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GREGORY N. THYSSEN
Dissertation Director:

Dr. Pal Maliga

Nicotiana sylvestris is a diploid tobacco plant that is amenable to laboratory
manipulation including facile transformation of nuclear and plastid (chloroplast)
genomes. In three separate studies, I used this model organism to observe biological
processes with evolutionary and biotechnological implications.

The first addresses the mechanisms of horizontal gene transfer by
demonstrating cell-to-cell movement of plastids. We grafted Nicotiana sylvestris
plants with selectable transgenic plastid genomes to Nicotiana tabacum plants with
selectable transgenic nuclear markers. Grafting triggers formation of new cell-to-
cell contacts, creating an opportunity for organelle movement between the plant
cells. I present evidence for cell-to-cell movement of the entire 161-kb plastid
genome in these plants, most likely in intact plastids. Acquisition of plastids from
neighboring cells provides a mechanism by which cells may be repopulated with
functioning organelles.

My second objective was to determine whether exceptional pollen transmission
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of plastids is accompanied by paternal mitochondria transmission in Nicotiana
sylvestris. Plastids and mitochondria in Nicotiana are normally both inherited from
the maternal parent. We observed that plastids from the N. sylvestris father were
transmitted at a low (~0.002%) frequency via pollen. The plants that inherited
paternal plastids did not carry paternal mitochondrial DNA, indicating that leakage
of plastids via pollen can produce plant lines with unrelated plastids and
mitochondria.

My third objective was to observe the behavior of an individual high-copy
retrotransposon in V. sylvestris, its native host. Long terminal repeat (LTR)
retrotransposons are major components of the nuclear genomes of plants, animals
and fungi. The “copy-and-paste” life cycle of retrotransposons accounts for their
accumulation in host genomes and permits the assumption that LTRs are identical
at the time of insertion. Our objective was to experimentally determine if an
introduced synthetic element would interact with native high-copy elements during
retrotransposition. I present evidence that S-TNT1 co-packaged with native TNT1
elements to produce hybrid insertions with swapped LTRs and multiple
recombinations within the gag-pol gene. We can best explain our observations by
dimerization and co-packaging of TNT1 gRNAs in the cytoplasm, followed by
template-switching during minus-strand DNA synthesis, which we term the “mix-

and-paste” pseudodiploid mating system for LTR-retroelements.

iii



ACKNOWLEDGEMENTS

I was supported by a Waksman Institute of Microbiology Predoctoral Fellowship and a
teaching assistantship from the Department of Genetics, Rutgers University. I appreciate
helpful discussions with Drs. Hugo Dooner, Yubin Li, Zora Svab, Derek Gordon, Jody
Hey and Joachim Messing. Part of this work has already been published: Thyssen G,
Svab Z, & Maliga P Cell-to-cell movement of plastids in plants. Proceedings of the

National Academy of Sciences 109, 2439-2443.

iv



TABLE OF CONTENTS
Abstract
Acknowledgments
List of Tables

List of Figures

Chapter 1: Cell-to-cell movement of plastids

References for Chapter 1

Chapter 2: Cytoplasmic inheritance in Nicotiana sylvestris

References for Chapter 2

Chapter 3: Mix-and-paste replication of high-copy TNT1 LTR-retrotransposons

References for Chapter 3

Curriculum vitae

i

v

vi

vil

25

28

43

80

83



1-S1

1-S2.

1-S3.

1-S4.

2-1

2-2

2-S1

2-S2

3-S1

3-S2

3-S3

3-S4

LIST OF TABLES

Plastid primers for testing ptDNA polymorphic sites between N.
tabacum and N. undulata
Mitochondrial primers for testing mtDNA polymorphic sites

between N. tabacum and N. undulata
Plastid primers for PCR amplification of the N. tabacum and

N. undulata plastid genomes
Nuclear SSR primers
Paternal ptDNA transmission in N. sylvestris detected by selection for
spectinomycin resistance
Paternal ptDNA transmission in NsPSpc lines detected by selection
for spectinomycin resistance
Primers flanking length polymorphisms that distinguish Nicotiana
undulata ptDNA from N. sylvestris and confirm transgene integration
Primers to identify N. undulata CMS92 mitochondrial DNA.
Transpositions and deletions absent in regenerated plants
Primers for Inverse PCR
BLAST results for characterized S-TNT1 insertion sites
Primers for S-TNTI1 insertions in transgenic plants and loci in wild

type N. sylvestris

vi

19

20

21

23

39

40

41

42

76

77

78

79



1-1

1-2

1-3

1-5

1-6

1-S1

2-1

2-3

3-1

3-2

3-3

3-4

3-S1

3-S2

3-S3

LIST OF FIGURES

Phenotypes of the graft partners and the G1 graft transfer plant
Identification of plastid graft transfer events

SSR markers confirm N. tabacum chromosomes in the G4 plant
Identification of the source of mtDNA in the PGT plants
Identification of the N. undulata plastids in the PGT plants
Model for cell-to-cell movement of plastids via initial
cytoplasmic connections

Identification of the N. undulata plastids in the PGT plants
Detection of exceptional paternal cytoplasmic inheritance in
Nicotiana sylvestris

Plastid DNA markers in NsPSpc plant lines

Mitochondrial DNA markers in NsPSpc plants lines

S-TNT]1 is active during Agrobacterium-mediated transformation
Newly transposed S-TNT1 retrotransposons have mixed histories
Alignment of U3 regions reveals LTR-swapping

Mix and paste replication

Sequence of S-TNT1 and newly transposed S-TNT1
retroelements

S-TNT]1 insertions are not activated or deleted during
regeneration

Alignment of ST-3/4 long terminal repeats

vii

12

13

14

15

16

17

18

36

37

38

58

59

60

61

62

74

75



CHAPTER ONE

Cell-to-Cell Movement of Plastids in Plants

Abstract

Our objective was to test whether or not plastids and mitochondria, the two DNA-
containing organelles, move between cells in plants. As our experimental approach, we
grafted two different species of tobacco, Nicotiana tabacum and Nicotiana sylvestris.
Grafting triggers formation of new cell-to-cell contacts, creating an opportunity to detect
cell-to-cell organelle movement between the genetically distinct plants. We initiated
tissue culture from sliced graft junctions and selected for clonal lines in which
gentamycin resistance encoded in the N. fabacum nucleus was combined with
spectinomycin resistance encoded in N. sylvestris plastids. Here, we present evidence for
cell-to-cell movement of the entire 161-kb plastid genome in these plants, most likely in
intact plastids. We also found that the related mitochondria were absent, suggesting
independent movement of the two DNA-containing organelles. Acquisition of plastids
from neighboring cells provides a mechanism by which cells may be repopulated with
functioning organelles. Our finding supports the universality of intercellular organelle

trafficking and may enable development of future biotechnological applications.

Introduction
Plant cells have three DNA-containing cellular compartments: the nucleus, plastids, and

mitochondria. The plastid and mitochondrial genomes (ptDNA and mtDNA) in all plant



species have been massively reduced relative to their prokaryotic ancestors through the
evolutionary process of intracellular gene transfer. The 155-kb plastid and 430-kb
mitochondrial genomes of Nicotiana tabacum encode only 112 (1) and 60 (2) genes,
respectively. Experimental reconstruction of this evolutionary process in the laboratory
revealed that plastid-to-nucleus gene transfer occurs at a surprisingly high frequency (3).
The recent demonstration of the exchange of genetic material between cells in plant
tissue grafts reconstructed the evolutionary process of intercellular gene transfer (4).

Intercellular movement of mitochondria in mammalian cells was found to be a
basic biological process and involved in tissue repair (5). In coculture, donor cells extend
cytoplasmic projections toward target cells and mitochondria stream from cell to cell (6—
8). This transfer was shown to result in replacement of diseased mitochondrial genomes
with mtDNA from the donor cells (5).

However, there is no report yet on the intercellular movement of DNA-containing
organelles, plastids, and mitochondria, between plant cells. In contrast to animal cells,
plant cells have a rigid cell wall. However, plant cells are connected by sophisticated
intercellular channels (plasmodesmata), which actively and passively regulate cell-to-cell
movement of nutrients, hormones, and information macromolecules, including
transcription factors, phloem proteins, mRNA, and sRNAs (9, 10).

Our objective was to determine whether chloroplasts or mitochondria could move
from cell to cell in plants. To test this hypothesis, we grafted two different species of
tobacco with genetic markers in their plastids, mitochondria and nuclei. Grafting triggers
formation of new cell-to-cell connections (11) that creates an opportunity for cell-to-cell

movement of organelles. Here, we report evidence supporting the movement of plastids



(ptDNA) between cells in graft tissue. However, the related (nonselected) mitochondria
were absent in the same plants, suggesting independent transfer of plastids through the
graft junction. We discuss acquisition of plastids from neighboring cells as a potential
mechanism to repopulate cells with functional organelles and the possibilities of cell-to-

cell movement of plastids for biotechnological applications.

Results

Experimental Design.

Because of the difficulty to directly observe rare intercellular organelle movement, we
chose graft partners with distinct nuclear and organellar genomes to test for cell-to-cell
transfer of plastids and mitochondria in graft junctions (Fig. 1-1). We grafted two species
of tobacco, N. tabacum (partner P1) with a selectable transgenic nuclear gentamycin
resistance gene and Nicotiana sylvestris (partner P2) with plastids carrying a selectable
spectinomycin resistance (aadA) gene and the aurea young leaf color phenotype (bar
gene). The N. sylvestris partner carried the plastids and mitochondria of a third species,
N. undulata, providing a large number of organellar DNA markers. The P1 partner with
the N. tabacum nucleus was fertile and the P2 partner with the N. sylvestris nucleus
cytoplasmic male sterile (CMS) (Fig. 1-1B), a trait controlled by mitochondria (12). The
grafted plants were grown in culture for ten days (Fig. 1-2A) and sections of the graft
junctions were selected for the gentamycin and spectinomycin resistance traits carried by
the P1 nucleus and in P2 plastids, respectively (Fig. 1-2B). Of 30 graft junctions, a total

of 3 plastid graft transmission (PGT) events (G1, G3, and G4) were recovered. The plants

regenerated from the graft junction displayed the leaf morphology, growth habit, and pink



flowers associated with the selected N. tabacum nucleus but the aurea leaf color of the P2

partner, a plastid trait (Fig. 1-1 A and B).

No Exchange of Chromosomes in the PGT Plants.

To investigate the contribution of nuclear genetic material to the PGT plants, we
examined 24 simple sequence repeat (SSR) (or microsatellite) polymorphic DNA
markers previously mapped to each of the N. tabacum chromosomes (13). These markers
distinguished N. tabacum from N. sylvestris ecotype TW137 and indicated the presence
of the chromosomes of the N. tabacum P1 partner that carried the selectable nuclear gene
without contribution from the nonselected P2 N. sylvestris nucleus (Fig. 1-3). The
presence of chromosomal markers from one partner excluded chimera formation as the
source of double resistance of the G1, G3, and G4 PGT plants. However, we cannot

exclude limited transfer of chromosome fragments that remained undetected in the study.

Mitochondria Remain Associated with the Selected Nucleus.

The graft partners carried distinct mitochondrial genomes determining the flower type
(Fig. 1-1B). The P1 partner with the N. tabacum nucleus had normal anthers and
produced fertile pollen, whereas the P2 partner with the N. sylvestris nucleus had
stigmatoid anthers, a phenotype controlled by mitochondria. The G1, G3, and G4 PGT
plants were male fertile and lacked the stigmatoid anthers of the CMS P2 partner. In line
with the flower morphology, the CMS92 mtDNA markers were absent in the G1, G3, and
G4 plants. To determine the source of the mitochondrial genome in the PGT plants, we

identified six SNP and insertion/deletion markers that are suitable to distinguish the N.



undulata CMS92 mtDNA (Fig. 1-4) from the fertile N. tabacum mtDNA (2). Sanger
sequencing of PCR fragments indicated that the G1, G3, and G4 plants have the
mitochondrial genome of the nuclear donor (Fig. 1-4). Thus, we did not find evidence for
the transfer of mitochondrial DNA in the PGT plants. Given the tendency of
mitochondria for fusion (14) and mtDNA for recombination (12, 15), should mtDNA be
transferred, we would expect to find at least chimeric mtDNA. The absence of
nonselected mitochondrial DNA suggests limited organelle transfer, rather than large-
scale mixing of the two cytoplasms at the graft junction. Although we did not find
evidence for the cotransfer of mtDNA with plastids in the lines tested, it is possible that

mtDNA transfer could be detected with selection in a larger PGT plant population.

PGT Plants Contain the Entire Selected Plastid Genome.

Dual selection for the nucleus- and plastid-encoded antibiotic resistances ensured that the
PGT plants would carry both transgenes. The N. tabacum-specific SSR markers in the
G1, G3, and G4 plants indicated the presence of the P1 chromosomes alone in the PGT
plants. However, the presence of the plastid markers did not distinguish between a
transformation-like process that involves incorporation of ptDNA fragments and
intercellular movement of plastids implied by the transfer of complete plastid genomes,
either of which is compatible with the earlier report (4). To determine how much of the
P2 ptDNA is present in the G1, G3, and G4 plants, we first examined markers distant
from the transgenes by probing total cellular DNA on blots. Southern probing of the six
previously identified RFLP markers (Fig. 1-5C) and PCR analyses (Fig. 1-5B) suggested

the presence of the entire plastid genome of the P2 partner and that the PGT plants



carried a uniform population of P2 transplastomes. To exhaust the search for a
contribution to the PGT plastid genomes from the nonselected P1 plastome, we
performed next-generation sequencing of the plastid genomes of the P1 and P2 partners
and the G1, G3, and G4 PGT plants. We report here that the sequence of the 160,743-nt
transplastomes in the P2 partner and in three PGT plants are identical (GenBank
accession no. JN563930). The P2 and PGT plastid genomes are larger than the 155,863-
nt wild-type N. undulata plastid genome (GenBank accession no. JIN563929) because the
transplastomes also contain the spectinomycin resistance (aadA) and the aurea bar ™
transgenes. We also sequenced the plastid genome in partner P1 that carries the wild-type
N. tabacum ptDNA of cv. Petit Havana. We have found that the sequence of cv. Petit
Havana ptDNA is identical to the cv. Bright Yellow sequence deposited in GenBank
(GenBank Accession number Z00044). However, the N. undulata ptDNA differs from
the N. tabacum cv. Petit Havana ptDNA by 805 SNPs, 52 insertions, and 61 deletions and
the transgene cassettes. Differences between the plastid genomes are depicted on the
mVISTA identity plots shown in Fig. 1-5A and Fig. 1-S1: the 500-bp sliding window in
Fig. 1-5A gives an overview; and the 100-bp sliding window in Fig. 1-S1 provides more
precise information about the location of SNPs and insertions/deletions. Importantly, we
observed all of these polymorphic loci, with an average density of 200 bp/SNP (170
bp/polymorphism) in the plastid genome of the three graft transmission plants indicating
the transfer of intact ptDNA from the P2 graft partner. We also tested transmission of the
plastid-encoded spectinomycin resistance in reciprocal backcrosses with the G1 PGT
plant. When the G1 plant was the mother and the wild type the father, each of the 208

seedlings was resistant, whereas when the G1 plant was the father and the wild type the



mother, each of the 318 seedlings was spectinomycin sensitive. Thus, spectinomycin
resistance exhibited uniform, maternal inheritance, as expected for a homoplastomic N.

tabacum, a species with strict maternal plastid inheritance (16, 17).

Discussion

Cell-to-Cell Migration of Plastids.

Here, we report cell-to-cell movement of entire plastid genomes. We considered two
possible mechanisms for the transfer of genome-size ptDNA: the intercellular transport of
extraorganellar (“naked”) DNA or the ptDNA traveling within an intact organelle.
Selection for movement of ptDNA to the nucleus led to the discovery that incorporation
of kilobase-size ptDNA fragments is frequent and that the source most probably is
degraded organellar genomes (18-20). Movement of entire genomes may require more
protection than the fragments. Better protection could be provided if the extraorganellar
ptDNA would be encapsulated in membrane-bound vesicles that are shed from
fragmented chloroplast stromules (21), although ptDNA is normally absent from
stromules (22). Because of the need for capacity for translation, plastids cannot be
created de novo from membranes and DNA (23). Thus, if “naked” ptDNA is transferred,
an invading plastome would need to enter an existing plastid with transcription and
translation machinery and displace the existing plastome by a transformation-like process
to explain our observations. However, a transformation-like process would yield mosaic
genomes if different genomes were present, because plastid genomes within an organelle

undergo frequent recombination (24-26). The absence of chimeric genomes in the PGT



plants makes it unlikely that naked DNA transfer is the mechanism of intercellular
ptDNA transfer.

