyme [23]. K414 and
K452 were shown to be involved in the increase of the affi-
nity for the activator 3-PGA [22,24]. Model structures of
APL1, APL2 and APL3 were identical in these features.
Therefore, only APL1 was shown in Figure 7 as an example.

Expression patterns of APL genes in developing turions
With three different gene copies present in Spirodela
polyrhiza, the question arises how each enzyme is
expressed temporally during turion formation. We there-
fore isolated total mRNA from leaf-like tissue 0, 1, 2, 3, 5,
and 7 days after the addition of ABA. To measure expres-
sion of each APL gene copy, we applied qPCR to mRNA
samples using specific primer pairs to distinguish
between transcripts from each gene. Expression of
SpAPL2 and SpAPL3 dramatically increased two-and 10-
fold, respectively, as turion development was initiated (1-
3 days). Furthermore, there seemed to be a difference in
the expression of SpAPL2 and SpAPL3. SpAPL2 was criti-
cally in the first phase of induction, whereas SpAPL3
seemed to replace SpAPL2 in a second burst of activity.
There was no obvious increased expression of SpAPL1
after ABA induction. Indeed, SpAPL1 appeared to be
more active in initial fronds compared to SpAPL3 (0 days
of ABA application). When turions went into mature
phase (after 5 days), the expression of all SpAPLs was
leveling off (Figure 2b).

Discussion
We began dissecting the process of turion formation in
duckweeds. Usually turion development occurs in late

Table 1 Gene features of APL family

Gene
Name

Gene Length
(bp)

ORF Length
(bp)

Putative Protein Length
(aa)

Intron Length
(bp)

MITE Length
(bp)

Ratio = MITE/
Intron

SpAPL1 8449 1554 517 6895 2507 0.36

SpAPL2 4684 1611 536 3073 659 0.21

SpAPL3 3460 1620 539 1840 126 0.07
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Figure 6 Phylogenetic tree based on the amino acid sequence alignment of large subunits of AGPase (APLs) from S. polyrhiza (Sp),
Oryza sativa (Os), and Zea mays (Zm). The protein names are those published previously or predicted from CDS: OsAPL1, NP_001051184;
ZmAPL1, NP_001106017; SpAPL1, JN180634; OsAPL2, NP_001043654; ZmSH2, NP_001121104; OsAPL3, NP_001056424; ZmAGP1, NP_001105717;
SpAPL3, JN180636; OsAPL4, NP_001059276; ZmAPL4, NP_001106058; SpAPL2, JN180635. Three clades were designated APL-I, APL-II, APL-III. The
classification of APLs in grasses has previously been published [21].
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summer or early autumn because of starvation and
lower temperatures [25]. Spirodela turions can also be
induced under controlled laboratory conditions by
increasing the concentration of ABA in the growth med-
ium [11,13], decreasing temperature [15], or depriving
phosphorus in the medium [12]. Here, we have taken
advantage of ABA as an inducer and could reproduce
the morphological changes that occur during turion

formation. Turions are germinated into new fronds in
the presence of light and nitrogen in the following
spring using starch storage as an energy source [26,27].
Therefore, the drastic starch accumulation during turion
formation marks a turning point in the switch process
from low-starch fronds to high-starch turions.
The reported contents of starch varied from 14% to

