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Copper is an essential trace element needed foobmat growth and
development; however, it is also toxic in highen@entrations. Typical background
levels of copper in U.S. soils range from 5 to §0gudry weight. Elevated copper levels
are hypothesized to cause a shift in the soil mielccommunity resulting in more
copper resistant microbes. With the objective @fleating major shifts in soil bacterial
community composition as a result of elevated coppeacentrations, three sets of soil
microcosms were constructed using an agricultwihtsllected from the Adelphia
Freehold Research Center. The shifts in the hattearmmunity within the microcosms
were investigated through denaturing gradient peltephoresis (DGGE). These data
revealed the emergence of a variety of bacteriadrpresence of elevated copper.
Results indicated that a bacterium most similah&order Sphingobacteriales was
present in 500 pg/g copper amended microcosms,nwiddditional carbon
supplementation after 91 days of incubation. A @iflexi-like bacterium was shown to
be tolerant of copper in the 250 and 500 pg/g coppendments after 14 days of
incubation. A bacterium from the phylum Actinoba@evas present in highly copper

contaminated microcosms (2,000 pg/g). In addittomicroorganism most closely



related to thérthrobacter sp. was shown to be tolerant of 500 pg/g coppmexehrer

only while in the presence of an added simple cadmurce. Lastly, a bacterium
belonging to the Rubrobacteraceae family of Actamibria was revealed in copper
amended soils regardless of whether a carbon ssassupplemented. The presence of
these copper tolerant bacteria in a previously otaoainated agricultural soil suggested

a native copper resilience within the bacterial oamity.
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1.0INTRODUCTION

Copper is a naturally occurring element preseatlienvironmental media
including soil, sediment, air and water (EPA, 200[@)is an essential micronutrient
critical for cell function, playing a vital role iprocesses including but not limited to:
respiration, photosynthesis and some superoxideutases (Madigaet al., 2003;
Prescott et al., 1996). Therefore copper mustrégemt in the environment for biological
activity to occur. In elevated concentrations, s highly toxic making it of special
interest (Pais & Jones, 1997). For instance, aljual soils in particular are commonly
found to contain high levels of copper. Thisugdo common applications of
substances enriched with copper to these sitesurAglation of copper in solil typically
occurs from repeated fertilizer and pesticide agpion (Iskandar & Kirkham, 2001),
land deposition of industrial wastes and sewage iraigation with reclaimed sewage
water (Pais & Jones, 1997).

Typical background levels of copper in U.S. sadsge from approximately 10-
50 mg/kg dry weight (dw) (EPA, 2007). However, taominated soils have been
reported with concentrations as high as 3,000 mgvkgopper (Kiikkilaet al., 2000).
Copper has a high bioaccumulation index, and theeeft accumulates in plant biomass
in high concentrations (Pais & Jones, 1997). Tdseated levels of copper cause plant
phytotoxicity, which in turn facilitates lateralggiersion of metal particles through wind
erosion (Vangronsveld al., 1996). Thus studying the effects of copper in an
agricultural soil is critical.

The investigation of the role of the bacterial commity and how it responds to

elevated concentrations of copper will bring insigio how bacterial communities may



change in agricultural soils. These studies weNaal potential copper resistant soil
bacteria as well as the copper sensitive porticdh@bacterial community. Studies
investigating soil bacterial composition are ofthigiportance because bacteria within
the soil decompose organically bound forms of gy sulfur and phosphorus. They
convert these nutrients into plant available foemd hence are vital in nutrient cycling

and soil fertility (Brady & Weil, 2000).
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In soil, copper concentrations tend to be relayivediform in profile distribution,
although there can be considerable accumulatitimadoil surface. Additionally, copper
in soils strongly sorbs to particles of organic tagtclay and sand (Miller & Gardiner,
1998; Pais & Jones, 1997). The dominant form gpeo in soil is the cupric cation
(CU?Y; this formis most soluble and available under acidic conditi(Brady & Weil,
2000). Humus strongly binds micronutrient metailshsas copper to its negatively
charged sites (surface chelation), providing a mageerve in top soils (Singer & Munns,
1987). Therefore, this fraction of the copperas Imoavailable; acidic soils reverse this
thus, making copper bioavailable.

There are many anthropogenic fluxes of coppersoib Some include mining
and smelting activities, other industrial emissiand effluents, traffic, fly ash, dumped
waste material, and contaminated dust and rain€@ther fluxes include sewage and
sludge from wastewater treatment plants, pig sjuoynposted refuse, along with the use
of agricultural pesticides, fungicides and ferglz (Prasad, 2008).

The Massachusetts Department of Environmental &tiotehas identified copper
background levels in “natural soils” as 40 mgkgvhereas the concentration in soil
containing coal ash or wood ash associated witmékerial is 200 mg/kg (MassDEP,
2002). The mean concentration of soil collecteanfitwo transects in North America
was 14.3 mg kg of copper in dry soil (from a total of 254 soihsales). The maximum
and 90th percentile were 81.9 and 21.8 mg kigy soil, respectively (USGS, 2005).
Thus, the MassDEP’s definition of contaminated soiitains about five times more

copper than expected background levels.



The USEPA has defined the Ecological Soil Screehangl (The Eco-SSL) for
copper as the concentration in soil that is proteatf ecological receptors that
commonly come into contact with and/or consumeabibat live in or on soil. The Eco-
SSL values for copper range from 28 mg/kg dw foamwildlife to 80 mg/kg dw for soil
invertebrates. Although typical copper concentratiin U.S. soils range from 5-50
mg/kg in the Eastern part of the nation and 15-§8min the West (EPA, 2007),
contaminated soils have been reported with conagoiis as high as 3,000 mg/kg
(Kiikkila et al., 2000).

Bacteria play an immense role in all the orgarangformations vital to support
higher plants. Bacteria within the soil decomposgganically bound forms of nitrogen,
sulfur and phosphorus and convert them into plaatiable forms. The fixation of
elemental nitrogen, for example, is one of the nmapbrtant microbial driven processes
in soil since this form of nitrogen cannot be udedctly by higher plants (Brady &
Weil, 2000). Hence, shifts of the soil bacteraironunity are very important and greatly
impact soil fertility.

A recent study by Lejoiet al. (2010) evaluated the effects of copper
contamination on the abundance, diversity and adiaptof the bacterial community in
relation to different soil organic status by tanggtthe culturable populations. Soil
organic status was defined as the amount and tiypalmrganic matter. Three organic
matter managements were used: not amended, contdii9 g kg organic carbon
(NA); amended with straw containing 19.7 g'karganic carbon (S); and amended with
conifer compost containing 45.9 gkgrganic carbon (CC). Bioavailable copper

concentrations in each amendment were: NA, 460 140 ng Cu g soil; S, 148 ng +



60 ng Cu & soil; CC, 129 ng + 51 ng Cu*gsoil. Soil microcosms were artificially
contaminated with 250 mg Cu k@f soil and incubated for 35 days. Results of the
bacterial enumeration experiment indicated thatiterotrophic bacteria in the S and
CC soil microcosms did not experience a changegewhithe NA microcosms there was
a significant decrease of the bacterial members@®5) from 2.8 x 10to 4.0 x 16
CFU g* of soil. The results suggested that the copppa@non viable heterotrophic
bacteria depends on the biochemical quality of@aaghlnic matter since no modification
was observed in either S or CC soil microcosmstoAke diversity of copper resistant
isolates, bacterial 16S rRNA gene amplification paned with sequences found in the
GenBank database revealed no significant differeamtiee diversity of copper resistant
bacteria between the three organic matter managsroéthe uncontaminated soils.
Bacteria belonging mainly to the Alphaproteobaetetass (53-57%) and to the
Firmicutes class (38-43%) were isolated in allsoil' hea-Proteobacteria were mainly
composed of th#ethylobacterium genus (47-53%) and the Firmicutes of the
Saphylococcus (17-37%) andBacillus (6-17%) genera. Phylogenetic trees revealed that
the copper resistant isolates belonged-Rroteobacteria, Firmicutes, Bacteriodetes and
Actinobacteria. This group demonstrated that coppsendment did induce an
enrichment of particular populations, which varedween soil microcosms.
Methylobacteria, Ralstonia andStaphylococcus became dominant in NA, S and CC soil
treatments, respectively.