More likely, vehicles of cell-to-cell movement of entire plastid genomes could be
the organelles themselves. The avenue for the movement of intact organelles could be
damage to cell walls that allows for some mixing of cytoplasms in the graft junctions. A
more likely mechanism would be the transfer of proplastids via newly formed
connections between cells that are well documented at graft junctions (11). The size of

proplastids, ~1 um, is well above the size exclusion limit of plasmodesmata normally

defined by molecular mass. However, the size exclusion limit changes during
development and depends on tissue type (9, 27). We speculate that the new openings,
formed by thinning of opposing cell walls at the site of future plasmodesmata, permit
intercellular movement of proplastids. Our preferred model of intercellular plastid

transfer in graft junctions is shown in Fig. 1-6.

The Role of Cell-to-Cell Movement of Plastids.

The capacity of a plant cell to acquire organelles from a neighboring cell is a basic
biological process. Acquisition of plastids from neighboring cells may be important
because once the ribosomes are lost, translation cannot be restored, because some of the
ribosomal proteins are encoded in the plastid genome and their translation is dependent
on plastid ribosomes (23). Therefore, during certain stages of development, including
dedifferentiation associated with forming new connections in grafted tissues (11), plants
cells may allow intercellular transport of organelles. In this regard it is intriguing to note

that the redox state of plastids regulates symplastic permeability and that ectopic



expression of the proplastid-targeted GAT1 protein increased plasmodesmal size
exclusion limit (28). The functional state of mitochondria also regulates the size
exclusion limit of intercellular trafficking (29) and reprogramming of diseased
mammalian cells was associated with acquisition of functional mitochondria (5, 7). The
discovery of intercellular movement of plastids supports the universality of intercellular
organelle trafficking and calls for testing the biological significance of this process in

plants.

Horizontal Gene Transfer and Cell-to-Cell Movement of Organelles.

The formation of interspecific cytoplasmic connections and exchange of genetic material
has also been reported between parasitic flowering plants and their hosts. All interspecific
secondary plasmodesmata have been localized in thinned-wall areas at the contact
between host and parasite, which corresponds to the observations on graft unions (11).
Although horizontal gene transfer (HGT) in plant mitochondrial genomes is rampant
when a parasitic flowering plant is involved as a donor or recipient, it very rarely occurs
in plastids (30, 31). Cell-to-cell movement of plant mitochondria and the observed
massive mitochondrial fusion (14) would provide an efficient mechanism for
evolutionary gene transfer. In contrast, plastid fusion has been rarely observed under
experimental conditions (25, 32, 33), explaining the scarcity of HGT. The cell-to-cell
movement of entire plastids is restricted to closely related species, because plastid-
nucleus incompatibility prevents incorporation of entire unmodified ptDNA in a distantly
related host (34, 35). However, fragments of the incoming plastid genome may find their

way into the nucleus and mitochondria of the host.
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Applications in Plastid Genetics and Biotechnology.

Because in most species both plastids and mitochondria are maternally inherited, they
cannot be separated by crossing. Thus far protoplast fusion has been the only option to
obtain new combinations of plastids and mitochondria (12). The result is intercellular
transfer of parental plastids, but formation of recombinant mitochondrial genomes. The
protocol we report here enables combination of parental plastids and nonrecombinant
mitochondria by PGT, a significant improvement over the protoplast-based process that
yields recombinant mitochondria.

An additional application of PGT could be rapid introgression of transformed
plastids into commercial cultivars. Plastid transformation is a powerful tool for
biotechnological applications because the transgenes that are integrated into the plastid
genome are expressed at high levels, can be clustered in operons, and are not subject to
silencing (36, 37). Currently, the option is to transform the plastids in permissive
cultivars then introduce them into commercial lines by repeated backcrossing using the
commercial cultivar as a recurrent pollen parent. Based on the findings in this report,
backcrossing can be replaced in the future by graft transfer of the transformed plastids,
instantly yielding a substitution line with transgenic plastids combined with the valuable

commercial nuclear genome.

Materials and Methods
Partner P1 (Nt-pHC19) has an allotetraploid N. tabacum cv. Petit Havana (2N = 48)
nucleus with the aacCI transgene for gentamycin resistance and wild-type N. tabacum

plastid and mitochondrial genomes (38). Partner P2 (Ns-pCK2-6W2) has a wild-type
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diploid N. sylvestris TW137 (2N = 24) nuclear genome, N. undulata plastids with aadA
transgenes for spectinomycin selection and the aurea young leaf color phenotype (bar™*
gene), and N. undulata (CMS-92) mitochondria that confer cytoplasmic male sterility
(39). For grafting, the plants were grown aseptically on a medium containing Murashige
and Skoog salts and 3% sucrose (40). Grafting was carried out reciprocally in equal
numbers. Plants were regenerated from the graft junctions on RMOP shoot regeneration
media supplemented with 500 mg/L spectinomycin and 100 mg/L gentamycin (40).
Southern probing for ptDNA polymorphisms was carried out using six previously
identified polymorphic regions (16). Organellar DNA was amplified using total cellular
DNA as a template (41) and appropriate PCR primers (Tables 1-S1 and 1-S2). Primer
design for ptDNA was based on GenBank accession nos. Z00044 and JN563929; for
mtDNA, primer design was based on GenBank accession no. BA000042. The P1, P2, and
G1 plastid genomes were amplified in 34 PCRs using primers listed in Table 1-S3. DNA
sequence was determined on an Illumina Genome Analyzer II using 80-bp paired-end
(500-bp insert) library. Total leaf DNA fragments of P1, P2, G1, G3, and G4 plants were
also analyzed on a SOLiD 5500xI sequencer (Applied Biosystems) using 76-nt reads.
Reference guided assembly of the ptDNA was essentially carried out as described

elsewhere (42). Nuclear SSR markers (13) were amplified using primers listed in Table

1-S4.
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P1 G1 P2
Nucleus N. tabacum | N. tabacum | N. sylvestris
Gent ? Gent ®
Plastids N. tabacum | N. undulata | N. undulata
aadA+bar #* | aadA+bar **
Mitochon | N. tabacum | N. tabacum | N. undulata
-dria Fertile Fertile CMS

FIGURE 1-1. Phenotypes of the graft partners and the G1 graft transfer plant. (A)
Partner P1 is N. tabacum (2N = 48) with a nuclear gentamycin resistance transgene and
wild-type N. tabacum plastids and mitochondria. Partner P2 has a wild-type N. sylvestris
(2N = 24) nuclear genome, N. undulata plastids with aadA transgenes for spectinomycin
selection and the aurea young leaf color phenotype (bar ** gene), and N. undulata
mitochondria that confer cytoplasmic male sterility (CMS-92). Shown is also the G1
plant and its markers. (Black scale bar: 10 cm.) (B) Flower morphology of the P1 and P2
partners and G1 PGT plant. (White scale bar: 1 cm.)
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FIGURE. 1-2. Identification of plastid graft transfer events. (A) Grafted plant. Note that
the P2 scion shown here is green because the expression of the bar* gene is restricted to
fast-growing tissue and is sensitive to environmental conditions. (B) Selection in cultures
of 1-2-mm graft sections for gentamycin and spectinomycin resistance. On the left are
stem sections from above (P2) and below (P1) the graft and on the right from the graft
region. Note a green, proliferating callus that yielded the G4 PGT plants.
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FIGURE 1-3. SSR markers confirm N. tabacum chromosomes in the G4 plant by testing
each of the 24 chromosomes (numbered 1-24). Lanes are marked with s, G4, and t for the
P2, G4, and P1 plants, respectively (see legend of Fig. 1-1). Some markers do not amplify
the N. sylvestris template (13). White dots indicate the 200-bp fragment of the 20-bp
molecular-mass ladder.
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Gene Mitochondrial DNA Sequences
Orf125a N.t. aaaaccaat A tcataacttt 1027
N.u. aaaaccaat C tcataacttt
Gl-4 aaaaccaat A tcataacttt
N.t. gaaacgaag T ggagcgaggg 1078
N.u. gaaacgaag C ggagcgaggg
Gl-4 gaaacgaag T ggagcgaggg
(U1129b N.t. aaaaaattt A tctcttttta 100418
N.u. aaaaaattt C tctcttttta
Gl-4 aaaaaattt A tctcttttta
N.t ctttgttct G tagtctttca 100531
N.u. ctttgttet: C tagtcectttea
Gl-4 ctttgttct G tagtctttca
N.t. ctcccattt G aaagattatt 100821
N.u. ctcccattt T aaagattatt
Gl-4 ctcccattt G aaagattatt
nad4 N.t tgcac CTCCGTACAA gtgct 183637
" N.u tgcag === gtgct
Intron Gl-4 tgcac CTCCGTACAA gtgct
nad2 N.t. ttccg GCTGTTTCCG tcatt 202083
. N.u ELCeqg ===t tcatt
intron Gl-4 ttceg GCTGTTTCCG tcatt
nad>5 N.t. aagaaaaaa GA aaagtcgag 222508
i N.u. aagaaaaaa TC aaagtcgag
intron Gl-4 aagaaaaaa GA aaagtcgag
Oﬁﬁ115- N.t. ggatcagac T actcctggtg 306939
N.u. ggatcagac C actcctggtg
ccmFe Gl-4 ggatcagac T actcctggtg
spacer
Nt agcaaaact C gaacggatag 307051
N.u agcaaaact A gaacggatag
Gl-4 agcaaaact C gaacggatag

FIGURE 1-4. Identification of the source of mtDNA in the PGT plants. (A) Schematic
representation of the tobacco mtDNA master circle with the position of polymorphic
regions marked. Repeated regions are marked with boxes. (B) Mitochondrial DNA
sequence polymorphisms. (C) Map position of polymorphic sites relative to the
sequencing primers and gene features.
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FIGURE. 1-5. Identification of the N. undulata plastids in the PGT plants. (A) Identity
plots of the plastid genomes of the transplastomic P2 partner carrying N. undulata ptDNA
(u) with the aadA and bar™ transgenes (GenBank accession no. IN563930); the G1, G3,
and G4 (G) PGT plants; and the P1 partner with N. tabacum ptDNA (t) (GenBank
accession no. Z00044) aligned with the mVISTA program using a 500-bp sliding
window. Shown above the map are the positions of the DNA probes (#1 through #6) and
DNA polymorphisms (*1 through *7). (B) Plastid DNA sequence polymorphisms. For
map position, see Fig. 1-5A. (C) DNA gel blot to identify RFLP markers in ptDNA. For

probes see Fig. 1-5A.
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FIGURE. 1-6. Model for cell-to-cell movement of plastids via initial cytoplasmic
connection in graft junctions. (A) Cells at graft junction reconnect by plasmodesmata.
Arrows point to sites where opposite parts of the contact walls are synchronously thinned
(11). These are future sites of plasmodesmata. Proplastids (ovals), mitochondria (small
circles), and nuclei (large circles) are identified in scion and rootstock. Ns, N. sylvestris;
Nt, N. tabacum; Nu, N. undulata. (B) Proplastid is transferred via initial cytoplasmic
connection. (C) Transferred spectinomycin-resistant plastid takes over on selective
medium. Note that the cells derive from the bottom cell in Fig. 1-6B.
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FIGURE 1-S1. Identification of the N. undulata plastids in the PGT plants. mVISTA-
based identity plots (100-bp sliding window) showing sequence identity between
sequenced chloroplast genomes of the transplastomic P2 partner carrying N. undulata
ptDNA (u) and the aadA and bar ** transgenes (GenBank accession no. JN563930)
(Top); the G1, G3, and G4 (G) PGT plants (Middle); and the P1 partner N. tabacum
ptDNA (t) (GenBank accession no. Z00044) (Bottom) as the reference. Shown above the
map are the positions of the genes.
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TABLE 1-S1. Plastid primers for testing ptDNA polymorphic sites between N. tabacum

and N. undulata

Pair Primer Position Strand Gene Sequence

*1  12upF 12907 F atpF TCTTACTTAGAATAGGTCGTCGATTCAGCA

*1  14upR 14098 R atpF CCACTGATTTCTGCCGCTTCCGTT
rpoB-

*2  27upF 27875 F trnC ACACATTCCAACCTGCTTGAATACCA
rpoB-

*2 29upR 29210 R trnC TCTTCCGCCCCCTTCCACAACTAT

*3  48upF 48971 F trnL GAGACATTCCTCCGCTTTCAGGCG

*3  49upR 49945 R trnL TGGAACCGCTAAGGAAAGGGGGTC

*4  60upF 60806 F accD AACGGCATTCCCGTAGCAATTGGG

*4  62upR 62222 R accD GGATGAGATTGGGTCCCAGCGGAT

*S  83upF 83888 F ndhF TTTCCACCACGACGTGCATTTCGT

*S  85upR 85414 R ndhF TACAAATTGCGGGGCGTATCGACG
ndhE-

*6  11lupF 111916 F ndhG TCGGAAGAAAGGTGGGATCCGGAC
ndhE-

*6  113upR 113293 R ndhG TGGTATGGGGTCTTATCGAAGCGC
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TABLE 1-S2. Mitochondrial primers for testing mtDNA polymorphic sites between N.
tabacum and N. undulata

Pair  Primer Position  Strand  Gene Sequence

1 mt-0-F 690 F orfl25a CCCCGCCCAGTAGTGCCTCT

1 mt-4-R 4334 R orfl25a CCGCGGGCATCGCGATAAGT

2 mt-100-F 100070 F orf129b CGGCCATCCTGGTCCTCAGGA

2 mt-104-R 104811 R orf129b TGGGGACTCGCACGAGGAGG

3 mt-180-F 180316 F nad4 GGCAGGAGCGCAACGACCTT

3 mt-183-R 183813 R nad4 AGTCGGGTTGCTCACGCAGC

4 mt-201-F 201586 F nad2 TGGTGTGCTTCCTGCTCGCG

4 mt-204-R 204759 R nad2 TTTCTCCGTGCCCGTTCCGC

5 mt-222-F 222140 F nad5 AGGTGCCCGTAGTAGGCCGG

5 mt-226-R 226463 R nad5 TTGGGCTTGGCTCTGCTCGC
orfl15-

6 mt-306-F 306203 F ccmFce CACGACTCCCCCTCTCCCCG
orfl15-

6 mt-309-R 309623 R ccmFce TGCCCGATTCCCCGACCCAT
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TABLE 1-S3. Plastid primers for PCR amplification of the N. tabacum and N. undulata

plastid genomes

Pair Primer Position Strand Gene Sequence

1 OF 14 F trnH ACGGGAATTGAACCCGCGCA

1 4R 4410 R trnK CGGGTTGCTAACTCAACGG

2 3F 3704 F trnK TCAAATGATACATAGTGCGATACA
2 8R 8653 R trnS CGAATCCCTCTCTTTCCG

3 7TF 7989 F psbK GCCTTTGTTTGGCAAGCTGCTGTAAG
3 12R 12042 R atpA GGCATTGCTCGTATTCACGGTCTTG
4 11F 11052 F atpA CCACTCTGGAAACGGAGATACCC

4 16R 16791 R ps2 CTCGTTTTTTATCAGAAGCTTGTG
5 15F 15267 F atpl GATGGCCCTCCATGGATTCACC

5 20R 20888 R rpoC2 GAGGATTAATGTCAGATCCTCAAGG
6 19F 19971 F rpoC2 GATAGACATCGGTACTCCAGTGC

6 24R 24612 R rpoB GTTACACAACAACCCCTTAGAGG
7 24F 24069 F rpoCl GCACAAATTCCGCTTTTTATAGG

7 29R 29568 R ycto GCCCAAGCAAGACTTACTATATCCAT
8 28F 28849 F trnC CCAGTTCAAATCCGGGTGTC

8 34R 34493 R psbD TACCAAGGGCTATAGTCAT

9 33F 33186 F trnT GCCCTTTTAACTCAGTGGTA

9 38R 38115 R trnG AACCCGCATCTTCTCCTTGG

10 37F 37147 F trnS GAGAGAGAGGGATTCGAACC

10 43R 43484 R psaA TTCGTTCGCCGGAACCAGAA

11 41F 41267 F psaA AAGAATGCCCATGTTGTGGC

11 46R 46162 R ycf3 CCTATTACAGAGATGGTGCGATTT
12 45F 45083 F ycf3 CGATGCATATGTAGAAAGCC

12 5IR 51022 R ndhJ TTTTTATGAAATACAAGATGCTC
13 49F 49312 F trnL CGAAATCGGTAGACGCTACG

13 54R 54971 R atpE GAAGGAAGGAGACAAAAAATTGAGGC
14 53F 53776 F trnV CGAACCGTAGACCTTCTCGG

14 58R 58198 R rbcL GTAAAATCAAGTCCACCGCG

15 57F 57272 F atpB TCTAGGATTTACATATACAACAT

15 62R 62754 R ycf4 CTAATAAGAAGCCTAATGAACC

16 61F 61145 F accD GCAGGTAAAAGAGTAATTGAAC

16 66R 66664 R psbL TACTCATTTTTGTACTTGCTGT

17 65F 65219 F petA GCATCTGTTATTTTGGCACA

17 71R 71704 R clpP ACCATAGAAACGAAGGAACCCACT
18 70F 70727 F rps18 GCTCGTATTTTATCTTTGTTACC

18 76R 76301 R psbB CCCCTTGGACTGCTACGAAAAACACC
19 74F 74963 F psbB TGCCTTGGTATCGTGTTCATAC

19 78R 78846 R petB CCCAGAAATACCTTGTTTACG

20 77F 77212 F psbH TGGGGAACTACTCCTTTGAT

20 82R 82676 R ps8 CGAGGTATAATGACAGACCGAG
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22
22
23
23
24
24
25
25
26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34