43% depending on the species, developmental states

Figure 7 Amino acid sequence alignment for the regulatory sites of APLs between potato and S. polyrhiza and modeled structure of
S. polyrhiza APL1. a) GenBank accession numbers were listed in parentheses. Important proline (P44, P52 and P66) and lysine (K414 and K452)
residues critical for allosteric regulation were numbered corresponding to potato AGPase large subunit (x61187). Identical residues were shaded
in black. b) The N-terminal region containing the putative ATP binding site and the regions containing the putative 3-PGA binding sites of APL1
were modeled by comparison with the known structure of the potato AGPase small subunit (PDB 1yp3) with 54.93% identity. The modeled
position of ATP in orange was shown. The a-helix and b-sheet were colored in gray and the loop was in green. Important proline (P) and lysine
(K) residues in APL1 were indicated by blue color. The conserved GGXGXRL loop region was in red.
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(fronds, resting fronds, or turions) [28] and tested meth-
ods [5,29]. Starch content could even go up to 75% of
the dry weight in resting fronds of Spirodela oligorrhiza
(renamed into Landoltia punctata) growing in phos-
phor-deficient cultures [12], a level that is comparable
to cereal seeds of corn, sorghum and wheat [30]. Even
though regular fronds have as low as 16% starch in dry
mass, turions of S. polyrhiza can reach up to 62% starch
[25]. Our use of exogenous ABA produces the same
developmental switch, as the different morphological
features are easily distinguishable. The switch is rapid,
providing advantages for biochemical and physiological
analysis [13]. We obtained 60.1% starch from dry mass
after 2 weeks of ABA induction (Figure 2a), which is
comparable to the Henssen’s study. The size of mature
starch grains from turions was around 4 μm in diameter
as estimated by TEM (Figure 3e and 3f), whereas starch
grains from wheat, corn and rice reach a size of 30 μm,
25 μm and 20 μm, respectively [31]. In a different study,
the size of starch granules illuminated by red light for
different times have also been measured using SEM
scans arriving at similar values [32]. Interestingly, it has
been suggested that smaller starch granules are more
easily hydrolyzed into sugars than larger ones, regardless
of botanical source [33]. After 72 h of continuous irra-
diation, the sizes of starch granules in turions are signif-
icantly reduced to about 1.5 μm [32]. Although
duckweeds might have adapted to rapidly switch back to
a growth phase faster than seed plants, this property
also might provide a more efficient way for producing
bio-ethanol than from maize.
Amyloplasts in non-photosynthetic tissue, such as seeds,

roots, and stems, which lack chlorophyll and internal
membranes, are the main organelles responsible for the
synthesis and storage of starch granules in most plants.
However, turions remain green or dark-green throughout
their development (Figure 1b and 4b). The plastids in tur-
ions, where starch synthesis takes place, still retain abun-
dant stacks of thylakoids (Figure 3e and 3f). It therefore
suggests that chloroplasts with a simple structure as in
duckweeds can function both as source and sink. The
starch-storing plastids of turions are directly derived from
chloroplasts, and retain chloroplast-like characteristics
throughout their development. This adaptation greatly
saves energy by directly depositing sucrose generated from
photosynthesis into starch storage without the need for
transport through a vascular system and the use of a glu-
cose phosphate transporter [21]. A similar system exists
also in a non-aquatic plants such as pea embryos, where
starch-storing plastids also directly originate from chloro-
plast [34,35]. Moreover, using TEM light-induced degra-
dation of starch granules in turions of Spirodela polyrhiza
also exhibited a transition from amyloplasts to chloroplasts
[32]. Both studies would demonstrate that differentiation

from chloroplast to amyloplast could be reversed based on
physiological changes. Indeed, the cell structure of turions
appears to be well organized for its function. Its lack of
intercellular air space and presence of smaller vacuoles
allow them to survive in deep water, where the tempera-
ture is more moderate than on the surface. The numerous
starch grains provide a bank of energy when turions ger-
minate in the following spring. This life cycle is also con-
sistent with starch content in fronds and turions.
Because starch biosynthesis is an important feature for