Torch Lake in Houghton County, Michigan (Konstadtget al., 2003), has been
contaminated with copper over the course of 100sygam 1868 to 1968 when copper

mining byproducts were dumped into the lake. ddgper concentration found in the



lake sediment was as high as 5,500 pg/g coppédrer@tetals, such as arsenic,
chromium and lead, along with organics and resiéuplosives, have been detected in
the sediment. The authors described the sedimétite lake as an extreme environment
for the development and evolution of microbial conmiies. T-RFLP analyses of the
microbial communities at these sites indicatedaaoaably complex community with up
to 20 detectable phylotypes. Direct isolation gbger resistant strains from Torch Lake
sediment identified two genera of bacteAsathrobacter andRalstonia. Arthrobacter

was isolated from only the top layers of the sedinvehereaskalstonia spp. were the

only aerobically cultivated copper resistant sigasolated below 6 cm. Although both
genera exhibited resistance to at least 200 pghobmper sulfate (CuS() Ralstonia

were resistant up to 1200 pg/mL CuSfdd produced green colonies when grown with
CuSQ, suggesting copper sequestration as a resistagcieamism. The authors did note
that additional diversity may reside in the anaeralector of the community.

Two highly heavy metal resistant bacterial strawese isolated from a long-term
heavy metal contaminated copper mine tailing sit€hina (Xieet al., 2010). Through
16S rRNA amplification and sequencing, these twairs¢é shared 99% similarity to a
Ralstonia picketti and aSphingomonas sp. In liquid medium, the strain most similar to
Ralstonia picketti had tolerance to zinc (10 mM), copper (3.0 mMadi€0.75 mM) and
nickel (1.0 mM), whereathe strain sharing most similarity t§hingomonas sp. had
tolerance to cadmium (2 mM), copper (1.5 mM), I€a@ mM) and nickel (1.0 mM).
TheRalstonia picketti like strain could grow on solid medium supplemenigth
cadmium concentrations as high as 10 mM after ay7irttubation period. The

Sphingomonas sp. like strain was shown to grow on solid medium sepmnted with 35



mM of zinc after 3 days and 50 mM zinc after 10sdayl he authors concluded that
biosorption of metals with the use of metal resistacteria is efficient and ecofriendly
for its immobilization; thus the two isolated baeéstrains had potential for bacterial
bioremediation of heavy metal pollution from tagipiles in the future.

A study (Bernard, 2009) constructed to evaluatdrifieence of copper
contamination on the dynamics and diversity of éaal communities actively involved
in wheat residue decomposition was conducted sadgle isotope probing. Higher
portions of Alphaproteobacteria and Actinobactar@e present in the active fraction of
the copper-contaminated soils with 214 mg Cu pesdibas compared with the
unamended soils. In the unamended soils (refeéored pristine in the particular article)
Delta- and Gammaproteobacteria were present irehigbrtions in the active fraction of
the population. The article stated that coppelugoh seemed to have inhibited certain
populations known to be fast growing organisms fbatl on readily available carbon
such as the Gammaproteobacteria. Oppositely, popns able to degrade polymerized
or aromatic compounds, such as Sphingomonadacdagcéinobacteria, were
apparently actively involved in residue degradationopper contaminated soils.

A literature review of relevant studies pertaintoghe effects of copper on the
soil microbial community has identified several [ghgf bacteria that demonstrated
copper resistance. This current study was conduntbopes of expanding these
findings by looking at bacterial groups affecteddsificial contamination with copper

on an agricultural soil.



3.0HYPOTHESISAND OBJECTIVES

It was hypothesized that elevated copper conceémtratould cause a shift in the
soil bacterial community. In addition, the orgamésfound in the copper amended soils
are apt to be copper resistant. This is expeateduse high levels of copper are toxic
and may cause cell death or growth inhibition tpp=r sensitive bacteria, while
increasing the growth of the copper resistant batteommunity. With the objective of
evaluating major shifts in soil bacterial commuratymposition as a result of elevated
copper concentrations, three sets of soil micrososere constructed using an
agricultural soil. The shifts in the bacterial coomty within the microcosms were
investigated through community analysis. The fingtrocosms were amended with
moderately elevated concentrations of copper owpraa of 91 days. The second
microcosm experiment was conducted with high cotmagans of copper and
investigated the effects on the viable cell cowntvall as the shift in the overall bacterial
community after 3 and 8 days. The third and lagiper microcosm experiment
investigated the effects of moderately elevategeoponcentrations on the soil bacterial

community over a span of two weeks with and withbetaddition of a carbon source.



40METHODS
4.1 Soil Collection
The top 10 cm of an untilled sandy loam soil walkected from the Adelphia
Freehold Research Center in Freehold, New Jerse$eptember 3 of 2008. Grab
samples in parallel transects stretching the leafthe plot were placed in two five-
gallon plastic containers. The soil was thoroughlyed and sieved through a 2 mm

sieve (#10) and placed at 4°C before the soil nosiwsms were constructed.

4.2 Soil Testing Lab Analyses and pH

The soil collected from the Adelphia Freehold Resle&enter was used in all
three microcosm experiments. After collectiorplicate samples representative of the
bulk soil were sent to the Rutgers University S@bting Laboratory for electrical
conductivity, mechanical analysis, soil organic teatmicronutrients, and pH analysis.
Additionally, the pH of each microcosm was measuateeach sampling time point for
the 91 moderate copper microcosms experiment dsawéhe 14 day moderately
elevated copper and glucose microcosms. A 10 glsamhgoil from each microcosm
was dried overnight at 105°C, and mixed with egmdunts of distilled water. The
slurry was mixed vigorously and left to sit for Binutes. A pH electrode was used to

measure the pH after the settling period.

4.3 Soil Microcosm Set-up and Descriptions
This study includes three separate microcosm @rpets. Since the downstream

analyses varied slightly, each experiment will beatibed in detail separately.
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4.3.1 91 Day Moderately Elevated Copper Microcosms

Soil microcosms were constructed in acid washedaammoclaved plastic
containers to ensure no copper addition througipksic containers. A total of four
amendment and control containers were made, wheredapper was diluted in the
amount of water needed to bring the soil to a gnatic water content (GWC) of 15%.
Each bucket was mixed thoroughly to allow for a bgenous concentration of both
water and copper. Then, 60 grams of soil wereggplae each plastic microcosm; the
bulk density was adjusted to 1.25 gfcriThe microcosm container was covered with
aluminum foil with holes punched into it to faciie aerobic conditions. Microcosms
were placed randomly in a drawer beneath the latgrédench top; the moisture content
was adjusted weekly to maintain 15% GWC.

Two sets of controls and two sets of amendments ywepared for this 91 day
experiment. One control included a microcosm withcopper sulfate addition (gu
The second control, a pH control (pH) served to imitine effect on pH caused by the
addition of copper sulfate which is acidic. Thiasadone by using sulfuric acid.
Amendments with copper sulfate concentrations 6f|2§/g and a 500 pg/g copper
microcosm were labeled €and Cuy, respectively. There was a total of 7 samplinget
points, where triplicates of all 4 microcosms wsaenpled destructively. These time
points were day 0, 3, 7, 14, 28, 42, and 91.

4.3.2 8 Day Highly Elevated Copper Microcosms

Soil microcosms were constructed with the objecti/acking the change in

colony forming units (CFU) with the amendment opper. The construction of the

microcosms took place in October of 2009, approtétyal 3 months after soil collection.
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The soil was taken out of 4°C three weeks pridh#ostart of the microcosms. During
these three weeks the soil was brought up to atureisontent of 10% and mixed
thoroughly at least once a week. This time weaalltaw the soil microbial community to
acclimate to room temperature. Before the statti@imicrocosm set up, the soil was
thoroughly mixed once again. Copper amendments areated in the volume of water
needed to bring the soil up to a moisture contéa®éo, and 20 g were placed in each
microcosm. Aluminum foil with holes allowing foegation was placed over the top of
each plastic microcosm. The microcosms were agljust 12% moisture content every
2-3 days.

The following concentrations of copper where usethe amendments: 0, 125,
250, 500, 1,000 and 2,000 pg/g. The microcosms s@mpled destructively during the
three sampling time points: day 0, 3 and 8. Athpées were spread on soil extract (SE)
agar plates in triplicates. The soil extract waslenilom the soil sampled from Adelphia
Freehold Research Center.