81F
86R
85F
89R
88F
93R
91F
97R
96F
100R
99F
104R
103F
108R
107F
IT1IR
110F
114R
113F
119R
117F
123R
122F
128R
127F
132R
154F
IR

81880
86576
85864
89311
88062
93140
91131
97636
96469
100782
99552
104797
103454
108280
107056
111882
110672
114269
113036
119286
117227
123506
122194
128835
127391
132957
154629
1533

TSN R T8 M A N ™R TR o

pl36
ps19

rps3
YCF2
pl2
YCF2
YCF2
ndhB
trnL
rps12

oriA
rml6
23
23
ORF350
trnN
ndhF
ndhF
psaC
yct5
ndhA
ndhA
ycfl
ycfl
trnR

pl2
psbA

ATTCTACGTGCACCCTTACG
GGGCATCTACCATTATACCC
AGTCTGAAACCAAGTGGATTTATT
GAAGATACAGGAGCGAAACAATCAAC
GCTTATGACCTCCCCCTCTATGC
TCTTCTAGAGAATCTCCTAATTGTTC
CTTCGAATATGGAATTCAAAGGGATC
CTCAAACAAGCATGAAACGTATGC
GAGATTTTGAGTCTCGCGTGTC
TCACTGCTTATATACCCGGTATTGGC
GTGCAAAAGCTCTATTTGCCTCTGCC
ATCGAAAGTTGGATCTACATTGGATC
CGACACTGACACTGAGAGACGAAAGC
CGCTACCTTAGGACCGTTATAGTTAC
GAAACTAAGTGGAGGTCCGAACCGAC
AGTGGATCCCTCTTGTTCCTGTTTAG
ACAGCCGACCGCTCTACCACTGAGC
GGATCATACCTTTCATTCCACTTCC
ATTTCATCTTTGGACCAAAAACAAGC
GCTAAACAAATTGCTTCTGCTCC
GGTCAATCTTTTAGGAATAGGGTTAC
GGACTTCTTATGTCGGGATATGGATC
CTGCGCTTCCACTATATCAACTGTAC
TGAAACCTTGGCATATATCT
AATTTCGAGGTTCTTATTTACT
GACGATACTGTAGGGGAGGTC
CCATAGAATACGACCCTAAT
CTAGCACTGAAAACCGTCTT

22



TABLE 1-S4. Nuclear SSR primers. F, forward; R, reverse.

Chromosome Primer Strand Sequence

1 PT30307 F AAAGAAGCACGGTCAAATAGG
1 PT30307 R GCAACAACAAGGTGTCATGG
2 PT30242 F TGTGTACTACCGGCCTACTGC
2 PT30242 R TTCTGCTAAACCGATCGTGG
3b PT30205 F GGTCGATCCACAATTTAAACG
3b PT30205 R GCACTTGCTCCTTTGTACCC

4 PT30272 F GAACCTAACCTCGCTCCACA

4 PT30272 R AAATGGTAGCTGCGAGGAGA
5 PT30471 F GTCTGTACCTTCGCCAAAGC

5 PT30471 R TCCTCAGAGAACTCCAGCGT

6 PT30087 F CTTCTTCCTAAGCCGAGGGT

6 PT30087 R TTGATGATAGAACGCAACTCG
7 PT30138 F AGTTGCAGGATTGTTCGCTT

7 PT30138 R CGACTGCAAGAGTTGGCAAT
8a PT30167 F TGATACAGAATATGGCGAACTTT
8a PT30167 R CCGCTTCATCATTGAGGTTT

9 PT30140 F AAGATGGCATATGGGATTGG
9 PT30140 R TGAATCGGAGGAAGTGAATG
10 PT30482 F CTTCTCTCTCCACCGCAGAC
10 PT30482 R ACAGTTGGATATGGTGGCGT
11 PT30008 F CGTTGCTTAGTCTCGCACTG

11 PT30008 R GGTTGATCCGACACTATTACGA
12 PT30098 F TTGTTGCTCTCTCGAGTTCTTT
12 PT30098 R GCAGTCGACTCATTGGCA

13 PT30342 F GACAACAATCAGTAAAGGAAACGA
13 PT30342 R AATGCAAGACCCTGTCAACC
13 PT30420 F AACAAACCGCTTTCCATTCT
13 PT30420 R GAATTAGGCGCTTTGGGAAT
14a PT30175 F TTAGGCGGCGGTATTCTTAT
14a PT30175 R TATGCCTCAATCCCTTACGC

15 PT30463 F AAGCTGCCCTAGCTCAATCA
15 PT30463 R AACATCACCATTTCCACAAGTTT
16 PT30412 F CATTTAGCCGGGAACATTCA
16 PT30412 R CATGGGATACACACGCAAAG
17 PT30274 F TGACAGCTAAGCTAATAACAGTAAATG
17 PT30274 R GGACTTTGGAGTGTCAAATGC
18 PT30111 F AGCCAGCCACCAAATTTATC

18 PT30111 R GGAACATTGCTCAAGCCCTA
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19
20
20
21
21
22
22
23
23
24
24

PT30230
PT30230
PT20286
PT20286
PT30378
PT30378
PT30168
PT30168
PT30231
PT30231
PT40024
PT40024

~ mx T X ™ X ™ X ™I ™

TTTCTTTCTGTCTGATGCTTCAAT
TTGTCCATCTCACTTGCTGC
ACGCTAGAGCATCCAACA
TAGTGAAAGGCAAGCAGG
TCAAATGAGGGTTGTAGCCA
TGCAATGGCTACACAAGAAGA
TTGAACACCAATTGCGGTAA
AAATTCTTGGGTCATGGTGG
AGGAGGCGAAGAAAGAGGAG
CCCATGAATTCGTAACAGCA
AATGTCTGCCCAATCGAAAG
CGAATAACGACACTCGAACG

24
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CHAPTER TWO
Exceptional Inheritance of Plastids via Pollen in Nicotiana sylvestris

is Independent from Mitochondrial Transmission

Abstract

Plastids and mitochondria, the DNA-containing cytoplasmic organelles, are maternally
inherited in the majority of angiosperm species. Even in plants with strict maternal
inheritance, exceptional paternal transmission of plastids has been observed. Our
objective was to determine if rare leakage of plastids via pollen in Nicotiana sylvestris
results in cotransmission of paternal mitochondria. As fathers, we used N. sylvestris
plants with transgenic, selectable plastids and wild-type mitochondria. As mother plants,
we used N. sylvestris plants with the N. undulata cytoplasm, including the CMS-92
mitochondria that cause cytoplasmic male sterility (CMS) by homeotic transformation of
the stamens. We report here that cytoplasmic inheritance is maternal in the diploid
tobacco, N. sylvestris. We detected exceptional paternal plastids (ptDNA) in ~0.002% of
N. sylvestris seedlings. However, we did not detect paternal mitochondria (mtDNA) in
any of the six plastid-transmission lines, suggesting independent transmission of the
cytoplasmic organelles via pollen. We also obtained fertile plastid transmission lines,
which we found to be no more likely to transmit their plastids via pollen than their
fathers. We discuss implications for transgene containment and plant evolutionary

histories inferred from cytoplasmic phylogenies.
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Introduction

Nicotiana tabacum has been widely used as a model system in plant biology because of
the ease of regeneration from cells or tissue and facile transformation of nuclear and
plastid genomes (1, 2). However, homeologous genes in the allotetrapoloid N. tabacum
nucleus present an obstacle for mutant screening. Recently, the diploid Nicotiana
sylvestris is gaining acceptance as a replacement for N. tabacum in studies on
developmental and plastid biology (3-5). Exceptional transmission of cytoplasmic
organelles has been studied in N. tabacum (6-9), and in this study we establish V.
sylvestris as a model for the dissection of cytoplasmic inheritance.

In 1909 non-Mendelian maternal inheritance was observed for pigment deficiency
in plants, revealing that genetic information resides in the cytoplasm as well as the
nucleus (Review see (10)). Plastids and mitochondria, the DNA-containing cytoplasmic
organelles, are maternally inherited in the majority (80%) of angiosperms (11) and, in
Nicotiana, carry 112 (12) and 60 (13) genes, respectively. The exclusion of plastids from
the generative cell in pollen accounts for maternal inheritance in plants with
Lycoperisicon-type plastid inheritance (14). Therefore, transgenes that are incorporated
in the plastid genome should not normally be transmitted by pollen, providing a natural
strategy for biocontainment (8, 9). However, low-level leakage of plastids in pollen has
been reported in several species (6-9, 15-17).

We sought to characterize the parental contributions of mitochondria to V.
sylvestris plants with exceptional paternal plastids, so we used pollen donors with
selectable antibiotic resistance transgenes in their plastid genomes (Fig. 2-1). The

presence of alien (N. undulata) plastids and mitochondria in the N. sylvestris mother
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plants ensured that there would be abundant molecular markers to distinguish the
genomes of the cytoplasmic organelles. Here we report that ~0.002% of N. sylvestris F1

seedlings inherit plastids via pollen and such plants contain maternal mitochondria.

Results

Experimental Design

To screen for rare transmission of paternal plastids via pollen, we chose two selectable
transplastomic lines to serve as fathers in the cross. The Ns-RBS (4) plant carries the
aadA gene for streptomycin and spectinomycin resistance in the large single copy region
of the plastid genome (Fig 2-2A), while Ns-MSKS56 (4) carries an aadA-gfp fusion
marker gene in the inverted repeat region (Fig 2-2B). The mother plants contained the N.
sylvestris nuclear genome but plastids and mitochondria from Nicotiana undulata (18).
The CMS-92 N. undulata mitochondria cause cytoplasmic male sterility (CMS) in the
Ns-CMS92 plants by homeotic transformation of stamens (Fig 2-1A). Seeds were
collected from Ns-CMS92 plants that had been pollinated by Ns-RB8 or Ns-MSK56.
Seeds were surface sterilized and germinated on media that contained spectinomycin
(Fig. 2-1B,C). We investigated the effect of including callus-inducing hormones in the
RMOP media on our ability to recover plants with paternal plastids (Table 2-1).
Seedlings with paternal plastids had green sectors on the spectinomycin containing media
(Fig 2-1B). These sectors did not always contribute to the shoot meristem (Fig 2-1B).
When such plants emerged on callus inducing RMOP media (8), plant lines could be
recovered, while the seeds that were germinated on RM media (8) faced the additional

selection that the paternal plastids had to contribute significantly to the shoot meristem to
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enable growth (Fig 2-1C, Table 2-1). We also recovered spontaneous spectinomycin-
resistant but streptomycin-sensitive seedlings on RMOP in both maternal lineages, as
expected. We identified four NsSpc plants in 89,636 Ns-CMS92 seedlings, and four

more NsSpc plants in 123,523 seedlings with the N. sylvestris cytoplasm.

Exceptional transmission of plastids via pollen

The streptomycin and spectinomycin resistance of the NsPSpc seedlings indicated that
they carried the paternal aadA plastid transgene. We designed primers to flank seven
evenly spaced length polymorphisms that distinguish N. sylvestris (AB237912) from N.
undulata ptDNA (JN563929)(Fig 2-1, Table 2-S1). Two additional primer pairs were
designed to flank the transgene integration sites (Fig 2-2, Table 2-S1). Amplifying these
fragments from the father, mother, and resistant progeny (NsPSpc plants) revealed that
the entire paternal ptDNA was present in each of the NsPSpc plant lines (Fig. 2-2C).
Furthermore, each of the NsPSpc plants was homoplastomic, carrying a uniform

population of paternal plastids (Fig. 2-2C).

Assessment of mitochondria in NsPSpc plants

We sought to clarify the contribution of mtDNA to the NsPSpc plants by amplifying and
Sanger sequencing ten polymorphic loci that distinguish the N. sylvestris from the N.
undulata CMS-92 mitochondria. Six of these markers had been identified previously
(18) and the additional four were found by sequencing amplicons from the CMS-92

mitochondria. In each of the six NsPSpc lines, all ten markers indicated the presence of
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maternal mtDNA (Fig. 2-3). Therefore, in N. sylvestris, leakage of plastids via pollen can

create plant lines with unrelated plastids and mitochondria.

Testing for elevated pollen transmission in NsPspc plants

We considered that some plastid transmission lines could be the product of a late somatic
mutation that increases the likelihood of plastid incorporation in sperm cells. Therefore,
we repeated the screen with a fertile V. sylvestris TW 137 mother and Ns-RBS father (Ns-
7834) and in 123,523 seedlings, obtained 8§ paternal plastid transmission events. We
tested five of these NsPSpc plants for an elevated level of paternal plastid transmission.
Such a mutation would likely operate on a gametophytic level and be observable in the
F1 plants because the critical steps of pollen mitosis occur in haploid cells (14, 19). We
did not observe elevated levels of paternal inheritance in the five lines of NsPSpc plants

(Table 2-2).

Discussion

Plants with exceptional paternal plastids contain maternal mitochondria

Plastids in Nicotiana are normally excluded from the generative cells that give rise to
plant sperm cells, preventing paternal transmission (14, 20). However, rare leakage of
plastids via pollen seems universal in plants that generally display strict maternal
inheritance of the cytoplasmic organelles (16). We found a rate of plastid leakage in N.
sylvestris that is comparable to that found in N. tabacum (~0.001%) (8, 9). However, we
did not find paternal mtDNA in these plants. Earlier reports in N. tabacum have

conflicted on the inheritance of mtDNA in plants that acquired paternal plastids.
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However, these were based on Southern probing of a single region (7, 8). By identifying
and scoring ten polymorphisms that are well distributed around the mtDNA master circle
(Fig 2-3A), we were able to conclude that the NsPSpc plants contained the entire
maternal mtDNA. Since the mitochondria were not selectable, we cannot exclude limited
transfer of paternal mtDNA that was rapidly lost through sorting-out. However, the
propensity of mitochondria to fuse and recombine suggests that we could have observed
recombinant mitochondria in our NsPSpc plants if co-transfer of plastids and

mitochondria were the rule.

Underlying mechanism of exceptional plastid inheritance

The basis of exceptional inheritance of plastids could be nuclear control, as
nuclear genes have been implicated in the proper development of pollen from haploid
gametophytic tissue (19). Levels of exceptional inheritance vary between genotypes in
Petunia (21, 22) suggesting genetic control. We did not observe elevated levels of pollen
transmission of plastids in any of the NsPspc lines that had inherited plastids from their
fathers (Table 2-2). If a late somatic mutation gave rise to gametophytic tissue that failed
to completely exclude plastids, we would expect half of the pollen in each NsPSpc F1
line to carry the same mutation. Since none of the tested lines exhibited detectibly higher
levels of paternal transmission, we conclude that the transmission of plastids via pollen
that we observed in N. sylvestris was due to a chance or stochastic event, rather than a
heritable spontaneous mutation. The level of containment afforded by plastid localization
is therefore so high that even if a non-transgenic field were completely pollenated by a

transplastomic parent, the seed would be far from reaching the 0.9% transgenic threshold
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that triggers labeling in Europe (23). Furthermore, while half of the pollen of a hybrid
plant with an escaped nuclear transgene can carry the transgene further, we found that
strict maternal inheritance is maintained for chloroplasts in N. sylvestris plants that

acquired exceptional plastids via pollen.

Implications for the interpretation of plant evolutionary histories

Molecular phylogenies based on plastid and nuclear markers are occasionally
incongruous (24), suggesting the existence of chloroplast capture (25), a mechanism for
the horizontal transfer of entire chloroplast genomes (26). Our finding that plastids can
be transmitted via pollen, independently of mitochondria in N. sylvestris, suggests the
potential for further phylogenic inconsistencies that would become apparent when

comparing mtDNA-derived trees with those based on ptDNA.