the developmental switch from fronds to turions, it also
provides us with the first entry point to dissect the devel-
opmental regulation of turion formation. Therefore, we
reasoned that the first step in this line of investigation
consists of the identification and characterization of key
regulatory genes known in starch biosynthesis, which are
the ADP-glucose pyrophosphorylases. We successfully
cloned three copies of APLs of Spirodela polyrhiza. APLs
are expressed in different organs of grass species, type 1
in leaves, type 2 and type 3 in seeds, and type 4 in both
seeds and leaves [21,36]. Based on phylogeny and spatial
expression of SpAPLs (Figure 6 and 2b), they have their
homologs in grass species. SpAPL2 and SpAPL3 are
active in turions, while SpAPL1 is expressed at a higher
level in fronds. The transcript level of SpAPL2 and
SpAPL3 are active at an early phase of turion formation,
while all transcript level of SpAPLs decline towards the
end phase. It could account for the inhibition of total
RNA synthesis after 3 days in ABA, which leads to the
shutdown of all primary processes and onset of the dor-
mant state [37]. Analysis of networks of gene expression
during Arabidopsis seed filling has also shown that
expression of carbohydrates occurred early in seed devel-
opment [38]. Noticeably, the transcription of SpAPL1
and SpAPL2 is suppressed right after one day of ABA
addition, which is quite consistent with previous findings
that ABA could inhibit DNA, protein, and RNA synthesis
during turion development [37]. But this inhibitory effect
of ABA during turion development is selective for that
the synthesis of certain turion specific proteins increases
[37]. Indeed, the pattern of expression was consistent
with a rate-limiting role for this protein in starch bio-
synthesis. Furthermore, the regulation of gene copies
underwent divergence and probably sub-functionaliza-
tion to permit metabolic differentiation.
In plants, ADP-glucose pyrophosphorylases consist of

large and small subunits that share many amino acids
due to the proposed origination from a common ances-
tral gene [39]. For example, APLs and APSs, which make
up the heterotetrametic potato enzyme, share significant
sequence homology (53% identity and 73% similarity)
[40]. Here we selected the large subunit for our analysis
because we made the assumption that both are coordi-
nately expressed and that the large subunit should suffice
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as a marker of the developmental switch between frond
and turion stage of the life cycle. Furthermore, the cur-
rent sequencing of the entire genome will provide an
opportunity to locate the gene copies of the small subunit
as well. The model structure of the large subunit con-
firms that N-and C-terminal regions of the SpAPLs are
essential for the allosteric regulatory properties of the het-
erotetrameric enzyme AGPase (Figure 7b) [23]. Even
though APLs are considered as a catalytic-disabled subu-
nit, the ability of binding effectors (3-PGA) and substrates
(ATP) is likely to undergo a conformational transition
similar to the APSs during its catalytic cycle [41].
Phylogenetic analysis showed that SpAPL1 and SpAPL2

descended from common ancestors of the plastidial form
Type 1 and Type 4 of the grasses, respectively, while
SpAPL3 shares the same branch with the ancestor of cyto-
solic Type 2 and plastidial Type 3 of grasses (Figure 6)
[17]. Studies suggest that cytosolic Type 2 in grass evolved
from a duplication of an ancestral gene encoding a Type 3
plastidial APL by loss-of-function of the transit peptide
cleavage site [21]. A similar process might have taken
place in Spirodela, where SpAPL1 does not exhibit a clear
transit peptide. Interestingly, the opposite seems to be true
for SpAPL3, which clusters with cytosolic Type 2 APLs,
but encodes a transit peptide. Based on this, we classify it
as a plastidial Type 3 APL of the grasses. The phylogenetic
relationship will become clearer when we know whether
these copies are clustered or dispersed in the Spirodela
genome. Interestingly, there is differential invasion of
MITES in the introns of these genes with the most pro-
nounced invasion in the SpAPL1 gene (Table 1). This is
reminiscent of the grasses, where one of the smallest gen-
omes, rice, had a relative high percentage of MITEs (13.3%
of all repeat elements compared to 0.4% in maize), but low
retrotransposon content (59.5% compare to 92.7% in
maize). Spirodela polyrhiza was namely chosen for
sequencing because of its small genome size. Given the
genome size variation among Lemnoideae, perhaps a simi-
lar relationship of genome size and MITEs exists among
Lemnoideae as has been found in grass species [42].

Conclusion
In summary, turions of S. polyrhiza contain high starch
content, small size of starch granules, and low lignin pro-
portion, which provides a solid foundation for developing
them as an alternative biofuel source. For further investi-
gation of the role of SpAPL2 and SpAPL3 genes in starch
synthesis, studies using transgenic plants will be needed.