4.3.2.1 Viable Cel Count Analysis

A viable cell count analysis was performed on8lday highly elevated copper
microcosms A soil slurry was made by placing 10 g of soil fréime microcosm in 100
mL of a 0.9% NacCl solution making, the™1@ilution. This slurry was mixed on a
horizontal shaker for 5 minutes after which dilaBovere made in sterile test tubes. One
milliliter of the soil slurry was further dilutedtfinal dilutions of 13, 10° and 10'. Then
0.1 mL was aseptically plated onto SE agar. Thea&¥ plates were incubated at room
temperature (approximately 25°C) in the dark fdrO7rdays. CFU were quantified at the

end of the incubation period.
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4.3.3 14 Day Moderately Elevated Copper and Glucose Microcosms

Soil microcosms amended with copper and glucose w@nstructed on April 12,
2010. The soil was taken from 4°C and brought thraaintained at a GWC of 12% for
approximately a month before the microcosm stae.déEach amendment bucket was
mixed for 5 minutes at which time all visible aggaées were broken up and the water,
copper and glucose was evenly distributed throughAa in the first microcosm
experiment where moderate concentrations of coppes added, 60 g of soil was placed
into each plastic microcosm. These microcosms wereiously acid washed and
autoclaved to ensure that no extraneous coppefentg nor microorganisms were
introduced into the microcosms. The soil was pddkea bulk density of 1.25 g/ém
Each labeled microcosm was covered with aluminuthiHat had several holes
punctured through it to allow for air circulatioill the microcosms were placed beneath
the bench top in the laboratory where they werabated for up to 14 days. The
moisture content was adjusted weekly to 13.5% GWC.

There were a total of six control and amendmentainers constructed on day O.
They were: 0 ug/g copper addition along with noit@ald of glucose, which served as the
carbon source (Gdxy); 500 pg/g of copper and no glucose additionsg&ix) ; two sets
of O pg/g of copper addition and 1% (d/w) of glue@sldition (Cudx;); and two sets of
500 pg/g of copper addition along with 1% (d/w)bfcose addition (Gdodxi). All of
these samples were collected on day 0 and dayn/Day 7, in one set of microcosms
Cuwdx; and Cuyodx;, a second addition of 1% dw of glucose was addedplenish the
carbon source, thus making them into a new tredtoadled Cydx, and Cyodx,. The

second addition of the 1% glucose was added indghene of water needed to bring the
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microcosms back to a GWC of 13.5%. These micrososare incubated at room

temperature for an additional 7 days.

4.4 Molecular Methods

After the appropriate incubation period of eachrotosm, DNA was extracted
from each microcosm using 0.6 g of soil. Soil witthe microcosm containers were
mixed thoroughly to ensure that the 0.6 g sampdel tiesr DNA extraction was
representative of the whole microcosm. The MoBliwdClean™ Soil DNA Isolation
Kit was utilized for the DNA extraction. The “Expenced User Protocol” was used
with the exception of the last step which calledtfe elution of the DNA with Solution
S5. Instead of elution with this reagent, a 10 M4 Solution adjusted to a pH of 8 was
used. This is the same solution as the S5 includ#e kit; however, it was made in the
lab due to prior contamination of the MoBio reagenb ensure that the extracted DNA
was approximately 23,130 base pairs, agarose ggrephoresis was performed on all
samples. Each sample was loaded onto a 1% agabasdtly aiHindlll standard
(invitrogen™) to determine the appropriate siz®dIA extracted from each soil sample.
The gel was placed in an ethidium bromide stainaswhlized using a Kodak Imaging
System.

Polymerase chain reaction (PCR) was used to antpkfhighly conserved 16S
rRNA region of the DNA using the universal bactepiamers 27F and 519R, which
yields a product of approximately 500 base paip3.(bA master mix solution was made
for each PCR reaction that included the Supermmitfiogen™), bovine serum albumin

(BSA)(Roche), forward primer and reverse primetNAtemplate extracted from each
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sample was mixed with the master mix. Sterile elate@d water was used as the
negative control and DNA isolated froschericia coli was used as the DNA template
for the positive control. To ensure that the fordvand reverse primers did not bind to
one another before being placed in the thermakcytthe molecular experiments were
conducted on ice and the reverse primer was acddiedhie master mix as the last reagent
before being aliquoted into each reaction tubéne FCR product was run on 1% agarose
gel and visualized using an ethidium bromide séad the Kodak Imaging system.
Typically, each sample yielded a similar intensify°CR product.

The PCR products from the various microcosms weaddd onto a denaturing
gradient gel (DGGE) to separate the sample intelg of bands. Each band was
assumed to represent an operational taxonomid@Qiity). Each DGGE gel was run at
55 volts for 17.5 hours at 60°C. Various denamignadients were used to capture
different portions of the bacterial community. Baling electrophoresis, the gel was
submerged in an acetic acid fixing bath for 10 nesuollowed by 15 to 30 minutes in a
SYBR® Green stain. An image of the DGGE gel was talginguthe Kodak imaging
System. Bands were excised from the polyacrylamels, placed in sterile
microcentrifuge tubes and stored at -20°C for latelyses.

Excised bands were defrosted before being complstdimerged in sterile
autoclaved g-di water for 24 hours at 4°C. Thisrsarsion of the bands allowed for the
PCR template to elute out of the gel slice. Fivefithis template was transferred to a
new PCR tube and reamplified using the 16S rRNAy@m on the thermal cycler. This
PCR product was run an agarose gel to ensure tpkfiaation of PCR product from

excised bands occurred without the amplificatiothef negative control.
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Before being sequenced, the reamplified produchfeach excised band was
cleaned with ExoSAP-TtPCR product clean up. The cleaned product wastbadto a
96 well plate with the 27F and 519R primers and s#n GeneWi? for sequencing.
Results from GeneWfzwhere exported into the DNASTAR LasergénseqMan
program where each peak was visualized to ensatehé selected peak was correctly
matched to the appropriate nucleotide. The secueas entered into the GenBank
database which compared the experimental sequersagjtiences of known organisms
deposited in the database. Closest relativesiG#nBank database were found for each

excised band.
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5.0 RESULTS & DISCUSSION
5.1 Soil Testing Lab Analysis
Physical and chemical analyses of the bulk sdiécted were conducted in
triplicates by the Soil Testing Lab. Electricahdaictivity, soil particle size distribution,
soil organic matter content and micronutrient comions were reported. The results
are shown imable 1 as averages + standard deviations. The pH rainged5.40 to
5.45. The report concluded that the soil was slatédy growth of blueberry, potato,
azalea, rhododendron, and holly, but too acidiariost other plants. The micronutrient
concentrations within the soil were reported asdp@idequate. Salt concentration in soil
extracts was directly related to electrical contuitgt (EC). High levels of salts, greater
than 4 mmho/cm, are known to inhibit the growth degtelopment of plants (Singer &
Munns, 1987). The soluble salt content of the saxhples were deemed satisfactory.
Typical organic matter found in surface soils ranffem 1-6%, while the organic carbon
fraction in the Southern New Jersey region is betw@9-3.3% (Brady & Weil, 2000).
Soil organic matter analyses of the soil used enrtiicrocosm experiments fell into the

lower portion of these two ranges.

5.2 The 91 Day Moderately Elevated Copper Microcosms
5.2.1 pH Analysis
With the objective of evaluating major shifts mldacterial community
composition, a microcosm experiment was construatdtdtwo moderately elevated
concentrations of copper (ésdand Cuog) over a span of 91 days. A pH and & Cu

control were also maintained over the 91 day period
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The pH analysis was conducted on all four treatrhgres; the averages and
standard deviations were calculated by combiniegptH results of each triplicate
treatment type. Results indicated that the pHhéngH control samples was not different
from the pH in the Cusamples and hence does not serve as an effetticemtrol Fig.

1). The pH control was created to mimic the effexdfta decrease in pH due to copper
sulfate addition. Nevertheless, these samples stérencluded in later microbial
community analyses as they served as additiongt@hrols. The average pH of £u

and pH contro$amples fluctuated within the range of 5.16-5.2d i 3-5.23,
respectively. The average pH of;Gamples started at 4.79 on day O and increased to
4.94 on day 91. The highest pH was recorded o@ayin comparison, the average pH
of Cu, samples started at 4.58 and increased to 4.7&pA2} the day 91 sample had a
slightly lower pH of 4.75. The increasing trend®H in both copper amended
treatments can be attributed to the soil’'s buffgapacity, which is the ability of soils to
resist changes in pH (Brady &Weil, 2000). In ambaht Cusoo Samples were more acidic

than the Cgko because more copper was added to the former.

5.2.2 Molecular Community Analysis
5.2.2.1 Day0DGGE
A polyacrylamide gel comparing day 0 samples vt asing a denaturing
gradient of 40 to 80%Hjg. 2). It should be noted that the pH control samplese
included in all day 91 gels; however, they serva as copper control since the addition
of sulfuric acid did not lower the pH of the soWisual analysis of the banding patterns
did not indicate the presence of unambiguous disdands. Although the gel was

adequately stained, the intensity of the bandsutittout the gel was low. In the middle



18

to the bottom portion of the DGGE gel, there seetodak a complex banding pattern
present in all lanes. Although no differenceseaqgected on day 0O, due to low band
intensity nothing could be concluded about presem@bsence of bands differing
between treatments within this region. The geneaabling pattern in all treatments was
complex and indicated many types of bacteria weesgnt within the soil microcosms in

both the controls and the treatments.