Materials and Methods

The mother plants were wild-type N. sylvestris cv. TW137 or Ns-CMS92, an N. sylvestris
TW137 plant with plastids and mitochondria from N. undulata (18). The father plants
were Ns-RB8 or Ns-MSK56, which carry aadA transgenes for streptomycin and
spectinomycin resistance in their N. sylvestris plastid genomes, and have N. sylvestris
nuclei and mitochondria (4). Hybrid seed were collected, surface sterilized, and sewn on
selective RM or RMOP media (Table 2-1) (8). Green, streptomycin-resistant shoots or
calli were isolated and subcultured on selective RMOP to generate the NsPSpc plants.
Total cellular DNA was isolated from greenhouse grown leaf tissue (8). Plastid DNA

markers were amplicons spanning indels that distinguish N. sylvestris from N. undulata
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ptDNA (Table 2-S1). These amplicons were visualized with 5.5% polyacrylamide gel
electrophoresis. Amplicons spanning transgene integration sites were visualized in 1.0%
agarose. Mitochondrial DNA markers were amplicons that were Sanger sequenced to

reveal SNPs or short indels that identify the N. undulata CMS92 mtDNA (Table 2-S2).
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(a) Mother Father
Plastid: N.u.-SpecS N.s.-SpecR
Mitochondria: N.u.-CMS N.s.-Fertile

FIGURE 2-1. Detection of exceptional paternal cytoplasmic inheritance in Nicotiana
sylvestris. (a) Crosses to screen for NsPSpc plants with paternal plastids. Genotypes of
mother (Ns-CMS92) and father plants (Ns-RB8 and Ns-MSK56) are shown. (b)
Identification of a spectinomycin resistant NsPSpc seedling with paternal plastids
confined to a sector that will not normally contribute to the meristem. (c) Identification
of an NsPSpc seedling in which paternal plastids have contributed significantly to the
meristem, permitting normal growth on selective media, while siblings with maternal
ptDNA are bleached.
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FIGURE 2-2. Plastid DNA markers in NsPSpc plant lines. Alignment between the
maternal N. undulata plastid genome (JN563929) and (a) Ns-RBS8 or (b) Ns-MSK56
plastid genomes indicates the location of the aadA transgene and seven length
polymorphisms (1-7). (c) Length polymorphisms of amplified ptDNA fragments from
father, mother, and NsPSpc plants. For primer sequences see Table S1.
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(a) (b)

1 5 Locus | Mitochondrial Sequence
orf125a N.s. aaaaccaat A tcataacttt
1017 N.u. aaaaccaat C tcataacttt

PSpc aaaaccaat C tcataacttt

Nicotiana
mtDNA

N.s. gaaacgaag T ggagcgaggg

8 1068 N.u. gaaacgaag C ggagcgaggg
PSpc gaaacgaag C ggagcgaggg

5 atpé’_ N. t. ttagacagg T tgactccttt

(C) 7 6 orf110a N.u. ttagacagg G tgactccttt

30671 PSpc ttagacagg G tgactccttt

30744 N.s. gtatcgaac G agcccctatc
) N.u. gtatcgaac A agcccctatc
A

PSpc gtatcgaac agcccctatc

> %% < orf129b N.s. aaaaaattt A tctcttttta

2 100408 N.u. aaaaaattt C tctcttttta
PSpc aaaaaattt C tctcttttta

N.s. ctttgttct G tagtctttca

>kkk < 100521 N.u. ctttgttct C tagtctttca

3 PSpc ctttgttct C tagtctttca
N.t. ctcccattt G aaagattatt

100811 N.u. ctcccattt T aaagattatt

PSpc ctcccattt T aaagattatt

4 >% <
orf315 N.s. gggtctcct C tttctcgtcce
131766 N.u. gggtctcct A tttctcgtcc

PSpc gggtctcect A tttctcgtcc

> A <

5 I I ] : nad4 N.s. tgcac CTCCGTACAA gtgct
H N.u. tgcac —-===—=——--- gtgct
]_Ig;rggnz PSpc tgcac —-—-—-=—————-- gtgct

6 >A < had? N.5. Ttccg GCIGTTTCCE Toatt
H N.u. ttccg =========-- tcatt

S L
0206
nadbs N.s. aagaaaaaa GA aaagtcgag
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7 intron I.u. aagaaaaaa TC aaagtcgag
l 222498 PSpc aagaaaaaa TC aaagtcgag
orf115- N.s. ggatcagac T actcctggtg

N
N.u. ggatcagac C actcctggtg

> k% <

8 ggg;’;g PSpc ggatcagac C actcctggtg
* N.s. agcaaaact C gaacggatag
307041 N.u. agcaaaact A gaacggatag

9 > %k < PSpc agcaaaact A gaacggatag
trnS- N.s. aaaactttt TC aaaagtatt

N.u. aaaactttt GA aaaagtatt

trnE g
328122 PSpc aaaactttt GA aaaagtatt

10 orf159b- N.s. agccagctg CT tgccccett
nad7 N.u. agccagctg AC tgccccctt
361016 PSpc agccagctg AC tgccccctt

FIGURE 2-3. Mitochondrial DNA markers in NsPSpc plants lines. (a) The Nicotiana
mtDNA master circle showing the location of the ten selected polymorphisms. The
black, white and grey boxes mark the repeat regions. (b) Alignment of mitochondrial
sequence for paternal (N.s.), maternal (N.u.) and six NsPSpc plant lines (PSpc). (c)
Diagram of mtDNA marker loci showing gene features and primer locations. For primer
sequences see Table 2-S2.




TABLE 2-1. Paternal ptDNA transmission in N. sy/vestris detected by selection for

spectinomycin resistance.

Pollen No. of No. and % of ptDNA

donor Protocol seedlings transfer events

Ns-MSK56 RM 63,268 0 0.00000%
Ns-MSK56 RMOP 31,090 1 0.00322%
Ns-RB8 RM 94,619 3 0.00317%
Ns-RB8 RMOP 58,546 2 0.00342%
Total 247,523 6 0.00242%
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TABLE 2-2. Paternal ptDNA transmission in NsPSpc lines detected by selection for
spectinomycin resistance.

Pollen donor No. of seedlings No. green seedlings on RMOP-Spec500

NsPSpcll ~5,600 0
NsPSpcl2 ~1,460 0
NsPSpcl8 350 0
NsPSpcl9 1,125 0
NsPSpc21 ~4,600 0




TABLE 2-S1. Primers flanking length polymorphisms that distinguish Nicotiana
undulata ptDNA (JN563929) from Nicotiana sylvestris (AB237912) and confirm

transgene integration

Primer Locus Gene Sequence

6pLF 6273 r1psl6-trnQ TGGTTGGGCTGATGTATAAACACCA
6pLR 6375 AGCGATGGGGTCTTACTAAAGAAA
31pLF 31438 psbM- TCATTCCCCTTTCTAAGAGGAGTAGGATCT
31pLR 31522 -trmD TTTTGGTATAGGTGTCCCGGGGCT

53pLF 53279 ndhC-trnV  TGTGCTTCGCTAGGTCGAGGTAAGT
53pLR 53462 CAAATCATTTCACGGGCCTGGTGA
74pLF 74199 clpP1 TCTAAACGGAGCCTGGATACTTCA
74pLR 74332 intron TGGAGCGTGAAGTGCAATTAGATCCA
88pLF 88774 trnl-ycf2 ~ TAGCGGGGATCCTCGTACATGGTG
88pLR 88895 TGTCCTCTCATTGATTCCTCCTAAATTGC
104pLF 104880 trnlintron TGGACAGCTATCTCTCGAGCACAGG
104pLR 104976 GGGGCGATCTCGTAGTTCTTGGTCT
125pLF 125501 rpsl15-yefl TTTCCCCTTTCTTTATTTTACAGATATGGA
125pLR 125583 ACCACGTTCAAATTACTGGCATTA

65.8F 65836 RB8-aadA CCCTTTACCTTACCCCCACCCCC

66R 66664 TACTCATTTTTGTACTTGCTGT

102nutF 102261 MSK56-  AACTCCAGTTCCTTCGGAATCGGT
103nutR 103394 -aadA-gfp CACCGGAAATTCCCTCTGCCCCTA

41
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TABLE 2-S2. Primers to distinguish Nicotiana undulata CMS92 mitochondrial DNA
(mtDNA) from Nicotiana tabacum/sylvestris (BA000042) by Sanger sequencing

Primer Locus Sequence

OmuF 670 AGAAGCTGTGATCGAGGAAGCCCC
ImuR 1963 GCTCTGAAGGGAGAGTTGAGCGGA
30muF 30429 TTGCCCGAGTAGGGGAAGGGATTG
31muR 31810 TCGTTTCGGGCCGATGAAGTACCT
100muF 100029 GCTTCGATGATCAACCCCTGGCAC
10IlmuR 101468 CCAAATACAAGGGAGCGGGCACTG
13ImuF 131632 ATCAGAAGCATCCAGCAGCACCAC
132muR 132932 GCTCTGCTGCATGACGGAGTGATC
183muF 183262 ACCCGACCAGGGATGGACGTAAAC
184muR 184522 AGGTGCCTCTACATGAGCTTCGGG
20lmuF 201780 CGCCTGGAAGTCCGAGGACCTTTA
203muR 203065 CTCCGAAAGCGTTTTCCTTCCCCC
222muF 222229 CGTACGTGGAGCTTCCGCCTCATA
223muR 223505 GGGCCTGCCCTTTTGCTAGCTTTT
306muF 306541 TGTATCACCGAGACACCCGAAGGG
307muR 307907 CGGATCGAATCAGAGTTCACGCCG
327muF 327868 AGTTGCTCTTTGCCCAAAGCCCTC
329muR 329117 TGTTAGGCATTGAACCCCACCCCA
360muF 360645 GCCATTGGTTACTGGTTGAGCCAC
36lmuR 361983 GATGTCGTGACCGCTTAGGCTTGG
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CHAPTER THREE

Mix-and-Paste Replication of High-Copy TNT1 LTR-Retrotransposons

Abstract

Our objective was to experimentally determine if related high-copy elements
interact during retrotransposition. To enable detection of template-switching events, we
introduced silent mutations to the gag-pol gene of our synthetic 5334-bp S-TNT1,
including an 831-bp codon-shuffled ‘patch’ that could be used to distinguish S-TNT1
from the hundreds of endogenous TNT1-like elements in the Nicotiana sylvestris
genome. S-TNT1 was introduced on a T-DNA linked to a kanamycin resistance gene.
We generated 101 kanamycin resistant plants that contained the T-DNA copy of S-TNTI.
Of these, 47 plants contained one or more S-TNT1 transpositions. In three of four
insertion events, S-TNT1 interacted with native N-TNT1 elements to produce
recombinant insertions. The distinct LTRs and evidence of multiple recombination
points within the gag-pol gene revealed a mixed history. One non-collinear, but micro-
homology-directed recombination produced a 389-bp deletion and a “dead-on-arrival”
nonautonomous element. Surprisingly, two of the new insertions had non-identical
LTRs, with the 5’LTR shorter than the 3°’LTR. We can best explain our observations by
dimerization and co- packaging of N-TNT1 and S-TNT1 gRNA in the cytoplasm,
followed by template- switching during synthesis of a single hybrid minus-strand DNA,
with occasional homology-directed slippage during plus-strand strong-stop DNA
synthesis, which we term the “mix-and-paste” pseudodiploid mating system for LTR-

retroelements. Identification of one essentially unchanged S-TNT1 insertion indicates
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that homodimerization is also occurring and suggests that our S-TNT1 transcript made up
a significant fraction of the transposition competent TNT1 gRNA mating population.
Our study indicates that retrotransposon mating is a major source of diversification of

high- copy retrotransposons.

Introduction

Long terminal repeat (LTR) retrotransposons are among the repetitive and self-
replicating sequences termed “selfish DNA” that make up the majority of eukaryotic
chromosomes (1, 2). Variation in plant genome size is largely a function of repetitive
DNA content: the compact 125-Mb Arabidopsis nuclear genome is only 14% (3), while
the 2.3-Gb Zea mays nuclear genome is 85% transposable elements (4). In Arabidopsis
the genome contains only 1594 LTR-retrotransposons (3) while the 406 families in Zea
mays make up 75% of the genome (4). The remarkable variation between modern maize
haplotypes was produced in part by an explosion of retrotransposition (5). Plant
retrotransposons can be activated by polyploidization (6, 7), microbial attack (8) and
tissue culture (9, 10). Retrotransposons accumulate in host genomes due to their
canonical “copy-and-paste” life cycle, beginning as DNA in the host genome that is
transcribed to mRNA, which is then reverse-transcribed via the self-encoded gag-po!
protein apparatus to generate the progeny DNA insertion. Retrotransposons are present
as large families with variation in both LTR and coding sequences (11). Historic
insertions are dated by comparing the LTRs of a retroelement and assuming that all
substitutions have accumulated randomly since integration (12).

Retrotransposon insertions are purged from the host genome over evolutionary time
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by direct repeat-mediated deletion, producing solo LTRs and counterbalancing the
genomic expansion produced by retrotransposition (13). Direct-repeat mediated deletion
between adjacent integrated LTR-retrotransposons has been invoked to explain
apparently recombinant retrotransposons in the Zea mays genome (14). Recombination
between adjacent insertions in the host genome was proposed to generate progenitor
hybrid retroelements that would then undergo a burst of retrotransposition (14). In
contrast, apparently recombinant retrotransposons in soybean chromosomal sequence
were explained by template switching during reverse-transcription rather than by host
genome rearrangement (15). Template switching was also used to explain LTR-
swapping for a synthetic mini-TNT1 that lacked the gag-pol gene (16). Template
switching is consistent with what is known about replication of low-copy
retrotransposons and animal retroviruses. The low-copy Tyl LTR-retrotransposon of
yeast was shown to package two copies of its transcript in a virus-like particle where
template switching during reverse transcription could produce recombinant Tyl progeny
(17, 18). Frequent recombination during reverse-transcription is also known for co-
packaged animal retroviruses (19), in which a pseudodiploid mating system is recognized
(20). However, the plant genome sequence-based studies could not conclusively identify
the lineage of an individual high-copy retrotransposon, because the specific parental
retroelements may no longer exist or may have numerous indistinguishable relatives. Our
objective was to experimentally determine if high-copy endogenous LTR-
retrotransposons undergo a simple “copy-and-paste” life cycle or one that includes co-
expression, co-packaging and recombination. We designed a synthetic, full length S-

TNT1 element based on the originally described TNT1 LTR-retrotransposon from
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tobacco (21). We introduced silent mutations to the gag-pol gene, including an 831-bp
‘patch’ of silent mutations in the RNaseH region that reduced homology with the wild-
type sequence by 34.8%, so that we could distinguish S-TNT1 from the hundreds of
native N-TNT1 elements that are endogenous to Nicotiana sylvestris, a diploid tobacco
species (22). S-TNT1 was introduced to N. sylvestris by selection for a kanamycin
resistance gene encoded on the same T-DNA. We report here that some of the kanamycin
resistant plants contained one or more transposed copies of S-TNT1, in addition to the T-
DNA encoded copy. We characterized four S-TNT1 insertions in detail. Three of these
contained swapped LTRs and recombinant gag-pol coding sequences. The fourth
insertion was nearly identical to the progenitor element, suggesting that the S-TNT1
transcript was sufficiently abundant to homodimerize or that template switching may not
always occur in the pseudodiploid state. Our study indicates that mating is a major
source of diversification of high-copy retrotransposons, producing hybrid retroelements
with mixed histories. Furthermore, co-packaging and template switching suggests a

mechanism for retroelement acquisition of genes.

Results

The S-TNT1 Retrotransposon.

A full length 5334-bp S-TNT1 retrotransposon was designed based on the TNT1
retrotransposon sequence from Nicotiana tabacum (X13777), including the flanking 100
bp of the nia2 gene insertion site and ‘GAAGT’ target site duplication (21). Silent
mutations were introduced to the TNT1 coding region to add and remove several

common endonuclease-binding sites (Fig. 3-S1). Also, we re-ordered synonymous
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codons in a 831-bp stretch of the gag-pol gene to reduce homology in this region by
34.8% without changing the length, amino acid sequence, or overall codon usage. Our S-
TNT1 would therefore be classified as an autonomous element by standard nucleotide
sequence analysis because it contains an uninterrupted open reading frame encoding a
wild-type gag-pol protein. The S-TNT1 element was cloned into a pPZP212 binary
vector (23), in opposite orientation to a neophosphotransferase (npt/l) kanamycin
resistance gene. T-DNA borders flank the S-TNT1 and nptll genes, defining the transfer
cassette (Fig 3-1A). This construct, pPGBT7, was introduced to Agrobacterium virulence
strain EHA 101, which was used to transform tissue of N. sylvestris. We generated 101

independent transgenic plants from leaf explants and root-derived calli.