Methods
Plant material and growth conditions
For our studies we chose S. polyrhiza (Sp) 7498 because
this will serve as a reference genome for the Lemnoideae.
One cluster of 3-5 fronds was aseptically transplanted

into half-strength Schenk and Hildebrandt basal salt mix-
ture (Sigma, S6765) with 1% sucrose liquid medium at
pH 5.8. The cultures were kept in chamber maintained at
100 μmol.m-2.s-1 and 23°C through a 16 h-light, 8 h-dark
photoperiod. After a couple of days’ growth, 1 μM absci-
sic acid (ABA, Sigma, A1049) was added.

Microscopic analysis of frond and turion
Vegetative fronds without ABA treatment and turions
with 14 days ABA treatment were fixed, embedded, and
dehydrated as described [43]. Samples were fixed in 5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4,
containing 2% Suc in a 2-ml tube at 4°C overnight and
another 3 h at room temperature. Rinsed by 0.1 M sodium
cacodylate buffer, they were postfixed in buffered 1%
osmium tetroxide at 4°C overnight followed by dehydra-
tion in a graded series of acetone washings. The dehy-
drated samples were then embedded in epon resin. The 1
mm-thick sections were picked up on a glass slide, stained
with methylene blue and scoped with a light microscope.
For transmission electron microscopy (TEM), 90 nm-thin
sections were cut on a Leica EM UC6 ultramicrotome,
stained with a saturated solution of uranyl acetate and
lead citrate and scoped at 80 kV with a Philips CM 12
transmission electron microscope.

Determination of starch content of developing turions
One hundred milligrams of fresh sample tissues were
taken from a time course of 0 (no ABA), 1, 2, 3, 5, 7, 10,
14 days of ABA treatment and flash frozen in liquid nitro-
gen. Before 7 days, the whole plants including both
mother and daughter fronds were collected. After 7 days,
the developed turions were separated from mother fronds
and collected, when they sunk to the bottom of flask
(Table 2). Three biological replicates were done for each
time point. The quantification of starch content was deter-
mined colorimetrically following manufacturer’s protocols
of a “total starch assay” procedure (amyloglucosidase/a-
amylase method) (Megazyme, K-TSTA). We used water as
a blank control and D-glucose as a standard. Dry weight
was counted by 500 mg fresh tissue after incubation in
65°C chamber for 24 h.

Genomic DNA and total RNA isolation
Total genomic DNA was extracted from whole plant tis-
sue by the CTAB method [44]. Considering that only
daughter fronds shorter than 0.7 mm in length respond to
ABA treatment and undergo turion formation after ABA
treatment [16], developing turions only with specific sizes
were collected at their developmental stages after 0 (no
ABA addition), 1, 2, 3, 5, 7 days of ABA treatment, respec-
tively, for quantification of APL gene expression (Table 2).
For each time point we used again three biological repli-
cates. High-quality total RNA was extracted with RNeasy
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Plant Mini Kit (Qiagen, 74904). The on-column DNase I
was used to remove contaminating genomic DNA (Qia-
gen, 79254). The RNA quality and quantity were con-
firmed by analysis with Nanodrop 1000 (Nanodrop
Technologies, Wilmington, DE). First-strand cDNA synth-
esis of all samples was generated by kit of SuperScript™
III First-Strand Synthesis System for RT-PCR (Invitrogen,
18080) using oligo-dT as primer.

Retrieval of APL genes and CDS sequence
The conserved domains of APL proteins of Arabidopsis
were used to set up degenerate primers. Degenerate PCR
reactions were done with templates of cDNA extracted
from samples of 3 days of ABA treatment. The program
was: 35 cycles of 94°C 30 s, 50°C 30s and 72°C 1 min.
PCR products were cloned into the pGEM-T Easy Vector
(Promega) and DNA fragment sequences were deter-
mined using the ABI 3730XL platform. Gene specific pri-
mers were designed based on the sequence of the cloned
DNA to perform 5’ and 3’ RACE using the SMARTer™
RACE cDNA Amplification Kit (Clontech, 634923). The
RACE-ready cDNA was also generated from total RNA
of samples treated 3 days with ABA. RACE reactions
were performed under the following program: 5 cycles of
94°C 30 s and 72°C 2 min; 5 cycles of 94°C 30 s, 70°C 30s
and 72°C 2 min; 25 cycles of 94°C 30 s, 68°C 30 s and
72°C 2 min. The RACE products were also cloned and
sequenced. The full-length cDNA was confirmed with
primers designed from 5’ end of the 5’ RACE sequence
and the 3’ end of the 3’ RACE sequence. The same pri-
mers were used to amplify corresponding gene sequences
using genomic DNA as template. Because of the size of
the genes we used Expand Long Range dNTPack (Roche,
#04829042001). The thermal cycling conditions were: 10
cycles of 94°C 15 s, 55°C 30 s and 68°C 9 min; 25 cycles
of 94°C 15 s, 55°C 30 s and 68°C 9 min with 10 more sec-
onds for each cycle. Initially, primer sequences derived
from APL cDNA were used to sequence genomic DNA.
Subsequently, primers derived from genomic sequences
were used in iterative rounds of sequencing until suffi-
cient coverage was achieved. The sequences were