5.2.2.2 Day 91 DGGE

A DGGE gel of all day 91 samples, including the githtrol, unamended control,
250 and 500 pg/g copper, was cast using a 50 tod#t4turing gradient. A wide
gradient emphasized an overall snapshot of theebattommunity Fig. 3). Visual
analysis of the banding pattern indicated at leastdiscrete bands present in the copper
amended microcosms. These bands were excisedamzhoed to known sequences
deposited into the GenBank database; results axersim Table 2.

Bands 1 and 2 were present in all of the 250 jagth500 ug/g copper amended
microcosms. These bands are complementary to arteearand were taken to ensure
that each one represented the same organism emeghtbthey were found in different
samples. Their presence in all triplicate microcesfithe copper amendments indicated
that this organism was enriched due to copper iaddiv the soil. The selected bands
were most closely related to a bacterium from tfteoSphingobacteriales within the
phylum Bacteroidetes. Although the sequencesnéld 1 and 2 had well defined peaks
that were consistent with both forward and reversmers, the closest match within the
GenBank database was only 90% similar (91% mostglaelated to a Bacteroidetes

bacterium).
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Band 3 was only present in one of the tripliced® Rg/g copper microcosms, and
therefore a complementary band was not analyzdthoégh the presence of this band
was not as consistent as the band related to thie@jbacteriales bacterium, the
organisms related to this band were still of irgedkue to its absence in the control
samples. The sequence of band 3 was approxin#@élypase pairs and had well defined
peaks in both the forward and reverse primerss band was most closely related to
Roseiflexus sp., a genus of the Chloroflexi phylum. Agaire thosest match to known
sequences was not very high (88% similar) evenghauclean sequence was compared
with the GenBank database. It is apparent thatrganism more closely related to the
one excised from the 250 pg/g copper microcosm kahgs not yet been added to the
database.

These results indicated that while the agricultscs was not known to
previously be exposed to elevated copper concemtga(background levels of 1.37
K1g/qg), it still harbored bacteria able to tolerabel possibly resistant to copper. There

may be a background tolerance of copper by baadteagricultural soils.

5.2.2.3 Cuasp and Cusg, All Time Points DGGE
Lastly, for the 91 day moderate copper microcogspeament, a polyacrylamide
gel comparing all time points treated with 250 &00 1 g/g copper was cast. Equal
volumes of DNA from each triplicate copper amendedrocosm were added as the
DNA template for the PCR reaction. A denaturingdignt of 50-85% was used to
visualize an overall snapshot of the bacterial camiby (Fig. 4). Nine bands of interest
were excised, re-amplified, and analyzed througfusecing. Closest relatives of these

bands are listed ihable 3.
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Complementary bands 1 and 2 were only preseriOGradd 500 pg/g copper
amended microcosms in day 91. A possible bandendcation of band 3 was excised to
ensure that bands 1 and 2 were discrete. Re-arapiliih and sequencing was not
successful, which suggests that bands 1 and 2ingeed discrete. The closest relative
to these bands was a bacterium from the order §pbacteriales within the phylum
Bacteroidetes (sharing 92% similarity). As in geguencing of bands 1 and 2 of day 91
samplesTable 2), the closest relative did not match very highth@ugh the sequence
was approximately 440 base pairs with little backoand and discrete peaks representing
the four nucleotides. The presence of this ogyann the copper amended microcosms
indicated it was selected for under elevated coppacentrations, low soil pH, and that
the selective nature of this organism is highlyrogloicible within the microcosms.

When the sequence from complementary bands 4 ared&input into the
GenBank database, the resultant closest relatieegpgd into more than one phylum of
bacteria. These results can be foundiable 3, numbers 4 and 5 without the asterisk.
Due to inconsistencies in closest relatives, theBaak search was refined to exclude all
uncultured/environmental sequences. This sdarafd the bands to be most closely
related to amcidobacterium sp. (95-98%). Since the soil is acidic, rangiragf 4.79 to
4.94 in the 250 pg/g copper amendment and 4.58 &&lin the 500 ug/g copper
amendment, this finding was consistent with exgexta. The band most closely related
to anAcidobacterium sp. excised from the 500 pug/g microcosm treatmest only
detected in the last sampling time point (daywWhiile the one from the 250 ug/g copper
treatment was detected in the samples from dayr'té. pH in the 500 pg/g copper

microcosms was lower than the 250 pg/g copper mimms and might explain why the
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Acidobacterium sp. like organism was not found in the higher esriation microcosms
until a later sampling time point.

When the sequences from bands 6 and 7 were imfoutie GenBank database,
the closest relatives once again grouped into iti@ne one phylum of bacteria. The
GenBank search was refined to exclude all unculferevironmental sequences in hopes
of eliminating the inconsistencies within closesdatives. These results (bands 6* and
7*) did not result in high similarity matches, 8098, however they did all fall into the
Betaproteobacteria with the exceptionAabspirillum, which is a genus within the
AlphaproteobacteriaAzohydromonas australica, is from a genus within the family
Alcaligenaceae. All remaining genera were witlie Comamonadaceae family. The
presence of this organism was only apparent ib@@eug/g copper amended soil during
the sampling times of day 42 and 91. The appearahthis organism in the 500 pg/g
copper microcosm showed that it is selected fdngmer copper concentrations and was
tolerant of highly acidic soil conditions. Thiesgnce of a complementary band in the
250 pg/g copper microcosms indicated that the baatevas out-competed by other
organisms. It is also possible that it was presesatich small numbers that it was not
detected by the method used.

Bands 8 and 9 appeared in both the 250 and 500qogfier amended
microcosms after the fourteenth day. This delgyeibd before detection of the
organism may be associated with elevated coppeaecrations, the lower pH of the
soils due to the copper addition, or the slow grmwnature of the organism. Sequence

analysis found this band as most closely related@hloroflexi bacterium clone,
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commonly known as the green nonsulfur bacteridyagheterotrophic bacterium
(Madigenet al., 2003).

As demonstrated by the emergence of several tksbesds within the DGGE
gels cast for the 91 day moderately elevated compaocosm experiment, if this
agricultural soil was contaminated with elevategtle of copper, a shift in the bacterial
community would be expected. The native bactenaimunity was found to be resilient
to copper amendments of 500 pg/g of copper. Glaséatives of these copper tolerant
bacteria belonged to the following phyla: Bacteebés, Acidobacteria, Chloroflexi and

Proteobacteria.

5.3 The 8 Day Highly Elevated Copper Microcosms
5.3.1 Viable Cell Count Analysis

To track the change in CFU with the amendmenbpper, microcosms were
constructed with incremental copper concentratafr® 125, 250, 500, 1,000 and 2,000
Ha/g in a short term experiment. CFU analysis usesl to complement the molecular
analysis of the bacterial community in microcosmisject to varying copper
concentrations. The analysis elucidated if théucable bacteria counts decreased with
increasing copper concentrations. Soil extractsifday 0, 3 and 8 microcosm treatment
soils were spread on soil extract agar platesphdate; the results of the enumeration
are presented iRigure 5.

Equation(1) was used to calculate the percent difference in @F&Jgiven time
for the samples containing added copper versug tiwdk no added copper. The results
indicated that the there was a 34 to 72% declinbarculturable bacterial community in

soil amended with 2,000 ug/g copper as compardutivit unamended samples in day 0,
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3 and 8 samples. Day 0 samples showed a 34% dedresiable cell counts in soils
exposed to 2,000 ug/g copper. This decrease waslikely caused by the time elapsed
on day 0 as the microcosms were being construapgapximately 4 hours, and shows an
immediate toxic effect on the culturable bacterdter 3 days of incubation, there was a
72% decrease in viable cell counts. Eight dayaafbation showed a 64% decrease in
viable cell counts of the soils receiving 2,000qugdpper. As hypothesized, highly
elevated copper concentrations caused a decredise wable cell counts of the native
bacterial community. At higher copper concentraidewer culturable bacteria were
able to survive. Therefore, in sites where thepeogoncentration is in the range of
2,000 ug/g, there may be an inhibitory effect darge portion of the bacterial

community.

(CFU,. -CFU, ), Looy, . 70 decreasein CFU in a given copper 1
CFU concentration (c) with time (t)

t,0

5.3.2 Molecular Community Analysis- Day 3 and 8 DGGE

Day 3 and 8 soil microcosm samples amended wit®®}1g/g copper used to
guantify the change in bacterial cell counts wése ased to resolve the entire bacterial
community on a wide gradient DGGE gEld. 6). Due to the increased copper addition,
the bacterial community was expected to change h@tically than the prior 250 and
500 pg/g copper experiment. Results of sequerglgses can be found imable 4.