Retrotransposition of S-TNT1 During Agrobacterium-mediated transformation.
We expected some of the kanamycin resistant plants, which contained copies of S-TNT]1
linked to the T-DNA, to contain transposed copies of S-TNT1. We used Southern
probing for the codon-shuffled patch to identify the number of S-TNT1 transpositions. S-
TNT1 elements that are flanked by the T-DNA right border could be recognized as a
2.4kb fragment upon Dral digestion, but transposed S-TNT1 elements were at variable
distances from genomic Dral sites (Fig. 3-14). As predicted, the probe did not hybridize
noticeably with endogenous TNT1 elements but clearly identified the codon-shuffled
patch in our transgenic plants allowing us to easily count the number of transpositions per
line (Fig. 3-1B).

Using this protocol, we found transposition in about a third of the transformed lines

derived from roots or leaf explants. We found a total of 21 retrotransposition events in
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the 42 plants, with no more than three transpositions in a single plant (Fig. 3-1B8,C). To
increase the frequency of transposition, we included inhibitors of epigenetic silencing in
some of the regeneration media. However, neither 5-azacytidine (AzaC), an inhibitor of
DNA methylation (Fig. 3-1C)(24) nor sodium butyrate (NaB), which inhibits histone
deacetylation (25), significantly increased the frequency of transposition (Fig. 3-1C). In
total we obtained 101 kanamycin resistant plants, of which 47 contained new
transposition events.

Since tissue culture regeneration of Medicago truncatula was shown to trigger a
burst of TNTT1 retrotransposition (10), we chose a plant, Ns-7834 (Fig. 3-1B, lane 2), with
two T-DNA and three transposed copies of S-TNT1, for regeneration. Seeds, leaf and
root tissue of Ns-7834 were placed on RMOP media (26) and new plants were
regenerated. Plant regeneration alone, or inclusion of AzaC and NaB in some of the
media, did not lead to reactivation of the S-TNT1 element in any of the studied 107 lines
(Fig. 3-S2 and Table 3-S1). Also, we did not observe direct-repeat mediated excision or
recombination of any of ~500 integrated S-TNT1 elements in the independently
regenerated plants (Fig. 3-S2 and Table 3-S1). Therefore, S-TNT1 can transpose during
Agrobacterium-mediated transformation of plant tissue but is not rapidly purged from the

host genome.

S-TNT1 generates a S-bp Target Site Duplication.
Integration of TNT1 results in the production of a characteristic 5-bp target site
duplication (21). To verify de novo retroelement movement, we employed inverse PCR

(27) with nested primers in the S- TNT1 ‘patch’ to capture the 3’LTR and flanking
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genomic sequence of transposed S- TNT1 insertions (Fig. 3-14, and Table 3-S2). The
downstream sequence was used to locate reads in the Methyl-filtered Tobacco genome
(Table 3-S3) [http://www.pngg.org/tgi]. These reads were used to design primers to
sequence the upstream genomic sequence and the full length of four transposed S-TNT1
retroelements (Table 3-S4). Sequencing the adjacent genomic sequence confirmed the
generation of the 5-bp duplication at the site of insertion, each of which was different
than the nia2 duplication (Fig. 3-2, Fig. 3-S1)(21). The upstream and downstream
primers were used to sequence each locus in the wild type N. sylvestris genome,
confirming the absence of a pre-existing TNT1 insertion at each site (Fig. 3-S1). Of the
insertion events characterized in this way, one (ST-3/4) was located in the coding region
of a gene (Table 3-S3). These observations are consistent with integrase-mediated

retrotransposition of S-TNT1 in the N. sylvestris genome.

LTR-Swapping with Endogenous Elements During Minus Strand Synthesis.

The “copy-and-paste” mechanism of retrotransposon replication implies that the
sequence of a new insertion will be copied from the progenitor element. Only one (ST-
3/3) of the four S-TNT1 3’LTRs matched this expectation (Fig. 3-3). However, a host
genome with a diverse high-copy retrotransposon population should provide an
opportunity for LTR swapping during reverse-transcription if related elements dimerize
and are co-packaged. The other three 3’LTRs were very similar to those of P23-like
members of the TNT1-A1 subfamily of retroelements which contain four, rather than
three, 27-28-bp BII repeats and lack the characteristic irregular spacer of the S-TNT1

LTR (Fig. 3-3)(28).
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Homology Directed Recombination in gag-pol.

LTR swapping indicated heterodimerization between S-TNT1 and endogenous elements
in three of the four insertions. Therefore we investigated if template switching during
minus strand extension would also produce recombinant gag-po/ coding sequences. By
comparing sequences of each inserted element, a wild-type element, and the progenitor S-
TNT1 element, we can infer two (ST-3/4 and ST-4/4) or three (ST-1/4) recombinations
within the 4-kb coding region between S-TNT1 and distinct endogenous TNT1
retrotransposons (Fig. 3-2, Fig. 3-S1). The sites of these recombinations were within
homologous regions between S-TNT1 and the native TNT1 (Fig. 3-S1).

In a sample of 37 plants, that contained transpositions, we identified one plant (Ns-
3A119) with a recombinant S-TNT1 ‘patch.” The unusual retroelement was identified by
the loss of a restriction site in fragments amplified from the patch. This retrotransposon
(ST-3/4) contains 242-bp of our patch and 200-bp of wild-type gag-pol sequence that
could only come from an endogenous TNT1 element because it is absent from the S-
TNTI element. When the sequences are aligned, it is clear also that 389-bp is missing
from either template. There is, however, a 7-bp homology between the sequences at the
site of recombination. The sequence “ATATGGC” appears at position 4394 of the wild-
type TNT1 element (X13777) and at position 4005 of the S-TNT1 element (Fig. 3-S1).
The resulting insertion is “dead-on-arrival” and sequence annotation would identify ST-
3/4 as a non-autonomous element. We infer that ST-3/4 derives from recombination
between two members of the TNT1 family of high-copy retrotransposons, one synthetic
and the other native, via template switching during minus strand cDNA synthesis (Fig. 3-

4).
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Non-identical LTRs may form during plus strand strong stop DNA synthesis.

The 5’LTR of new retroelements is assumed to be templated from a single minus strand
DNA that already contains the 3’LTR sequence, ensuring the identity of LTRs at the time
of insertion. Two of the insertions that we fully sequenced had nearly identical 5° and
3’LTRs, as expected. One of these (ST-3/3) had LTRs with three BII repeats and the
characteristic irregular CCTTG-spacer of S-TNT1 while another (ST-4/4) had matching
LTRs with four BII repeats (Fig. 3-2, 3-3).

Contrary to this expectation, the other two retroelements had different LTRs. The
5’LTR of ST-1/4 contains only one BII repeat and the 5’LTR of ST-3/4 has three,
although both have 3’LTRs with four Bll-repeats (Fig. 3-2, 3-3). The smaller number of
BII repeats in the 5’LTRs suggested that the reverse-transcriptase may illegitimately

advance through repetitive sequence during generation of the 5’LTR resulting in deletion.

Discussion

Mix-and-Paste Mating System of the TNT1 Retrotransposon.

We report here that the plant TNT1 life cycle shares the major features of animal
retroviruses and the yeast Ty1 retrotransposon including dimerization of two gRNAs to
produce one hybrid minus strand DNA which templates its own 5’U3-LTR and plus
strand DNA (17, 20). The most important determinant of retroviral recombination is
dimerization and co-packaging within a single particle. Some retroviruses, like MMLV,
appear to recombine less frequently than HIV, however this difference is not due to

increased processivity of the MMLYV reverse-transcriptase, but is due to preferential
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dimerization between identical gRNAs (29). Dimerization between two MMLV gRNAs
occurs in the nucleus near the site of transcription which increases the likelihood that the
pseudodiploid genome of MMLYV is completely homozygous and that recombination
would go unnoticed (29). For HIV, dimerization occurs in the cytoplasm in stochastic
ratios between diverse gRNAs with compatible “kissing-loop” structures. Therefore the
selectivity and location of dimerization is an important determinant of the mating system
of LTR-retroviruses (20).

Since three of four new S-TNT1 retrotransposons in our study were hybrids (Fig. 3-
2, Fig. 3-S1), we believe that the life cycle of TNT1 is more consistent with HIV than
MMLV, with dimerization and copackaging likely occurring in the cytoplasm. The
exception, ST-3/3, which is identical to the progenitor S-TNT1, indicated that
homodimerization is also occurring (or template switching is not obligatory) and
suggested that our S-TNT1 transcript made up a significant fraction of the transposition
competent TNT1 gRNA mating population.

Three of the four new S-TNT1 retroelements contained endogenous sequences that
evidence LTR-swapping and recombination within the gag-po/ gene during replication.
One of these (ST-4/4) had identical LTRs of endogenous origin suggesting that the
5’LTR was templated from the 3’LTR contained in a single hybrid minus strand DNA.
The other two had shorter 5’LTRs than 3’LTRs, which we interpret as the product of
illegitimate advancement of the reverse-transcriptase during plus strand strong stop DNA
synthesis (Fig. 3-4D). All three contained multiple recombinations within the gag- po/
coding sequence (Fig. 3-2, 3-S1). Dimerization and recombination during replication

have not been normally considered stages in the TNT1 life cycle (30, 31) although there
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has recently been a report of LTR-swapping between a mini-TNT1 that lacked the gag-

pol gene and an endogenous TNT1 in N. tabacum protoplasts (16).

Mutation During Retrotransposition and the Evolutionary Clock.

Polymorphisms between pairs of LTRs are used to estimate evolutionary dates because
nucleotide substitutions are assumed to accumulate randomly after insertion (12). We
compared the pairs of LTRs from the four retrotransposons in the MEGA 5.05 program
(32) and observed that estimates of LTR divergence were sensitive to the quality of
alignment. Using the default settings, the ST-1/4 LTRs are calculated to have 0.045
substitutions per site and appear 3.5 million years old (MYA) (12, 32, 33). Relaxing the
Clustal W multiple alignment gap extension penalty from 6.66 to 4.44 produced an
alignment with a single gap, that produced a substitution rate estimate of 0.0 and a 0.0
million year age, because the program only considers substitutions and ignores deletions.
Regardless of alignment parameters, ST-3/3 and ST-4/4 appear to be “recent” (0.0 MYA)
insertions. The fourth retrotansposon, ST-3/4 would appear to be 1.0 MY A, because the
~600-bp LTRs differ by six SNPs (Fig. 3-S3). Therefore, sequence polymorphisms that
can be produced during retrotransposition are a potential source of error when inferring

evolutionary dates from high-copy LTR-retroelements.

Evolution of Retroelements.

The fully sequenced Zea mays genome contains 180 LTR-retrotransposons that harbor
additional genes that were captured from the host by an unknown mechanism (4). Some
animal retroviruses are known to have captured host oncogenes through the chance entry

of a host mRNA to a virus particle followed by template-switching during reverse
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transcription (34). Accordingly, “mix-and-paste” replication of plant high-copy
retrotransposons could provide a mechanism for acquisition of host genes. A possible
route for gene capture could be read-through transcription as reported for TNT1 (35).
These transcripts would contain both the compatible “kissing-loop” structure required for
efficient incorporation in a TNT1 virus-like particle and additional host genetic sequence.
Expressed populations of endogenous retroelements are thus sampling the host sequences
downstream of their integration sites for novel contributions to their “mix-and-paste”

pseudodiploid genetic system.

Materials and Methods

Transformation of Nicotiana sylvestris TW137 leaf explants was basically preformed as
described for Nicotiana tabacum (36). Root tissue was precultured on RM media (36)
supplemented with 1-mg/L 2,4-D, 0.1-mg/L NAA, and 0.05-mg/L BAP to induce callus
prior to Agrobacterium co-culture and transformation. Resistant plants were regenerated
on RMOP media (36) containing 200-mg/L kanamycin, alone or with 100-mM AzaC or
10-mM NaB. Various concentrations and combinations of the inhibitors of epigenetic
silencing were added to the RMOP media used to regenerate plants from selfed-seed, leaf
and root tissue from the primary transformant Ns-7834 as shown in Table S1.

Total cellular DNA was CTAB isolated (37) from greenhouse grown leaf tissue
from individually transformed or regenerated plants. Southern blots were carried out
using an 824-bp BstEII-Pstl S-TNT1 patch-specific probe after overnight Dral digestion
of 10ug of DNA. Inverse PCR (27) began with 2-hr digestion of 600ng DNA by Dral,

Spel, or Nhel (Fig. 3-14) followed by overnight ligation in a large volume (200uL).
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Nested amplification with patch-specific primers was carried out beginning with 2.5uL of
the ligation (Table 3-S2). The products of nested PCR were Sanger sequenced. The Ns-
3A119 plant containing the ST-3/4 element was identified by Pstl digestion of amplicons
generated with 3U3F1 and 3U3R1 primers (Fig. 3-S1, Table 3-S4). The undigested
fragment observed in Ns-3A119 was Sanger sequenced and specific inverse PCR primers
were designed (Table 3-S2). Once the downstream sequence was known for each
retrotransposon, reads from the Methyl-filtered Tobacco genome (Table 3-S3)
[http://www.pngg.org/tgi] were used to aid design of upstream and downstream primers
(Table 3-S4). The studied retrotransposons were fully Sanger sequenced from amplicons
that were anchored with primers in the S-TNT1 specific patch and flanking genomic
sequence (Table 3-S4). Each locus was also amplified and Sanger sequenced from wild-

type N. sylvestris-TW137 (Fig. 3-S1).



58

|

V Retrotransposition

Spel Dral Nhel
< <> >

Root Leaf Leaf Leaf
Calli Explants +AzaC +NaB

15 i 20 14 8

5 2
2 11 I:Iz I:I
LLOe HEoE Hilfm Lo
0123 0123 0123 0123

Number of Transpositions per Transformed Line

Number of Lines
w

FIGURE 3-1. S-TNTT1 is active during Agrobacterium-mediated transformation. (4)
Diagram of S-TNT1 element in the T-DNA cassette and after retrotransposition into the
N. sylvestris genome. The striped region represents the codon-shuffled patch of low
homology between S-TNT1 and endogenous TNT1 retrotransposons. (B) Southern blot
using the codon-shuffled region of S-TNT1 as a probe, showing the 2.4-kb fragment
derived from the T-DNA (arrow) and transposed copies of S-TNT1. Each lane
represents an independently transformed line. (C) Histograms showing numbers of
transpositions in primary transformants. Abbreviations: LB, left border; T, terminator;
nptll, neophosphotransferase gene; 35S, promoter sequence; nia2, 100-bp of nia2 gene;
U3, R, U5, regions of the long terminal repeat (LTR); gag, encapsulation protein; pr,

protease; int, integrase; rt, reverse-transcriptase; rn, RNAseH; RB, right border; AzaC, 5-
azacytidine; NaB, sodium butyrate.
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FIGURE 3-2. Newly transposed S-TNT1 retrotransposons have mixed histories. The S-
TNTI1 and a native TNT]1 retrotransposon, symbolizing the hundreds of endogenous
elements, are shown in blue and red, respectively. The four fully sequenced S-TNT1
progeny are depicted to show LTR-swapping, hybrid gag-po! sequence and flanking host
genome sequence including the target site duplication (capitalized). Numbers in the U3
region indicate the number of Bll-repeats. The striped patch represents the region of low
homology between S-TNT1 and native retroelements. (See also Fig. 3-S1.)
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FIGURE 3-3. Alignment of U3 regions reveals LTR-swapping between S-TNT1 and
endogenous syl3-AJ228020-like elements (21) and slippage during plus strand strong
stop DNA synthesis. Note the variable number of Bll-repeats (in magenta) and lack of
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the irregular CCTTG spacer (in yellow) in some LTRs relative to the progenitor S-TNT1

LTR. Gaps (in green) are shown with ‘- and identical residues are shown as dots.
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FIGURE 3-4. Mix and paste replication to produce the ST-3/4 S-TNT1 element. (4)
Double- stranded DNA retrotransposons are transcribed from the R-region of the 5’LTR.
A native element is shown in red, with 4 BII repeats in its U3 region. The S-TNT1
element with 3 BII repeats is blue. (B) Two distinct gRNA co-package within a virus-
like particle. The strong stop (-) DNA is primed by a host tRNA at the primer binding
site (PBS). The RNaseH activity of the reverse-transcriptase degrades the copied
template, marked by “X”. The first obligate transfer of strong stop DNA moves the
strong stop (-) DNA to the 3’ end of one gRNA. (C) Template switching occurs during
extension of the minus strand DNA generating a deletion and multiple recombinations.
Deletion is symbolized by a gap on the right. (D) Synthesis of the strong stop (+) DNA is
primed from the poly- purine tract (PPT). A deletion (A) occurs to produce an LTR with
fewer Bll-repeats. The second obligate transfer moves the strong stop (+) DNA to the
3’end of the minus strand DNA. (E) Final extension of minus and plus strands creates a
complete double stranded progeny retrotransposon. Note that the 5°U5 region is shown
in purple because each DNA strand derives from a different template.
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FIGURE 3-S1. Sequence of S-TNT1 and newly transposed S-TNT1 retroelements.
Multiple alignment of the S-TNT1 retroelements reveals multiple recombinations within
coding sequence with endogenous TNT1 elements. The top line is a native TNT1
(X13777) (20) sequence, the second line is S-TNT1. Blue highlighting shows nucleotides
that evidence input from S-TNT1 while red suggests input from one of the hundreds of
native TNT1s. Green shows intervals in which a recombination occurred between S-
TNT1 and a native TNT1 element. Numbering indicates nucleotide position in each
retrotransposon, ignoring the length of flanking sequences. Abbreviations: TSD, target
site duplication; LTR, long terminal repeat; PBS, primer binding site; ATG, start codon;
PPT, polypurine tract.