assembled and analyzed with DNASTAR. MUST system,
which tested the existence of a pair of terminal inverted
repeats (TIRs) and a pair of direct repeats (DRs) [45] was
used to predict miniature inverted-repeat transposable
elements (MITEs) in APL introns. All successful primers
were listed in Additional file 2: Table S1.

Phylogenetic studies
An unrooted maximum likelihood phylogenetic tree was
determined by using the MEGA 5 program [46] based
on the amino acid sequence alignments under the WAG
model with 1000 bootstrap replications. The corre-
sponding subunit sequences from rice and maize were
downloaded from GenBank.

Modeling of the three-dimensional structures
Sequences of the APL regulatory sites from potato and
S. polyrhiza were aligned using MEGA 5. Homology
modeling studies were performed using the Swiss Model
server (http://swissmodel.expasy.org/) [47] and struc-
tures were visualized and prepared by an open source
program PyMOL (The PyMOL Molecular Graphics Sys-
tem, Version 0_99rc6, Schrödinger, LLC.). The sequence
used was that of SpAPL1, SpAPL2 and SpAPL3. The
chosen suitable template was homodimeric AGPase of
potato (PDB 1yp3) [22] for which X-ray structure infor-
mation was available, showing more than 52% sequence
homology with SpAPLs. Key proline (P44, P52 and P66)
and lysine (K414 and K452) residues were numbered
based on AGPase large subunit of potato (x61187) [23].
Only APL1 modeled structure was shown in Figure 7b
as representative for the sake of simplicity.

Expression analysis of APL genes
Alignment of full length of cDNAs produced unique
regions at the 5’ UTR to design primers for qPCR
(Additional file 2: Table S1). qPCR was performed for 0,
1, 2, 3, 5, 7 day of ABA treatment. All cDNAs were
made with 2 μg of RNA using the SuperScript® III
First-Strand Synthesis System kit (Invitrogen, 18080-
051). cDNAs were diluted 20-fold and Real-time PCR

Table 2 Sample collection for starch analysis and APLs expression quantification

Days in
ABA

Samples for Testing Starch
Content

Size of fronds or turions (mm) for Analysis APLs
Expression

Characterization of Developing
Turions

0 Whole plants ~ 0.5-0.7 Light green

1 Whole plants ~ 1 Light green

2 Whole plants ~ 1.5 Light green

3 Whole plants ~ 2 Dark green

5 Whole plants ~ 2 Dark green

7 Only turions ~ 2 Dark green, sink at the bottom

10 Only turions no collection Dark green, sink at the bottom

14 Only turions no collection Dark green, sink at the bottom
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was performed by using the iQTM SYBR Green Super-
mix (Biorad, 170-8880) following the manufacturer’s
standard instructions. All qPCRs were performed in tri-
plicates. The relative quantification of each gene expres-
sional level was calculated by calibrating CT values
normalized to a standard dilution series over all samples
assayed [48].

Additional material

Additional file 1: Figure S1. Multiple alignments of the deduced amino
acid sequences of APL proteins from S. polyrhiza (Sp) and Oryza sativa
(Os). Dashed lines indicate gaps introduced to maximize alignment.

Additional file 2: Table S1. Primers for cloning, sequencing and
quantifying APLs expressions. *Primers were cited from [49].
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