Out of all the successfully sequenced bandsualbhe discernable pair of
discrete bands was present in the unamended ctrppanents. Bands 1 and 2, 4, 6,

along with 10 and 11 were found in control\Gamples, indicated on the DGGE gel with
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black arrowsfig. 6). These bands were not detected in the elevaieplec

amendments, implying that copper was inhibitorthiir growth.  Sequence analyses
of bands 1 and 2 resulted in closest relatives ffnee phyla. When the database search
was narrowed to exclude all uncultured/environmesgguences, 88% similarity was
found with a bacterium from the Acidobacteriaceamify. Band 6 confirmed this

finding by also sharing similarity with an Acidoliagaceae bacterium (99%). Band 4
was found to be 98% similar toBacillus sp., which was a consistent with finds of bands
10 and 11. They were related to bacteria fronFihaicutes phylum (95 and 94%
similarity).

Bands 8 and 9 were detected in all of day 3 ahigyBly copper amended soil
samples. This organism was the only one founateebistant to such a highly elevated
copper concentration within this gel. Sequencdyaisafound both sequences as sharing
97-98% similarity with an uncultured bacterium frolne phylum Actinobacteria. A
more specific match to an organism belonging te pinylum was not found within the
sequences deposited into the GenBank databasebddtsrium was consistently found
in the 2,000 pg/g copper amendments and may iredaaigh resistance to the metal.

In conclusion, the CFU analysis complimentary t8@&E analysis demonstrated
an inhibitory effect of a 2,000 pg/g copper amenainog the soil bacterial community.
The culturable bacterial counts seemed to decrasled incubated for 8 days in copper
amended soils as compared with unamended soilsse€l relative of copper sensitive
bacteria belonged to the Acidobacteria and Firneisythyla. One organism, most
closely related to a bacterium from the phylum Agbacteria was tolerant of a 2,000

1g/g copper amendment.
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5.4 The 14 Day Moderately Elevated Copper and Glucose Microcosms
5.4.1 pH Analysis

The final microcosm experiment was constructedvestigate the effects of
moderately elevated copper concentrations on tihéacterial community over a span of
two weeks with and without the addition of a carlsonrce. Because highly elevated
copper concentrations did not show a greater seteof copper tolerant bacteria in the
previous two microcosm studies, it was hypothesthatithe soil might be limiting in a
readily available carbon source. Glucose is a l&rogrbon source for bacteria. In hopes
of stimulating the growth of the bacterial commymitithin the soil, glucose was added
as a readily available carbon source for nativedsad species within the soil.

The analysis for pH was conducted on all six treatis. The average and
standard deviation was calculated by combiningotHeesults of each triplicate
treatment type. Results from treatmentgd3s Cudx;, CusoedXo and CuogdXo are shown
in Figure 7. The average pH for day 14 &dx, and Cuoodx, samples was 4.85 (+ 0.036)
and 4.42 (+ 0.035), respectively.

With regard to pH, the copper treatment with thditaeh of glucose showed an
increasing trend within the 14 day incubation perioAs seen in the 91 day microcosms
amended with copper, it is likely that the soilfleuing capacity played a role in raising
the soil pH at the final sampling time point. Tdegpper amended microcosms with the
addition of glucose were more acidic than the coppgended microcosms without
glucose.

On day 14, small filamentous organisms appearenigirout the microcosms in

treatments Catlx; and Cydx,. It is unclear whether or not these organisms iwangi, or
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bacteria similar t&@reptomyces. A side and top view of day 14, triplicate numBeof
the Cwdx; microcosm is shown iRigure 8. These filamentous growths were not
present in any of the copper treated microcosnggesting that these microbes were
either copper or pH sensitive. The pH of treatntéutx; was similar to the pH of the
Cuwdxo samples until day 14, when the pH rose to 5.238.¢85). The increase in pH of
Cudx, is possibly due to this yellow filamentous infégta observed in the day 14
samples. However, this same pH increase was mbdmvin the Cpdx, samples, which

contained the filamentous growths as well.

5.4.2 Molecular Community Analysis
5.4.2.1 Day0DGGE

A smaller denaturing gradient (55-75%) was useddoalize discrete differences
in the banding patterns of copper and glucosenrestts in the day 0 sampldsd. 9).
As in the polyacrylamide gel of day 0 samples fitben 91 day moderately elevated
copper microcosms experiment, the intensity ofddmeds throughout the gel was low,
even after adequate SYBRSreen staining. A complex banding pattern waibles
however, no discrete bands could be discernedaltieetlow intensity of the bands. As
expected, no differences in banding patterns wiseeched within differing copper
treatments. This was a similar finding to the @ayolyacrylamide gel from the 91 day
moderately elevated copper amendment experimehbutithe addition of glucose. Day
0 gels in both experiments appeared to displayngpéex banding pattern even though
they were set up approximately 19 months apart.

A total of 12 bands that appeared in all treatmeuaise excised from the day 0

DGGE gel, represented by red arrow&igure 9. Since no discrete bands were
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observed between treatments, it was assumed thegaiments started the experiment
with similar community members=ach bandvas excised witla complementary band
from a different treatment, except bands 1 and Zlwvere cut within the same
treatment. Several bands including 3, 4 and QtitdL.2 were not sequenced
successfully. Complementary bands 1 and 2 wensexkdrom the Cipodx; treatment
lanes Table5). Only the reverse primers for these bands wegeenced successfully;
however, the sequences were of poor quality. Thegaences were not only short, with
a total of about 200 to 210 nucleotides, but tHeg aontained high background. The
closest relatives in the GenBank database for bhamdre aéBradyrhizobium sp., a genus
within the class Alphaproteobacteria with 87% madnd aHalomonas sp., a genus
within the class Gammaproteobacteria. Complemegittaind 2 had similar results with
closest relatives similar t&hizobium sp. and Phyllobacteriaceae, a family of
Alphaproteobacteria.

Bands 5 and 6 were very bright in intensity archted at the bottom of the
polyacrylamide gel, where bands rich in G+C conteigfrate. The forward and reverse
primers were compared with the GenBank databaseaety due to their difference in
lengths; the forward sequence was about 100 nusdesolbonger than the reverse. Band
5 sequence matched an Actinobacterium cloneSahdubrobacter sp., a genus within
the phylum, with 94% and 93% similarity, respediyveThe shorter reverse sequence
shared 96% similarity with a Rubrobacteridae baatera subclass of the
Actinobacteria. Band 6 resulted in separate figdiwith regard to the forward and
reverse reads. Due to the discrepancies witbltisest relatives, the GenBank search

was refined to exclude all uncultured/environmesé&juences. The results (band 6* in
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Table 5) showed 92% similarity with an unknown Actinomyeeas well as 86%
similarity to a genus within the family Rubrobaadee. This was consistent with the
results of complementary band 5 analysis.

For complementary bands 7 and 8, only the respeotiverse primers yielded
successful sequences. Band 7 had shared 95%rgintitathree different families within
the Rhizobiales order of Alphaproteobacteria inaclgdHyphomicrobiaceae,
Methylocystaceae and Bradyrhizobiaced#pia sp. andBradyrhizobium sp. belong in
the family Bradyrhizobiaceae, whiMethylosinus trichosporium belongs to the
Methylocystaceae family. Band 8 consisted of at&haucleotide sequence, but still
shared 97% similarity to several species withinRizobiales orderRhizobium sp. is a
genus within the Rhizobiaceae famiiglinarimonas sp. is within Bradyrhizobiaceae,
Methylocystis sp. andViethylosinus sp. are within the Methylocystaceae family,
Xanthobacter agilisis within Xanthobacterace®lethylocella sp. belongs to family
Beijerinckiaceae whildncylobacter sp. is within the Hyphomicrobiaceae family. The
Magnetospirillum sp., matched 97% similarity to the 8 reverse sequesaegenus
within the Rhodospirillales order.

All the bands sequenced from the day 0 DGGE geéweesent throughout the
treatment profiles. The most closely related b#te the excised bands included a
genus from Gammaproteobacteria, a family of thendtiacteria, and genera
representing six different families within the Riizales order of Alphaproteobacteria.
All these organisms are common soil inhabitantsdiiglanet al., 2003). Although only a
small portion of bands within the DGGE profile wengalyzed, they revealed the

diversity of the existing community within the Agéia Freehold soil.
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5.4.2.2 Day 7 DGGE

A DGGE gel comparing the four amendments of dagmples was prepared
using a denaturing gradient of 55 to 738g( 10). This gel was analyzed to monitor the
bacterial community shifts at the midpoint of theemcosms experiment, right before
another addition of glucose was added to one cbautieh one treatment. A total of 18
bands were excised and the results of the sequeanalysis found closest relatives
belonging to several phyla including ActinobacteRamicutes, and Proteobacteria
(Table6).