X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

5'genomic sequence

AGTTAAGAGCAATAAACCATGGAAACAGGCCAGAGATTATGATCCTCGTTTCCTAATTAA
AGCCTAGTTAAAAATTATGTATTCTAACGGGAAGGCTGAGGGGAGAGCACAGAGAGATGC
ATCCACTCTCTCTCTATATATAGAGAGAGAGAGATTCCTAAAATCAAGTTTCTGGTCTCT
ATGCACTAGTTTTCTCCTACTACATATTTGTAGGACACTATTTTCACAGTTTAAGACATG

TSD 5'LTR...

------ TGATGATGTCCATCTCATTGAAGAAGTATTAGGC-ATGTGCCTAATAAGAGTTT
------ TGATGATGTCCATCTCATTGAAGAAGTATTAGGC-ATGTGCCTAATAAGAGTTT
CGAAG-TGATGATGTCCATCTCATTGAAGAAGTATTAGGC-ATGTGCCTAATAAGAGTTT
AGAAA-TGATTATGTCCATCTCATTGAAGAAGTATTAGGC-ATGTGCCTAATAAGAGTTT
GAATA-TGATGATGTCCATCTCATTGAAGAAGTATTAGGC-ATGTGCCTAATAAGAGTTT
ATCCC-TGATGABGTCCATCTCATTGARGAAGTATTAGHCHATGTGCCTARTARAAGTTT

Khkhkhkkhhk KhAhAhhkAhAhdhkhAhAhAkAhArAxh * FAKAAAKRAAKKRKAKAX KA KK KK

-TCTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGTTGGTAGCCAACCTTGTTGAA
-TCTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGTTGGTAGCCAACCTTGTTGAA
-TCTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGTTGGTAGCCAACCTTGTTGAA
-TCTTTGGTTTGGTAGCCAATCTTGTTGACTTGGTCTGGTTGGTAGCCAACCTTGTTGAA
-TCTTTGGTTTGGTAGCCAMME-------—----——---——--———————— -
ETCTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGTTGGTAGCCAACCTTGTTGAA

Kk kK ok kK ok ok kK ok kK ok kK ok
TCCTTGTTGGATTGGTAGCCAACTTTGTTGAAT ———————————————————————————

TTGGATTGGTAGCCAACTTTGTTGAAT - ——————————————————————————
TTGGATTGGTAGCCAACTTTGTTGAAT - ——————————————————————————

N - rTGGTAGCCARCTTTGT TG A T

----TGTGAAAAATGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTG
----TGTGAAAAATGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTG
----TGTGAAAAATGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTG
TGTGAAAABTGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTG
TGTGAAAABTGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTG
TGTGAAAA TGTGTGTAAATTGTCAAATATIGTAGGCTTTAGAGIGTGAAGCTTTG

KhkAk KA hhkk KA AKAAkAhAAAAAARAA AR *AK* *AAkhkhkAhAhdhkhkd*h *hkhkkrxhkkhkk*

TATA Box ...U3| R-region |US5...
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACACCAACAAAGAGAGAAAGAAAGAG
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACACCAACAAAGAGAGAAAGAAAGAG
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACACCAACAAAGAGAGAAAGAAAGAG
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTACACACCAACAAAGAGAGAAAGAAAGAG
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTACACACCAACAAAGAGAGAAAGAAAGAG
GCTATAAAAGGAGAGCTTCAACTCTCATTTCTACACACCAACAAAGAGAGAAAGAAAGAG

R R R R I R

TGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT
TGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT
TGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT
TGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT
TIAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT
TGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGAT

I R R R

ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT
ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT
ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT
ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT
ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT
ATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTT

R R R R R

o O O O

53
53
53
53
53
54

112
112
112
112
75

114

145
145
145
134

82
173

201
201
201
194
142
233

261
261
261
254
202
293

321
321
321
314
262
353

381
381
381
374
322
413

63



X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

TGGAGTATTTACCTCCGACCTACAAAGT-GTAAAATTCCTTACTATAGTGATATCAGTTG
TGGAGTATTTACCTCCGACCTACAAAGT-GTAAAATTCCTTACTATAGTGATATCAGTTG
TGGAGTATTIACCTCCGACCTACAAAGT—GTAAAATTCCTTACTATAGTGATATCAGTTG
TGGAGTATTTAICTCCGACCTACAAAGT—GTAAAATTCCTTACTATAGTGATATCAGTTG
TGGAGTATTTACCTCCGACCTACAAAGTIGTAAAATTCCTTACTATAGTGATATCAGTTG
TGGAGTATTTACCTCCGACCTACAAAGT-GTAAAATTCCTTACTATAGTGATATCAGTTG

Khkhkhkkhhkkhkhkkhk * KhkAhAhhkhkkhkAhAhkhhkkhk hhkhdhhkAhAhhkhk kA hhAhkhkhk Ak kA hkkkkkk kK

CTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATCT
CTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATCT
CTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATCT
CTCCTCTCGGGGTCGTGGTTTTT.TCCCTTATTCAGAAGGGTTTTCCAIGTAAAAATCT
CTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATIT
CTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATCT

Khkkhkkhkhkhkhkhkhkhkhkhkhkkhkkhkk* Khkkhkhkhkhkhhhkhhkhkhk Ak A A kA hArkx *AkhkArAA* %

TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT
TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT
TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT
TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT
TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT
TGGTGTCATTGTTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTAT

R R R R R

...LTR PBS
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA
TCCGCTTTATTACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACAACTGGTATCA

R R R R

GAGCACAGGTTCTGCTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT
GAGCACAGGTTCTGCTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT
GAGCACAGGTTETECTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT
GAGCACAGGTTCTGCTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT
GAGCACAGGTTCTGCTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT
GAGCHcAGGTTTHCTCGTTCACTGAAATACTATTCACTGTCGGTAGTACTATACTTGGT

R I I I R

ATG-Start gag-pol...
GARAAATAAAAATGTCTGGAGTAAAGTACGAGGTAGCAAAATTCAATGGAGATAACGGTT
GARRAATAAAAATGTCTGGAGTAAAGTACGAGGTAGCAAAATTCAATGGAGATAACGGTT
GARAAATAAAAATGTCTGGAGTAAAGTACGAGGTAGCAAAATTCAATGGAGATAACGGTT
GARAAATAAAAATGTCEGGAGTAAAGTACGAGGTABCAARATTCAABGGAGATAACGGTT
GARAAATAAAAATGTCTGGAGTAAAGTACGAGGTAGCAAAATTCAATGGAGATAACGGTT
GAARRAAATAAAAATGTCTGGAGTAAAGTACGAGGTAGCAAAATTCAATGGAGATAACGGTT

Khkkhkhkhkhkhhhhhhkkhhkhk *hkhkkhkAhhhhkhkkhkhhhhkhhkhk *hkhkkhkkhkhkhkh *kkhkhkhkkhkhkkhkkkhkkkx

TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC
TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC
TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC
TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC
TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC
TCTCAACATGGCAAAGAAGGATGAGAGATCTGCTCATCCAACAAGGEETACACAAGGTTC

R R R R R S Kk kkkkkkKkk kK

GATGTTGATTCCAAAAAGCCTGATACCATGAAAGCTGAGGATTGGGCTGACTTGGATG
GATGTTGATTCCAAAAAGCCTGATACCATGAAAGCTGAGGATTGGGCTGACTTGGATG
GATGTTGATTCCAAAAAGCCTGATACCATGAAAGCTGAGGATTGGGCTGACTTGGATG
GATGTTGATTCCAAAAAGCCTGATACCATGAAAICTGAGGATTGGGCTGACTTIGATG
GATGTTGATTCCAAAAAGCCTGATACCATGAAAGCTGAGGATTGGGCTGACTTGGATG
TIGATGTTGATTCCAAAAAGCCTGATACCATGAAAGCTGAGGATTGGGCTGACTTGGATG

I R

NN

440
440
439
433
382
472

500
500
499
491
442
532

560
560
559
551
502
592

620
620
619
611
562
652

680
680
677
671
622
712

740
740
737
731
682
772

800
800
797
791
742
832

860
860
857
851
802
892
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AAAGAGCTGCTAGTGCAATCAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG
AAAGAGCTGCTAGTGCAATCAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG
AAAGAGCTGCTAGTGCAATCAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG
AAAGAGITGCTAGTGCAATIAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG
AAAGAGCTGCTAGTGCAATCAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG
AAAGAGCTGCTAGTGCAATCAGGTTGCACTTATCAGATGATGTGGTAAATAACATCATTG

R S I

ATGAAGACACTGCACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC
ATGAAGACACTGCACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC
ATGAAGACACTGCACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC
ATGAAGACACTICACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC
ATGAAGACACTGCACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC
ATGAAGACACTGCACGTGGAATTTGGACAAGGTTGGAAAGCCTATACATGTCCAAAACGC

R R R I R

TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACGA
TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACGA
TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACGA
TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACIA
TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACGA
TGACAAATAAATTGTACCTGAAGAAGCAGTTATACGCCCTACACATGAGTGAAGGTACGA

R R R R R e S 3

ATTTTTTGTCACATTTAAATGTGTTTAACGGACTAATCACACAGCTTGCCAACCTCGGAG
ATTTTTTGTCACATTTAAATGTGTTTAACGGACTAATCACACAGCTTGCCAACCTCGGAG
ATTTTTTGTCACATTTAAATGTGTTTAACGGACTAATCACACAGCTTGCCAACCTCGGAG
ATTTTTTGTCACATTTAAATGTGTTTAACGIACTAATCACACAGCTTGCCAACCTCGGAG
ATTTTTTGTCACATTTAAATGTGTTTAACGGACTAATCACACAGCTTGCCAACCTCGGAG
ATTTTTTGTCACATTTAAATGTGTTTAACGGACTAATCACACAGCTTGCCAACCTCGGAG

R R R R R

TGAAAATCGAGGAAGAAGATAAAGCCATCTTGCTATTGAACTCGTTGCCATCTTCGTACG
TGAAAATCGAGGAAGAAGATAAAGCCATCTTGCTATTGAACTCGTTGCCATCTTCGTACG
TGAAAATCGAGGAAGAAGATAAAGCCATCTTGCTATTGAACTCGTTGCCATCTTCGTACG
TGAAAATCGAGGAAGAAGATAAAGICATCTTGCTATTGAACTCGTTGCCATCTTCGTAIG
TGAAAATCGAGGAAGAAGATAAAGCCATCTTGCTATTGAACTCGTTGCCATCTTCGTACG
TGAAAATCGAGGAAGAAGATAAAGCCATCTTGCTATTGAACTCGTTGCCATCTTCGTACG

R R R T S

ATAATTTGGCAACAACCATCCTGCACGGTAAGACTACTATTGAGTTGAAAGATGTCACAT
ATAATTTGGCAACAACCATCCTGCACGGTAAGACTACTATTGAGTTGAAAGATGTCACAT
ATAATTTGGCAACAACCATCCTGCACGGTAAGACTACTATTGAGTTGAAAGATGTCACAT
ATAATTTGGCAACAACCATCCTGCAIGGTAAGACTACTATTGAGTTGAAAGATGTCACAT
ATAATTTGGCAACAACCATCCTGCACGGTAAGACTACTATTGAGTTGAAAGATGTCACAT
ATAATTTGGCAACAACCATCCTGCACGGTAAGACTACTATTGAGTTGAAAGATGTCACAT

R R R R R

CGGCTCTTCTACTCAATGAGAAGATGAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA
CGGCTCTTCTACTCAATGAGAAGATGAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA
CGGCTCTTCTACTCAATGAGAAGATGAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA
CGGCTCTTCTACTCAATGAGAAGATIAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA
CGGCTCTTCTACTCAATGAGAAGATGAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA
CGGCTCTTCTACTCAATGAGAAGATGAGAAAGAAGCCTGAAAATCAAGGACAGGCTCTCA

R R R R

TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGHG
TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGIG
TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGHG
TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGHAG
TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGHG
TCACAGAAGGTAGAGGCAGGAGTTATCAAAGGAGTTCGAACAACTATGGTAGATCCGGHG

*

R R R R R R R R R

920
920
917
911
862
952

980
980
977
971
922
1012

1040
1040
1037
1031
982

1072

1100
1100
1097
1091
1042
1132

1160
1160
1157
1151
1102
1192

1220
1220
1217
1211
1162
1252

1280
1280
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1271
1222
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1340
1340
1337
1331
1282
1372
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CTCGTGGGAAGTCAAAGAATCGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC
CTCGTGGGAAGTCAAAGAATCGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC
CTCGTGGGAAGTCAAAGAATCGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC
CTCGTGGGAAGTCAAAGAAICGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC
CTCGTGGGAAGTCAAAGAATCGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC
CTCGTGGGAAGTCAAAGAATCGATCCAAATCAAGAGTCAGAAATTGCTACAACTGTAATC

R R R I e R

AACCAGGTCACTTCAAAAGAGATTGCCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG
AACCAGGTCACTTCAAAAGAGATTGCCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG
AACCAGGTCACTTCAAAAGAGATTGCCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG
AACCAIGTCACTTCAAAAGAGATTICCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG
AACCAGGTCACTTCAAAAGAGATTGCCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG
AACCAGGTCACTTCAAAAGAGATTGCCCAAATCCAAGGAAGGGCAAAGGTGAAACCAGTG

R R I R

GCCAGAAGAATGACGACAACACAGCCGCEATGGTGCAAAATAATGATAATGTTGTCCTCT
GCCAGAAGAATGACGACAACACAGCCGCEATGGTGCAAAATAATGATAATGTTGTCCTCT
GCCAGAAGAATGACGACAACACAGCCGCEATGGTGCAAAATAATGATAATGTTGTCCTCT
GCCAGAAGAATGACGACAACACAGCCGC] ATGGTICAAAATAATGATAATGTTGTCCTCT
GCCAGAAGAATGACGACAACACAGCCGCEATGGTGCAAAATAATGATAATGTTGTCCTCT
GCCAGAAGAATGACGACAACACAGCCGCEATGGTGCAAAATAATGATAATGTTGTCCTCT

Kk Ak Ak hk kA kA h A Ak Ak A hhkhkhk Ak A hhhkhk *hkhkkhkk KAhAhhkhhkhhhhhkhkhkAh bk hkkk k&K

TTATBAATGAGGAAGAGGAATGEBATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG
TTATEAATGAGGAAGAGGAATGEATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG
TTATEAATGAGGAAGAGGAATGEATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG
TTATEAATGAGGAAGAGGAATGEBATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG
TTATEAATGAGGAAGAGGAATGEATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG
TTATEAATGAGGAAGAGGAATGEATGCACCTGTCAGGTCCAGAGTCGGAATGGGTGGTTG

R I R I R

ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAMCTTTTTTGCAGATATGTAGCAG
ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAGCTTTTTTGCAGATATGTAGCAG
ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAGCTTTTTTGCAGATATGTAGCAG
ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAMCTTTTTTGCAGATATGTAGCAG
ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAGCTTTTTTGCAGATATGTAGCAG
ACACAGCGGCATCTCACCATGCCACACCGGTAAGAGAGCTTTTTTGCAGATATGTAGCAG

R R R R R

GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGCGGGGATTGGTG
GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGCGGGGATTGGTG
GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGCGGGGATTGGTG
GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGIGGGGATTGGTG
GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGCGGGGATTGGTG
GTGATTTCGGCACAGTGAAAATGGGTAACACAAGTTACTCAAAGATTGCGGGGATTGGTG

R R R R R L R

ACATTTGTATCAAGACAAATGTCGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC
ACATTTGTATCAAGACAAATGTCGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC
ACATTTGTATCAAGACAAATGTCGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC
ACATTTGTATCAAGACAAATGTIGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC
ACATTTGTATCAAGACAAATGTCGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC
ACATTTGTATCAAGACAAATGTCGGATGCACATTGGTTCTAAAGGATGTGCGGCATGTAC