Bands 14, 15, and 17 appeared in all of the sasnplgardless of the amendment.
Band 14 was most closely related (98%) toBheillus sp., while band 15 was most
closely related tdanibacter limosus andTerrabacter sp. (84% similarity) from the
Intrasporangiaceae family of the Actinobacteri/hen band 17 was input into the
GenBank database, the closest relatives were fnandifferent phyla; to eliminate this
discrepancy, the search results were narroweddiaa uncultured/environmental
sequences. The closest relatives were 91-92% sitaifaur genera of the
Alphaproteobacteria class includiRhodospirillum sp.,Phaeospirillum
chandramohanii, Blastochloris sulfoviridis andAzospirillum sp. The resultant closest
relatives to bands present in all of the samplagwem three large phyla including
Actinobacteria, Firmicutes and the Proteobactefiaese may be the most dominant and
resilient populations of the bacterial communityhin the soil that were not affected by
elevated copper concentrations. These populati@ns exposed to the elevated copper
concentration; however, this exposure did not affieeir presence in the community. On

the other hand, these organisms may have alsosesfiezl a group of the community that
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were not exposed to the elevated copper and hene&ined unchanged throughout the
experiment. These bacteria may have been in imgeshte or spatially separate from the
copper in the soil.

Bands 7, 8 and 9 were only present in thed&itreatment.From the absence of
this organism in the Gdx, treatment, it can be concluded that a carbon souves
limiting to this bacterium’s growth within a 7 dayubation period. In addition, these
bands were absent in the copper amended microcednt) indicates that their growth
was impeded by the presence of copper in the Hod.most closely related organism
from GenBank to these bands wasBaeillus sp., sharing 98% similarity. This is an
interesting result becauBacillus is a known spore former.

Complementary bands 1 and 2, along with 5 andee wexcised from two
Cusoodx; treated samples as well as the@w samples. The organisms represented by
these bands favored the glucose-amended soilsyarapresent in the elevated copper
conditions only if glucose was added, within a ¥ shecubation period. These bands
were present in the glucose amended microcosmsdiega of the copper addition.
Sequencing showed that bands 1 and 2 were mostledated (93% of a sequence
approximately 195-215 nucleotides long) to memioéthe generdrthrobacter sp.,
Micrococcus sp., andKocuria sp., within the family Micrococcaceae of Actinotera.
Band 5 and 6 had longer sequences and confirme@shés of bands 1 and 2 with 98%
similarity to anArthrobacter sp.

Bands 3, 4, 11, 12 and 13 were only present icoipper and glucose amended
microcosms (CspodX;). Bands 11 and 12 were cut from the same exantt. b@ihe

organisms represented by these bands appearezl/atexd copper concentrations only in
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the presence of an added carbon source after 7oflaysoation. As shown in Table 7,
the highest match in similarity was with the reeepsimer of band 3 (99%), to
Arthrobacter sp. Bands 4, 11 and 12 also related toMttlrobacter sp., however with
lower identity percentages ranging from 89% to 943e&quences from band 11 were also
88-89% closely related tRothia amarae, Micrococcus sp.,Janibacter sp. and
Rhodococcus sp. These are all genera within different familtié the Actinobacteria.
Bacteria relatives of band 12 also includamturia sp. Band 13 was only excised from
one sample; the closest relatives wereMingr ococcus luteus and Gtrococcus sp, sharing
93% similarity. These genera are from the samelyaasi theArthrobacter sp.,
Micrococcineae family.

In summary, the closest relatives to all of theiged bands from day 7 samples
clustered into four groups by their presence ifedéntial treatmentsl@ble 7). These
bacteria are all well known soil inhabitants (Maahget al, 2003; Prescadtal., 1996;
Lejoin, 2010). TheArthrobacter sp.,Micrococcus sp., and th&ocuria sp.-like bacteria
seem to be common bacterial players resistantifcially amended copper when
glucose was also present.

5.4.2.3 Day 14 DGGE Gels

Two DGGE gels were prepared of the six treatmeots the day 14 samples.
The initial gel was cast with a denaturing grad@fi0-85%. Due to the lack of clarity
within many regions of this gel, a subsequent g&l & smaller denaturing gradient (55-
75%) was prepared with the same samples. Theemngaédient clearly captured
changes in the banding patterns between lanesue8eing analyses of several excised

bands were conducted on both gels and the resaltgported below.
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5.4.2.3.1 Day 14 DGGE: denaturing gradient 60-85%

A total of 18 bands were excised within the 60-8f%dient of the day 14 DGGE
gel, identified by red arrows fhigure 11. Tabulated sequencing results are shown in
Table 8. Bands present in the microcosms amended wittogk) but without copper
(Cuwdx, and Cydxy) included complementary bands 3 and 4, 5 and @né 10, 11 and
12, 13 and 14, 15 and 16 along with bands 17 andrb&se bands were most closely
related toStreptomyces sp. and/oKitasatospora sp. with similarities ranging from 99-
95% with one exception of 88% (15 forward sequeasselts). These genera lie within
the Streptomycetaceae family of Actinobacteriaesehorganisms were selected for in
the glucose amended soils; their presence was mapedh the amendment of copper.

Bands 7 and 8 were found in thesggdx; and Cuyoodxe treatments. The presence
of these organisms within those two treatmentsifsghthat they are copper tolerate but
only detectable within a 14 day period when gluoeas supplemented. Their absence
in the carbon starved environment, but presentieeircarbon rich environment, even in
the presence of elevated copper indicated thatwleeg actively growing. These
organisms shared 98% similarity to the geAttbrobacter sp.

Bands 1 and 2 were present in alkggtixo and Cuyogdx; samples. The forward
sequences of both bands were much longer tharetleeses, approximately 330
nucleotides long and were most closely relatedhtdainobacterium with 90%
similarity. Band 1 and 2 reverse sequences wererabst closely related to
Actinobacteria, but more specifically from the fyriRubrobacteraceae, with 82% and

91% similarity for band 1 and 2 reverse sequenesgectively. The presence of these
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bands in copper amended microcosms showed thatéeyresilient to elevated copper
concentrations and did not require a higher avdithalof a carbon source to survive.
5.4.2.3.2 Day 14 DGGE: denaturing gradient 55-75%

To cast a gel with better resolution, day 14 sasfrlom the copper and glucose
microcosms were run on a 55-75% denaturing gradidatexpected the bands were
better resolved on the DGGE gel with a smaller igradFig. 12). Complementary
bands 4 and 5, 6 and 7, 12 and 13, 14 and 15,dL&&as well as band 11 (10 was not
sequenced successfully) were present in glucosadedemicrocosms in the absence of
copper amendment. These bacteria grew with théi@addf glucose as their carbon
substrate in the absence of elevated levels oferopphe closest relatives of these bands
(Table 9) sharing 98-97% similarity wer@reptomyces sp. and/oKitasatospora sp. This
finding is consistent with results from the largeadient gel of day 14 samples.
Therefore it can be concluded that th8septomyces sp. andKitasatospora sp. strains
were copper sensitive since their growth couldb®otietected in the presence of elevated
copper.

Bands 18 and 19 were thought to be complementargspresent in all glucose
amended microcosms; however, sequencing analyselsed the bands in two different
suborders of the Actinobacteria. Therefore, easidlwas found only in the treatment
from which it was excised. Band 18 was excisethftbe Cuyogdx, amendment;
sequence analysis of this band showed it was 96#asito anArthrobacter
nitroguajacolicus. This finding demonstrated that tAethrobacter sp. is copper tolerant;
however, its growth was not detected within a 1y gieriod in the absence of glucose.

Band 19 excised from the glx, amendment was 97% similar tc@&aeptomyces sp. and
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Kitasatospora sp., genera from the Streptomycineae suborddreofttinobacteria.
Again, it can be concluded that these bacteria wepper sensitive since their growth
was not detected in the presence of elevated copper

Bands 1 and 2, 8 and 9 along with band 3 weredaunly in Cuyodx; and
Cusoodxz treatments. The presence of these bands in eteeafger concentrations
showed that they were copper tolerant. They wetaletectable within a 14 day
incubation period in the absence of glucose, theeahey were likely in a resting form
until a readily available carbon source was adddti¢ environment. Sequencing of
these bands found the most closely relatedtorobacter sp. with 96-99% similarity.
These were sequences up to 412 nucleotides lohgdvgitinctive peaks. The same
findings were determined in the larger gradient [E5ge!.