R R R R

CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT
CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT
CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT
CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT
CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT
CTGATTTGCGGATGAACTTGATCTCGGGAATTGCTTTAGACCGAGATGGATACGAGAGTT

R R R R R

ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG
ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG
ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG
ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG
ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG
ATTTTGCAAATCAAAAGTGGAGACTCACTAAGGGATCATTGGTGATTGCAAAGGGAGTTG

R R R R R

1400
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CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCGGCAC
CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCGGCAC
CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCGGCAC
CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCIGCAC
CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCGGCAC
CTCGTGGCACGTTGTACAGGACAAATGCAGAAATATGCCAAGGTGAATTGAACGCGGCAC

R R R R e S

AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCAMATGAGCGAGAAGGGAT
AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCABATGAGCGAGAAGGGAT
AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCAGATGAGCGAGAAGGGAT
AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCAMATGAGCGAGAAGGGAT
AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCABATGAGCGAGAAGGGAT
AAGATGAGATTTCTGTAGATTTATGGCACAAAAGAATGGGTCAGATGAGCGAGAAGGGAT

R R R R I R

TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT
TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT
TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT
TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT
TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT
TGCAGATTCTTGCCAAGAAATCACTCATTTCTTATGCCAAAGGTACAACTGTAAAACCTT

R R R R R

GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTCAGAC TCTGAAAGAA
GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTCAGAC TCTGAAAGAA
GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTCAGAC TCTGAAAGAA
GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTIAGAC TCTGAAAGAA
GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTCAGAC TCTGAAAGAA
GTGACTACTGTTTATTTGGTAAGCAGCATAGAGTCTCATTTCAGAC TCTGAAAGAA

Kk khk Ak hkhk Ak Ak hkhkhk Ak Ak khk kA kA hkhkhk Ak kA hkhkhkkhhhkkx *Kkk* Kk kkkkkkk*k

AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA
AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA
AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA
AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA
AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA
AATTGAATATACTTGATTTAGTATATTCTGATGTTTGCGGCCCAATGGAAATTGAATCAA

R R R R R

TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT
TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT
TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT
TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT
TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT
TGGGCGGTAACAAATATTTTGTTACTTTTATTGATGATGCTTCACGAAAATTATGGGTTT

R R R R R

ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG
ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG
ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG
ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG
ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG
ATATTTTGAAAACCAAAGATCAGGTGTTTCAAGTTTTCCAGAAGTTTCATGCTCTAGTAG

R R R R R

AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT
AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT
AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT
AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT
AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT
AAAGGGAGACGGGTCGAAAGCTAAAGCGTCTCCGAAGTGACAATGGAGGTGAGTACACTT

R R R R R

CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG
CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG
CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG
CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG
CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG
CAAGGGAATTTGAAGAGTATTGTTCAAGTCATGGGATCAGACATGAAAAGACAGTTCCTG

R R R R R
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GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA
GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA
GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA
GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA
GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA
GAACCCCACAGCACAATGGCGTAGCCGAGAGGATGAACCGCACCATTGTGGAGAAGGTGA

R R R R R

GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG
GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG
GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG
GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG
GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG
GAAGEATGCTCAGAATGGCTAAACTGCCTAAGTCATTCTGGGGTGAAGCAGTTCAGACAG

R I R R

CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA
CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA
CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA
CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA
CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA
CCTGTTACCTGATCAATAGGAGTCCATCAGTTCCGTTGGCGTTTGAAATCCCAGA|

R R R R

* O OO0 06
LN N NANN)

TCTGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG
TCTGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG
TCTGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG
TITGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG
TCTGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG
TCTGGACCAACAAGGAGGTGTCCTACTCGCATCTGAAGGTGTTCGGTTGCAGAGCTTTTG

I R R R

CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTATTCCCTGCATATTTA
CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTATTCCCTGCATATTTA
CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTATTCCCTGCATATTTA
CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTITTCCCTGCATATTTA
CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTATTCCCTGCATATTTA
CACATGTACCAAAAGAGCAGAGAACAAAGCTGGATGATAAATCTATTCCCTGCATATTTA

R R R R I R

TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGAMCCTGTAAAGAAGAAGGTCA
TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGAGCCTGTAAAGAAGAAGGTCA
TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGAGCCTGTAAAGAAGAAGGTCA
TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGA| CCTITAAAGAAGAAGGTCA
TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGAMCCTGTAAAGAAGAAGGTCA
TCGGATATGGAGATGAAGAGTTCGGGTACAGACTGTGGGAGCCTGTAAAGAAGAAGGTCA

R R R R R R

TCAGAAGTAGAGATGTAGTCTTCCGAGAAAGTGAAGTTAGAACTGCTGCTGATATGTCAG
TCAGAAGTAGAGATGTAGTCTTCCGAGAAAGTGAAGTTAGAACTGCTGCTGATATGTCAG
TCAGAAGTAGAGATGTAGTCTTCCGAGAAAGTGAAGTTAGAACTGCTGCTGATATGTCAG
TCAGAAGIAGAGATGTAGTCTTCCGAGAAAGTGAAGTT GAACTGCTGCTGATATGTIAG
TCAGAAGTAGAGATGTAGTCTTCCGAGAAAGTGAAGTTEGAACTGCTGCTGATATGTCAG
TCAGAAGTAGAGATGTAGTCTTCCGAGAAAGTGAAGTTAGAACTGCTGCTGATATGTCAG

Khkkhkhkhhkkhk KA KA AAAAA AR AARAA AR KA R AR IR KAKRE hhkhk A kA hkhkhk Ak khkhkkkx *%

AAAAGGTGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC
AAAAGGTGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC
AAAAGGTGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC
AAAAGGEGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC
AAAAGGEGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC
AAAAGGTGAAGAATGGTATAATTCCTAACTTTGTTACTATTCCTTCTACTTCTAACAATC

R R R R

CCACAAGTGCAGAAAGTACGACCGACGAGGTTTCCGAGCAGGGGGAGCAACCTGGTGAGG
CCACAAGTGCAGAAAGTACGACCGACGAGGTTTCCGAGCAGGGGGAGCAACCTGGTGAGG
CCACAAGTGCAGAAAGTACGACCGACGAGGTTTCCGAGCAGGGGGAGCAACCTGGTGAGG
CCACAAGTGCAGAAAGTACIACCGACGAGGTT CCGAGCAGGIGGAGCAACCTGGTGAGG
CCACAAGTGCAGAAAGTACGACCGACGAGGTTECCGAGCAGGGGGAGCAACCTGGTGAGG
CCACAAGTGCAGAAAGTACGACCGACGAGGTTTCCGAGCAGGGGGAGCAACCTGGTGAGG

KhkKAk kA hkhk Ak A hhhkhAhkhhk hAAAAAAKAXAK* KAhAhAhAdhkh *AAAAhkArA AR AR KK XK K

2480
2480
2477
2471
2422
2512

2540
2540
2537
2531
2482
2572

2600
2600
2597
2591
2542
2632

2660
2660
2657
2651
2602
2692

2720
2720
2717
2711
2662
2752

2780
2780
2777
2771
2722
2812

2840
2840
2837
2831
2782
2872

2900
2900
2897
2891
2842
2932

2960
2960
2957
2951
2902
2992

68



X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG
TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG
TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG
TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG
TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG
TTATTGAGCAGGGGGAGCAACTTGATGAAGGTGTCGAGGAAGTGGAGCACCCCACTCAGG

R R R R

GAGAAGAACAACATCAACCTCTGAGGAGATCAGAGAG GTAGAGTCACGCAGAT
GAGAAGAACAACATCAACCTCTGAGGAGATCAGAGAG GTAGAGTCACGCAGAT
GAGAAGAACAACHTCAACCTCTGAGGAGATCAGAGAGEC GTAGAGTCABGCAGET
GAGAAGAACAACITCAACCTCTGAGGAGATCAGAGAG cc AG GTAGAGTCACGCAGI

GAGAAGAACAACATCAACCTCTGAGGAGATCAGAGAGI I IGTAGAGTCACGCAG T
cclcG

GAGAAGAACAACATCAACCTCTGAGGAGATCAGAGAG CC CGAGTAGAGTCACGCAG

Khkhkhkkhkkhkhkhkhkhk hhkhkkhhhkhkhhhhhkkrhhhhkhkhkrhk*x ** * kkkkkkkkk kkkk Kx

ACCCTTCCACAGAGTATGTCCTCATCAGTGATGATAGGGAGCCAGAAAGTCTTAAGGAGG
ACCCTTCCACAGAGTATGTCCTCATCAGTGATGATAGGGAGCCAGAAAGTCTTAAGGAGG
ACCCTTCCACAGAGTATGTCCTCATCAGTGATGATAGGGAGCCAGAAAGTCTTAAGGAGG
ACCCTTCCACAGAGTATGTCCTCATCAGTGATGABEBGGGAGCCAGAAAGTCTTAAGGAGG
ACCCTTCCACAGAGTATGTCCTCATCAGTGATGABEBGGGAGCCAGAAAGTCTTAAGGAGG
ACCCTTCCACAGAGTATGTCCTCATCAGTGATGATAGGGAGCCAGAAAGTCTTAAGGAGG

R R R R R S Khkkhkhkhkhkhkhkhhkhkkhkhkkhkkhkkkk*

TGTTGTCCCATCCAGAAAAGAACCAGTTGATGAAAGCTATGCAAGAAGAGATGGAATCTC
TGTTGTCCCATCCAGAAAAGAACCAGTTGATGAAAGCTATGCAAGAAGAGATGGAATCTC
TGTTGTCCCATCCAGAAAAGAACCAGTTGATGAAAGCTATGCAAGAAGAGATGGAATCTC
TGTTGTCCCATCCAGAAAAGAACCAGTEGATGAAAGCTATGCAAGAAGAGATGGAATCTC
TGTTGTCCCATCCAGAAAAGAACCAGTEGATGAAAGCTATGCAAGAAGAGATGGAATCTC
TGTTGTCCCATCCAGAAAAGAACCAGTTGATGAAAGCTATGCAAGAAGAGATGGAATCTC

R R R R R R

TCCAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAGGGTAAAAGACCACTCAAAT
TCCAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAGGGTAAAAGACCACTCAAAT
TCCAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAGGGTAAAAGACCACTCAAAT
TICAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAIGGTAAAAGACCACTCAAAT
TCCAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAGGGTAAAAGACCACTCAAAT
TCCAGAAAAATGGCACATACAAGCTGGTTGAACTTCCAAAGGGTAAAAGACCACTCAAAT

I R e R

GCAAATGGGTCTTTAAACTCAAGAAAGATGGAGATTGCAAGCTGGTCAGATACAAAGCTC
GCAAATGGGTCTTTAAACTCAAGAAAGATGGAGATTGCAAGCTGGTCAGATACAAAGCTC
GCAAATGGGTCTTTAAACTCAAGAAAGATGGAGATTGCAAGCTGGTCAGATACAAAGCTC
GCAAATGGGTCTTTAAACTCAAGAAAGATGGANATEGCAAGCTGGTHAGATACAAAGCTC
GCAAATGGGTCTTTAAACTCAAGAAAGATGGAGATTGCAAGCTGGTCAGATACAAAGCTC
GCAAATGGGTCTTTAAACTCAAGAAAGATGGAGATTGCAAGCTGGTCAGATACAAAGCTC

Kk Ak hkhk kA kA h Ak kA kA hhhkhk Ak A hkhkhkhhkhh *k *khkhkhkkhkhkhkh *kkhkhkhkkhkhkkhkkkhkkk

GATTGGTGGTTAAAGGCTTCGAACAGAAGAAAGGTATTGATTTTGACGAAATTTTCTCCC
GATTGGTGGTTAAAGGCTTCGAACAGAAGAAAGGTATTGATTTTGACGAAATTTTCTCCC
GATTGGTGGTTAAAGGCTTCGAACAGAAGAAAGGTATTGATTTTGACGAAATTTTCTCCC
GATTGGTGGTTAAAGGCTTCGAACAIAAGAAAGGTATTGATTTTGACGAAATTTTCTCIC
GATTGGTGGTTAAAGGCTTCGAACAGAAGAAAGGTATTGATTTTGACGAAATTTTCTCCC
GATTGGTGGTTAAAGGCTTCGAACAGAAGAAAGGTATTGATTTTGACGAAATTTTCTCCC

R R R R T S

CCGTTGTTAAAATGACTTCTATTCGAACAATTTTGAGCTTAGCAGCTAGCCTHEGATCTTG
CCGTTGTTAAAATGACTTCTATTCGAACAATTTTGAGCTTAGCAGCTAGCCTIGATCTTG
CCGTTGTTAAAATGACTTCTATTCGAACAATTTTGAGCTTAGCAGCTAGCCTEGATCTTG
ClicTTcTEAAAATGACTTCTATTCHAACAATTTTGAGCT TAGCAGCTAGCCTEMGATCTTG
CCGTTGTTAAAATGACTTCTATTCGAACAATTTTGAGCTTAGCAGCTAGCCTEGATCTTG
CCGTTGTTAAAATGACTTCTATTCGAACAATTTTGAGCTTAGCAGCTAGCCTEGATCTTG

Kk hkkkhkk hAKKAKRAAKAKRAKRKAKE Ahk kA kA hdhkhAhAhhkhkhkAhhAhkkhkhkhhkx *hkkkkkk

AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT
AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT
AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT
AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT
AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT
AAGTGGAGCAGTTGGATGTGAAAACTGCATTTCTTCATGGAGATTTGGAAGAGGAGATTT

R R R R R
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ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA
ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA
ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA
ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA
ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA
ATATGGAGCAACCAGAAGGATTTGAAGTAGCTGGAAAGAAACACATGGTGTGCAAATTGA

Ak hkhkhhhkhhhhhhkhhhhhhhkhkhkhhkhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkk

ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT
ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT
ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT
ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT
ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT
ATAAGAGTCTTTATGGATTGAAGCAGGCACCAAGGCAGTGGTACATGAAGTTTGATTCAT

Ak hkhhkhhhhhhhhhhhhhhkhhhkhhhhhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkxx

TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT
TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT
TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT
TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT
TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT
TCATGAAAAGTCAAACATACCTAAAGACCTATTCTGATCCATGTGT

Ak hkhkhhkhhkhhhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkhkkkk

TACTTCAAAAGAT
TACTTCAAAAGAT
TACTTCAAAAGAT
TACTTCAAAAGAT
TACTTCAAAAGAT
TACTTCAAAAGAT

khkkkkkkkkkkkk

TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA
TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA
TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA
TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA
TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA
TTTCTGAGAATAACTTTATTATATTGTTGTTGTATGTGGATGACATGCTAATTGTAGGAA

Ak hkhkhhhkhhkhhhhkhhhhhkhkhkhhkhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkhkkkhkkhkkkk
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4311

4339
4339
4336
4002
4281
4371

4399
4399
4396
4002
4341
4431

4459
4459
4456
4061
4401
4491

4519
4519
4516
4121
4461
4551

4579
4579
4576
4181
4521
4611
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X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

.. .PATCH
GCAGATATGCTGACCAAGGTGGTHECCAAGGAACAAGTTC
GCAGATATGCTGACCAAGGTGGTECCAAGGAACAAGTTC
GCAGATATGCTGACCAAGGTGGTECCAAGGAACAAGTTC
GCAGATATGCTGACCAAGGTGGTHCCAAGGAACAAGTTC
GCAGATATGCTGACCAAGGTGGTECCAAGGAACAAGTTC
GCAGATATGCTGACCAAGGTGGTHECCAAGGAACAAGTTC

*k kk kk hAkkhkkhkkhkhkkhkhkkhkhkhkkhkhkkhkhkkhkhkhkkhkhkkhkk khkkhkhkkhkhkkhkhkkhkkhkkkhkkhx
...gag-pol STOP-TAG

GAGCTATGCAAAGAACTTGTCGGCATGCATTCARACTAGAAGACAGTGCTACCTCCTCTG

GAGCTATGCAAAGAACTTGTCGGCATGCATTCARACTAGAAGACAGTGCTACCTCCTCTG

GAGCTATGCAAAGAACTTGTCGGCATGCATTCARACTAGAAGACAGTGCTACCTCCTCTG

GAGCTATGCAAAGAACTTGTCGGCATGCA@TCARACTAGAAGACAGTGCTACCTCCTCTG

GAGCTATGCAAAGAACTTGTCGGCATGCATTCARACTAGAAGACAGTGCTACCTCCTCTG

GAECTATGCARAGARCTTGTCGGCATGCAJTCAARCTAGAAGACAGTGCTACCTCCTCTH

kkhk Ak hkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkkhkxk hhkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkhkhkkhkhkhkkhhkkhhkhx*k

PPT 3'LTR...