The closest relatives to all of the bands excisedhfboth day 14 DGGE gels
were broken down into five groups by their presenadifferential treatmentsi@ble
10). Only theStreptomyces sp. andKitasatospora sp. like bacteria were detected in the
absence of copper in both gradient gels. Atibrobacter sp.-like bacterium was
detected in copper and glucose amended sampleshrgbadients. Lastly, the 60-85%
polyacrylamide gel identified a bacterium closediated to the Rubrobacteracea as

copper resistant, regardless of whether a carbortsavas provided.



35

6.0 CONCLUSIONS

It was hypothesized that elevated copper concémisatvould cause a shift in the
native soil bacterial communities in an agricultwa@l. In addition, it was hypothesized
that the organisms found in the copper amended swilild be copper resistant.

Through DGGE analysis and subsequent sequencibgnafs present in copper amended
microcosms, the closest relatives of these comgsestant organisms were discerned.

The first microcosm experiment was incubated fod8gs and included two
copper amended treatments of 250 and 500 pug/g.0MAyGE analysis indicated that
the starting population was similar within all tir@@nt samples. Over the course of 91
days, several bands emerged in the copper treailsgthese bands were representative
of the copper tolerant organisms. A bacterium nsostlar to the order
Sphingobacteriales within the phylum Bacteroidetas found to be copper resistant to a
500 pg/g copper amendment after 91 days of incoma¥Vithin the same microcosm
study, a Chloroflexi-like bacterium was tolerant2®0 and 500 pg/g copper amendments
after 14 days of incubation.

The second microcosm experiment was constructet/éstigate the short term
effects of highly elevated copper concentrationshensoil bacterial community. A
copper amendment of 2,000 pug/g was investigatésljgid0 to 200 times the typical
copper background concentration in U.S. soilsteA8 and 8 days of incubation, there
were less culturable bacteria in the 2,000 pga@tnent as compared with the
unamended copper control. Additionally, DGGE asislyound a bacterium tolerant of a
2,000 pg/g copper amendment after 8 days of inaubatThe closest relative to this

copper tolerant bacterium was from the phylum Aalbecteria.
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In hopes of stimulating the growth of the nativetleaial population, the third set
of copper amended microcosms was constructed héladdition of glucose as a carbon
source. There appeared to be a more complex apditern in the glucose amended
microcosms as compared with the unamended. Am@mgamost closely related to the
Arthrobacter sp. was shown to be tolerant of a 500 pg/g coapemdment after 7 and
14 days of incubation with the addition of a simpgdgbon source. Several genera from
the same family as th&rthrobacter sp. were also found to be close relatives to this
copper tolerant bacterium. Lastly, a band mostatiorelated to a bacterium belonging
to the Rubrobacteraceae family of Actinobacterias whown to be copper tolerant
regardless of whether a carbon source was addadidftdays of incubation.

It can be concluded that elevated copper concémsatvithin an agricultural soil
selected for bacteria within the Bacteroidetesp@iflexi and Actinobacteria phyla,
shifting the native bacterial community. The ehnents of bacteria within these phyla
were related to the copper amendment concentratabpn supplementation, and
incubation time. The presence of these copperdnt bacteria in an agricultural soil not
elevated in background copper concentrations stggasative copper resilience within
the bacterial population. These bacteria shoaltulther investigated to determine what
type of copper resistance mechanisms they utéigehe bacteria might be of importance
in bioremediation-based remedies at copper conteunsites. Additionally, functional
analyses of these bacteria would allow for furtinederstanding in the overall role of

these bacteria within the microbial population.
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APPENDIX A. Figures
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Figure 1: pH of all Moderately Elevated Copper Microcosm skas@t each sampling
time. Triplicate values for the four treatments evaveraged; the standard
deviation is shown by bars.



Figure2: Day 0 DGGE gel of the 91 Day Moderately ElevaBmpper
Microcosms with a 40-80% denaturing gradient.
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Figure3: Day 91 DGGE gel of the 91 Day Moderately EledaBmpper
Microcosms with a 50-90% denaturing gradient. Redves indicate
excised discrete bands.
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Figure 4: Day 91 DGGE gel (denaturing gradient 50-85%)lbffime points of the 250 and
500 pg/g copper amendments within the 91 Day Madir&levated Copper
Microcosm Experiment. The numbers in bolded blaxk &t the top of the wells
indicate sampling time (days). Red arrows indichserete excised bands.
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Figure5: CFU analysis results of day 0, 3 and 8 with vagycopper concentrations.
Triplicate values for the six treatments were agech the standard deviation is
shown by the bars.
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Day 3 : Day 8

Figure 6: Day 3 & 8 DGGE gel (denaturing gradient 50-85%b0 g/g and 2,000 pg/g
copper amendments within the Viable Cell Count Expent of Highly Elevated
Copper Microcosms. Treatments are labeled at theftthe gel, while time can
be found at the bottom of the gel. Red and blawckves indicate discrete excised
bands from copper amended and control samplesatgply. The image was
inverted.
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Figure 7: ThepH of Moderately Elevated Copper and Glucose Migsne samples at
each sampling time. Triplicate values for the foeatments were averaged;
the standard deviation is shown as error bars.

Figure 8: Side view of a microcosm contaminated with furlged growth (above left);
top view of the same microcosms (above right).
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Figure 9: Day 0 DGGE gel (denaturing gradient 55-75%) oDisd/ Moderately
Elevated Copper and Glucose Microcosms. Red armdusate excised bands.
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Figure 10: Day 7 DGGE gel (denaturing gradient 55-75%) oDy Moderately
Elevated Copper and Glucose Microcosms. Red armdusate excised bands.
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INRAAAEEERAAN

Figure 11: Day 14 DGGE gel (denaturing gradient 60-85%)4DhyModerately
Elevated Copper and Glucose Microcosms. Red armudisate excised
bands.



Figure 12: Day 14 DGGE gel (denaturing gradient 55-75%)4DhyModerately
Elevated Copper and Glucose Microcosms. Red armdisate excised
bands.
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APPENDIX B. TABLES

Table1l: Soll testing lab results from the bulk soil use@ll three microcosms.
Triplicate values were averaged + standard dewiatio

Electrical . . . .
Conductivity Mechanical Analysis Soil Organic Matter
Solll_JéJ\I/(;Salt Sand Silt Clay Organic Organic
o) o) [0) (o) )
(mmholcm) (%) (%) (%) Matter (%) | Carbon (%)
Avg. £ st. 48 34+ 17 + 1.67 0.970 =
dev. | O3+ 0001 15 | 12 | 12 0.083 0.046
Micronutrients (1g/g)
Zinc Copper Manganesg Boron [rom
Avg. £ st. 1.63 + 1.37 £ 5.27 + 1.30 £ 108 +
dev. 0.058 0.058 0.058 0.000 0.6

Table 2: Closest relative in GenBank to excised bandsaf @1 Moderately
Elevated Copper Microcosms. Bands correlate t@remivs inFigure 3.

Closest relatives were found using sequences fiatimforward and
reverse primers.

Band

Closest Relativein GenBank

Identity

1&2

u. Bacteroidetes bacterium
u. Sphingobacteriales bacterium

466/509 (91%)

450/496 (90%)

3 Roseiflexus sp.

4261480 (88%)

u indicates uncultured organisms.
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Closest relative in the GenBank database to esddsnds of DGGE gel
representative of all time points of the 250 an@ f@/g copper amendments
within the 91 Day Moderately Elevated Copper Miasms. Bands correlate
with the red arrows dfigure 4. Band analysis included both forward and
reverse primer sequences, unless otherwise noted.