GATGAATGAGACTGGAGGGGGAGA-TTGATGATGTCCATCTCATTGAAGAAGTATTAGGC

GATGAATGAGACTGGAGGGGGAGA-TTGATGATGTCCATCTCATTGAAGAAGTATTAGGC

GATGAATGAGACTGGAGGGGGAGA-TTGATGATGTCCATCTCATTGAAGAAGTATTAGGC

GATGAATGAGACTGGAGGGGGAGA-TTGATGATGTCCATCTCATTGAAGAAGTATTAGGC

GATGAATGAGACTGGAGGGGGAGAETTGATGATGTCCATCTCATTGAAGAAGTATTAGGC

GATGAATGAGACTGGAGGGGGAGA-TTGATGAGTCCATCTCATTGAAGAAGTATTAGHC

KhkAkhhkhk kA kA h A Ak Ak A hhhkkhhhk *hkkhkhkhkkhk *khkhhhhhkhkkhkrhdhhkhkhkhkhhkhkkhkkkx *

* 0 OGO 000

C
C
C
C
C
C
*

* % *

-ATGTGCCTAATAAGAGTTTT-CTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGT
-ATGTGCCTAATAAGAGTTTT-CTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGT
-ATGTGCCTAATAAGAGTTTT-CTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGT
-ATGTGCCTAATAAMAGTTTT-CTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGT
-ATGTGCCTAATAAGAGTTTT-CTTTGGTTTGGTAGCCAACCTTGTTGACTTGGTTTGGT
BarcreccTAATARBAGTTTTCTTTGGTTTGGTAGCCARCCTTGTTGACTTGGTTTGGT

R R I S )

TGGTAGCCAACCTTGTTGAATCCTTG---TTGGATTGGTAGCCAACTTTGTTGAAT—--—
TGGTAGCCAACCTTGTTGAAT) ---TTGGATTGGTAGCCAACTTTGTTGAAT--—-—
TGGTAGCCAACCTTGTTGAAT) ---TTGGATTGGTAGCCAACTTTGTTGAAT--—-—
TGGTAGCCAACCTTGTTGAAT-—--— TTGGTTTGGTAGCCAACBTTGTTGAAT
TGGTAGCCAACCTTGTTGAAT-—--— TTGGTTTGGTAGCCAAC@TTGTTGAAT
TGGTAGCCAACCTTGTTGAAT-—--— TTGGTTTGGTAGCCAACTTTGTTGAAT

Khkkhkkhkhkkhkkhkkhkhkkhkk*k* Khkkk KhkKkhkkAkhkkhkkhkkhkk Khkkrkhkkxkk

--------------------------- TGTGAAAAATGTGTGTAAATTGTCAAATATTGT
--------------------------- TGTGAAAAATGTGTGTAAATTGTCAAATATTGT
--------------------------- TGTGAAAAATGTGTGTAAATTGTCAAATATTGT
TGTGAAAABTGTGTGTAAATTGTCAAATATTGT
TGTGAAAABTGTGTGTAAATTGTCAAATATTGT
TGTGAAA. TGTGTGTAAATTGTCAAATATIGT

KhkKhkhkhkhkhkk KhkAkhhkArAAhkhkAhkA Ak kA hkx **

4639
4639
4636
4241
4581
4671

4699
4699
4696
4301
4641
4731

4758
4758
4755
4360
4701
4790

4816
4816
4813
4418
4759
4850

4869
4869
4866
4474
4815
4906

4902
4902
4899
4534
4875
4966

TATA Box ...U3| R-region

AGGCTTTAGAGGGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACA
AGGCTTTAGAGGGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACA
AGGCTTTAGAGGGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCTTCACA
AGGCTTTAGAGGGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCTACACA
AGGCTTTAGAGGGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCTACACA
AGGCTTTAGAGIGTGAAGCTTTGGCTATAAAAGGAGAGCTTCAACTCTCATTTCT CACA
Ak Ak kK kkhk k) Kk*k*k PR R I I I I I I e I I I e I I b I b b b b I b b b b I b b b b b b b i b * Kk kK
R |U5...
CCAACAAAGAGAGAAAGAAAGAGTGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGT
CCAACAAAGAGAGAAAGAAAGAGTGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGT
CCAACAAAGAGAGAAAGAAAGAGTGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGT
CCAACAAAGAGAGAAAGAAAGAGTGAGGTTTCACAIACAAGGTAIAAGAAAATAGTCTGT
CCAACAAAGAGAGAAAGAAAGAGTIAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGT
CCAACAAAGAGAGAAAGAAAGAGTGAGGTTTCACAGACAAGGTATAAGAAAATAGTCTGT

Kk Ak hkhk kA kA h Ak hAhAhhhkkhkhhk hhkkhkhhkhhkhhkkhk *hkhkkhkhkkhkhkhk *hkhkkhkrAhdhkhkhkkhkk

4962
4962
4959
4594
4935
5026

5022
5022
5019
4653
4995
5086
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X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

X13777
S-TNT1
ST-3/3
ST-3/4
ST-1/4
ST-4/4

GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT
GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT
GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT
GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT
GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT
GAGGAAAATAGAGAGTGAGCGATATTGTAGTGAGGTGGGAATATCAAAAGAGGGTTATTT

R R R R

CTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-TTTACCTCCGACCTACAAAGT-GTAAAAT
CTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-TTTACCTCCGACCTACAAAGT-GTAAAAT
CTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-TTTACCTCCGACCTACAAAGT-GTAAAAT
CTTTTGAGTGTTGTAGTGGTCTTTGGAGTANTTTATCTCCGACCTACAAAGT-GTAAAAT
CTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-TTTACCTCCGACCTACAAAGTHGTAAAAT
CTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-TTTACCTCCGACCTACAAAGT-GTAAAAT
khkhkkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkhkhkkd khhkhk hhkkhkhkkhkhkhkkhkhkkhkhkkhkhkhkkhkkx *hkkkk*kx*
TATCAGTTGCTCCTCTCGGGGTCG-3U3R1
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCA
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCA
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCA
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTCCCTTATTCA
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCA
TCCTTACTATAGTGATATCAGTTGCTCCTCTCGGGGTCGTGGTTTTTTTTCCCTTATTCA

ER R R R R R R R Kk kkKkhkk Kk kK

GAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTGTTACTCTTTTATTCTTGTTAA-TTA
GAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTGTTACTCTTTTATTCTTGTTAA-TTA
GAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTGTTACTCTTTTATTCTTGTTAAITTA
GAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTGTTACTCTTTTATTCTTGTTAA-TTA
GAAGGGTTTTCCACGTAAAAATITTGGTGTCATTGTTACTCTTTTATTCTTGTTAA—TTA
GAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTGTTACTCTTTTATTCTTGTTAA-TTA

R R R R

CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
CCGTATCTCGGTGCTACATTATTATTCCGCTTTATTACCGTGAATATTATTTTGGTAAGG
khkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhhkhhkhkhkkhkhhkhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkkhkhkhkhkhkkhkhkhkhkkkhkx*k
...LTR TSD 3'genomic sequence
GGTTTATTCCCAACA-———— == — = ———
GGTTTATTCCCAACA-——————— == ———— o
GGTTTATTCCCAACA-CGAAGAGGCCATTATGGAATCAAATTGCAGTGATACCAGAACTA
GGTTTATTCCCAACA-AGAAAGCGTTGCTATATTTGTGCATCATGCATGTTGAACTGGCT
GGTTTATTCCCAACA-GAATATGCGAACTTTGTCAAATCGGTGCTACAATTTGTTGGTTG
GGTTTATTCCCAACA-ATCCCAACTCTTATTGTTATGCTAAGACTCACACATATTTTTTA

Khkkhkkhkhkkhkkhkkkk*

CTGTCATGATTAAAAACATACCCAACAAGTACAGGTAATCATCCTAAATTCAATATTTTA
CCAGTATCTCTTTTCTCTGCCAAGAATTTTTTATGTATATGTTTCTTTGAAATGCAGTGA

TTTCTTTATTTCCTTATATCTATTCATATTCTAATTAATTTCCCCTTTTATGTTTAAATG
TGGTTTGGTCAAGTACAATAATAGTAAAAGGATAATTTGTTGTCATGAGAAAGAATCTAA

CTATAGGAAGTCCCCTTTACGCGGTGAATAACTAATGAAGGTTATATGTTGATTAAATAA
GTGTATGCACCATATTTAATAAGATCCTACAGAAGCTGTTATGTGATCCTTCATTGTTTG

5082
5082
5079
4713
5055
5146

5140
5140
5137
4772
5114
5204

5200
5200
5197
4830
5174
5264

5259
5259
5257
4889
5233
5323

5319
5319
5317
4949
5293
5383

5334
5334
5332
4964
5308
5398
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FIGURE 3-S2. S-TNTT1 insertions are not activated or deleted during regeneration from
(4) leaves, (B) roots or (C) selfed-seeds from the Ns-7834 plant. Black arrow shows the
2.4kb T-DNA fragment of S-TNT1, grey arrow shows the ST-1/4 hybrid retroelement
fragments.



5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

5'LTR-ST-3/4
3'LTR-ST-3/4

u3...
TGATTATGTCCATCTCATTGAAGAAGTATTAGGCATGTGCCTAATAAGAGTTTTCTTTGG 60
TGATGATGTCCATCTCATTGAAGAAGTATTAGGCATGTGCCTAATAAAAGTTTTCTTTGG 60
khkkhkk Khhkhkkhkhkkhkhkhkkhhkkhkhhkhkhkkhkhkkhkhhkhkhkhkhkkhkhkhkhkhkhkhkkhkhkhkhkkhkhkhkkhkhkkhkkx hhkkhkhkkhkhkhkkkkhkx*k

BII BII BII
TTTGGTAGCCAATCTTGTTGACTTGGTCTGGTTGGTAGCCAACCTTGTTGAATT-——-——— 114
TTTGGTAGCCAACCTTGTTGACTTGGTTTGGTTGGTAGCCAACCTTGTTGAATTACTTTG 120

Khkkhkkhkhkhhkhhk hAhhhkhkhkkhkAhhhkhkhk KAhhhkhhAhhkhhkhkhAhkhk kA hkk k& k%

BII
------------------- TAAG-------GGTTTGGTAGCCAACTTTGTTGAATTGTGA 148
GTTTGGTAGCCAACCTTGTTGAATTTCTTTGGTTTGGTAGCCAACTTTGTTGAATTGTGA 180
* Kk K Kk kK Kk kK Kk kK Kk k ok ok k kK ok kK ok k kK ok

TATA Box
AAAGTGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTGGCTATAAAA 208
AAAGTGTGTGTAAATTGTCAAATATTGTAGGCTTTAGAGGGTGAAGCTTTGGCTATAAAA 240
Ak hkhkhkhkhkkhkkhkkhkhkhkhhhhhkhkhkkhkhkhkhkhkhohhhkhkhkhkhkhkhkhrhrhhhhkkhkkhkhhkhkhrhrhhkhkhkkhkkhkhkkhhdxxx

...U3| R-region |U5...
GGAGAGCTTCAACTCTCATTTCTACACACCAACAAAGAGAGAAAGAAAGAGTGAGGTTTC 268
GGAGAGCTTCAACTCTCATTTCTACACACCAACAAAGAGAGAAAGAAAGAGTGAGGTTTC 300

R R R

ACAGACAAGGTATAAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGATATTGTAGTG 328
ACACACAAGGTA-AAGAAAATAGTCTGTGAGGAAAATAGAGAGTGAGCGATATTGTAGTG 359

R T I R R R

AGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTTTGGAGTA-T 387
AGGTGGGAATATCAAAAGAGGGTTATTTCTTTTGAGTGTTGTAGTGGTCTTTGGAGTAAT 419

R R R R ek S 3

TTATCTCCGACCTACAAAGTGTAAAATTCCTTACTATAGTGATATCAGTTGCTCCTCTCG 447
TTATCTCCGACCTACAAAGTGTAAAATTCCTTACTATAGTGATATCAGTTGCTCCTCTCG 479

R R R R R e

GGGTCGTGGTTTTTTCCCTTATTCAGAAGGGTTTTCCATGTAAAAATCTTGGTGTCATTG 507
GGGTCGTGGTTTTTTCCCTTATTCAGAAGGGTTTTCCACGTAAAAATCTTGGTGTCATTG 539

R R R R R R

TTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTATTCCGCTTTATT 567
TTACTCTTTTATTCTTGTTAATTACCGTATCTCGGTGCTACATTATTATTCCGCTTTATT 599
Kk kK ok k Kk k kK ok ok kK ok kK k kK ok ok kK ok kK ok kK ok ok ko ok k ko k kK ok ok k ok ok k Kk k kK ok ok kK
...U5
ACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACA 606
ACCGTGAATATTATTTTGGTAAGGGGTTTATTCCCAACA 638

ER R R R R R R

75

FIGURE 3-S3. Alignment of ST-3/4 long terminal repeats reveals mutation during
retrotransposition. Substitutions are highlight in yellow and deletions in green. The U3,
R, and U5 regions of the LTR are labeled. The BII repeats and TATA box are also
labeled.
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TABLE 3-S1. Transpositions and deletions absent in plants regenerated from Ns-7834

tissues on various media

NaB AzaC
Material | (mM) (mM) Transpositions Deletions | Plant Lines
Root 0 0 0 0 13
Leaf 50 0 0 0 8
Leaf 20 0 0 0 13
Leaf 10 100 0 0 9
Leaf 10 0 0 0 11
Leaf 0 100 0 0 7
Leaf 0 0 0 0 5
Seed 10 100 0 0 11
Seed 10 0 0 0 7
Seed 0 100 0 0 10
Seed 0 0 0 0 13
TOTAL 0 0 107




TABLE 3-S2. Primers for Inverse PCR

77

Progeny Primer Strand | Sequence

ST-3/3 ip2R R GAACCAACCGCAGAACTGTAGGGC

ST-1/4 iplR R AACAGCCTCCCAGTGCTCCTTACC

ST-4/4 iplF F ATGTTTCGGCGGTAGCGACCCTAT
ip2F F TCTCTGGAGGGGCAATCTCTTGGC

ST-3/4 799ipF1 F GCGATTCCTTCAAGAGCTTGGATTGC
799ipF2 F ACCATGCAAGGACCAAACACATTGA
799ipR2 R TCCTGGAAGTCCTTTCCCTCACAA
799ipR1 R TTCAAGTGTCCGGCCAATGGGGTA




TABLE 3-S3. BLAST results for characterized S-TNT]1 insertion sites

78

Score,

Progeny Best Similarity E value Locus
1856,

ST-1/4 CHO OF3401xi23rl.abl | 5.2e-78 Methyl-filtered Assembly
931, 2.3e-

ST-4/4 CHO OF305xb23rl.abl 34 Methyl-filtered Assembly
3956,

ST-3/3 CHO OF3737xel9rl.abl | 7.3e-173 | In terminal EAR1 homolog
937, 2.2e-

ST-3/4 AGN OF3457xml3rl.abl | 81 Methyl-filtered Assembly
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TABLE 3-S4. Primers to amplify and sequence S-TNT1 insertions in transgenic plants
and loci in wild type N. sylvestris

Position Primer Strand  Sequence
620 DraR0934 R CGAGCAGAACCTGTGCTCTGATAC
640 7F740 F AGCACAGGTTCTGCTCGTTCACTG
1990 7F2090 F AATGGGTCACATGAGCGAGAAGGG
2280 7R2390 R TGGAAAACTTGAAACACCTGATCTTTGGT
3530 7R3640 R CCAGCTACTTCAAATCCTTCTGGTTGC
3810 3U3F1 F GGCCCAGCTCAGCAGATATTGGGT
4310 5U3RI1 R GCCAAGAGATTGCCCCTCCAGAGA
4530 7F4640 F ACCACTGGATCAGAGAGATGGTCG
4790 3U3F2 F TTGGTTTGGTAGCCAACCTTGTTGA
5160 7F5260 F TCAGTTGCTCCTCTCGGGGTCG
5170 3U3RI1 R CGACCCCGAGAGGAGCAACTGATA
5260 207F5360 F TACCGTATCTCGGTGCTACA
5'ST-3/3 EarF0256 F AGGCCTGGGAAAATCAAGAATGCC
3'ST-3/3 Ear-33R R TTCACCGCGTAAAGGGGACTTCCT
5'ST-3/4 3A119uF2 F GACCCTCTGTACCCAGCAGCCTA
3'ST-3/4 3A119dR1 R TGGCAGAGAAAAGAGATACTGGAGCC
5'ST-1/4 22F0235 F CTCTCGTGATCTTCCGCCCACACT
3'ST-1/4 22-33R R GCAATAGAAGAGCTGAAAGTTCCTTCCT
5'ST-4/4 DraF0015 F ATCCATTACACAATTTTACGATATTCGAGTT
3'ST-4/4 Dra38R R TCGTTACGCAGAAGCTCTGCCATT
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