Band Closest Relativein GenBank Identities

1@ u. Bacteroidetes bacterium clone 407/442 (92%)
u. Sphingobacteriales bacterium clone 390/428 {91%

5 u. Bacteroidetes bacterium clone 404/444 (90%)
u. Sphingobacteriales bacterium clone 399/438 {91%

3 Not Sequenced Successfully
u. Acidobacteria bacterium clone 236/246 (95%)

4D y. Rhizobium sp. clone 236/246 (95%)

u. Rhodanobacter sp. clone 236/246 (95%)
4+ Acidobacterium sp. 235/246 (95%)
u. Acidobacteria bacterium clone 378/378 (100%)

5 u. Rhodanobacter sp. clone 378/378 (100%)
u. Acidobacteriaceae bacterium clone 378/378 ()00%

5* Acidobacterium sp. 371/375 (98%)
u.Firmicutes bacterium clone 346/411 (84%)

6 u. eubacterium 16S rRNA gene 293/351 (83%)
u. actinobacterium clone 334/408 (81%)
Rubrivivax sp. 293/358 (81%)
Azohydromonas australica gene 293/358 (81%)

6* Variovorax sp. 301/369 (81%)
Caenimonas sp. 291/356 (81%)
Ramlibacter henchirensis 291/356 (81%)

/ u. Firmicutes bacterium clon 346/411 (84%)
u. eubacterium 16S rRNA gene 293/351 (83%)
Azospirillum zeae 324/403 (80%)
Rubrivivax sp. 293/358 (81%)

7% Azohydromonas australica 293/358 (81%)
Variovorax sp. 301/369 (81%)
Caenimonas sp. 291/356 (81%)
Ramlibacter henchirensis 291/356 (81%)

8 u. Chloroflexi bacterium clone 285/309 (92%)
u. Chloroflexi bacterium clone 220/234 (94%)

9 u. Chloroflexi bacterium clone 281/309 (90%)

* Search excluded uncultured/environmental sequence
(1) Only the reverse primer amplified successfully
u. indicates uncultured organism
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Table 4: Closest relative in the GenBank database to eddisnds of DGGE gel

representative of day 3 and 8 samples from the\8Hbghly Elevated Copper
Microcosms. Bands correlate to the arrowbiigure 6. Closest relatives were
found using sequences from both forward and revanisger, unless otherwise

noted.
Band Closest Relativein GenBank | dentities
u. Acidobacteria bacterium clone 345/356 (96%)
1™ u. actinobacterium clone 345/356 (96%)
u. Firmicutes bacterium clone 345/356 (96%)
1*@  Acidobacteriaceae bacterium 270/304 (88%)
u. Acidobacteria bacterium clone 345/356 (96%)
28 u. actinobacterium clone 345/356 (96%)
u. Firmicutes bacterium clone 345/356 (96%)
2*®  Acidobacteriaceae bacterium 270/304 (88%)
3 Not Sequences Successfully
4 Bacillus sp. 495/505 (98%)
5 Not Sequenced Successfully
6 u. Acidobacteriaceae bacterium clone 433/4366(99
7 Not Sequenced Successfully
8 u. actinobacterium clone 466/475 (98%)
9 u. actinobacterium cloff 4541465 (97%)
u. actinobacterium cloff& 4721481 (98%)
10 u. Firmicutes bacterium clone 4271448 (95%)
11 u. Firmicutes bacterium clone 4221447 (94%)

* Search excluded uncultured/environmental sequence

(1) Only the forward primer amplified successfully
(2) Only the reverse primer amplified successfully
u. indicates uncultured organism
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Table 5: Closest relative in the GenBank database to eddisnds of DGGE gel
representative of day O from the 14 DMgderately Elevated Copper and
Glucose Microcosms. Bands correlate to the redrarin Figure 9. Closest
relatives were found using sequences from bothdoadvand reverse primer,
unless otherwise noted.

Band Closest Relativein GenBank Identities
1@ Bradyrhizobium sp. 136/156 (87%)
Halomonas sp. 129/147 (87%)
s U Rhizobium sp. 160/195 (82%)
Phyllobacteriaceae bacterium 159/195 (81%)
4 Not Sequenced Successfully
u. actinobacterium cloffé 359/380 (94%)
. u. Solirubrobacter sp. clon& 357/380 (93%)
u. actinobacterium cloffé 2741284 (96%)
u. Rubrobacteridae bacterium cléhe 274/285 (96%)
u. actinobacterium cloffé 360/380 (94%)
u. Rubrobacterineae bacterium clhe 357/380 (93%)
6 u. Bradyrhizobiaceae bacterium cléhe 357/379 (94%)
u. actinobacterium cloffé 275/283 (97%)
u. Rubrobacteridae bacterium cléhe 275/284 (96%)
u. Actinomycete 353/383 (92%)
6+ Thermol eiphilum album 334/385 (86%)
Rubrobacteridae bacterium 332/384 (86%)
Solirubrobacter sp. 326/377 (86%)
u. Afipia sp. clone 315/330 (95%)
A U Hyphomicrobiaceae bacterium 310/322 (96%)
Bradyrhizobium sp. 314/330 (95%)
Methylosinus trichosporium 313/329 (95%)
u. Rhizobium sp. clone 191/195 (97%)
Salinarimonas sp. 190/195 (97%)
u. Methylocystis sp. 190/195 (97%)
G Methylosinus sp. 190/195 (97%)
Magnetospirillum sp. 190/195 (97%)
Xanthobacter agilis 189/194 (97%)
Methylocella sp. 190/195 (97%)
Ancylobacter sp. 189/194 (97%)
9-12 Not Sequenced Successfully

* Search excluded u./environmental sequences

(1) Only the forward primer amplified successfully
(2) Only the reverse primer amplified successfully
u. indicates uncultured organisms
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Table 6: Closest relative in the GenBank database to eddisnds of DGGE gel
representative of day 7 from the 14 DMgderately Elevated Copper and
Glucose Microcosms. Bands correlate to the redaariino Figure 10. Closest
relatives were found using sequences from bothdoadvand reverse primer,
unless otherwise noted.

Band Closest Relativein GenBank Identities
Arthrobacter sp. 203/217 (93%)
1®  Micrococeus sp. 202/217 (93%)
Kocuria sp. 202/217 (93%)
2% Arthrobacter sp. 182/194 (93%)
3 Arthrobacter sp.” 408/411 (99%)
Arthrobacter sp.® 377/397 (94%)
4@ Arthrobacter sp. 351/378 (92%)
5 Arthrobacter sp. 451/459 (98%)
6 Arthrobacter sp. 488/493 (98%)
. Bacillus funiculus™” 457/468 (97%)
Bacillus funiculus® 383/390 (98%)
8 Bacillus sp.” 365/394 (92%)
Bacillus sp.® 380/384 (98%)
9@ Bacillussp. 164/187 (87%)
10 Not Sequenced Successfully
Rothia amarae 217/242 (89%)
Arthrobacter aurescens 217/243 (89%)
11®  Micrococcus sp. 216/243 (88%)
Janibacter sp. 216/243 (88%)
Rhodococcus sp. 216/243 (88%)
19? Arthrobacter nicotianae 225/245 (91%)
Kocuria sp. 217/237 (91%)
13® Micrococcus luteus 2271244 (93%)
Citrococcus sp. 2271244 (93%)
14 u.Bacillus sp. clone 380/387 (98%)
152 Janibacter limosus 200/238 (84%)
Terrabacter sp. 200/238 (84%)
16 Not Sequenced Successfully
u. Acidobacteria bacterium clone 190/208 (91%)
17?  u. Acidobacterium sp. clone 176/188 (93%)
u. Firmicutes bacterium clone 183/198 (92%)
Rhodospirillum sp. 180/196 (91%)
17+@ Phaeospirillum chandramohanii 178/192 (92%)
Blastochloris sulfoviridis 184/202 (91%)
Azospirillum sp. 182/200 (91%)
18 Not Sequenced Successfully

* Search excluded u./environmental sequences;
(1) Only the forward primer amplified successfully
(2) Only the reverse primer amplified successfully
u. indicates uncultured organisms
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Table 7: Summary of closest relatives in the GenBank degalto excised bands of
DGGE gel representative of day 7 samples from thBdyModerately
Elevated Copper and Glucose Microcosms, tabulaggatdsence in treatments.

Treatment(s)  Closest Relativein GenBank

Cuodx; Bacillus sp.
Arthrobacter sp.

Cuos000X1 Micrococcus sp.
Kocuria sp.
Arthrobacter sp.
Rothia sp.
Kocuria sp.
Micrococcus sp.
Bacillus sp.
Janibacter sp.
Rhodospirillum sp.
Phaeospirillum chandramohanii
Blastochloris sulfoviridis
Azospirillum sp.

Cusgodxy

ALL




Table 8: Closest relative in the GenBank database to eddisnds of DGGE gel
representative of day 14 from the 14 Ddgderately Elevated Copper and
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Glucose Microcosms. Bands correlate to the redaarin Figure 11. Closest
relatives were found using sequences from bothdoadvand reverse primer,
unless otherwise noted.

Band  Closest Relativein GenBank Identities
L u. actinobacterium clorf 303/333 (90%)
u. Rubrobacteraceae cléfe 123/150 (82%)
) u. actinobacteriuffY 305/338 (90%)
u. Rubrobacterace&@ 112/122 (91%)
Sreptomyces paucisporeus Y 408/425 (96%)
3 Sreptomyces sp.? 399/406 (98%)
Kitasatospora sp.? 398/407 (97%)
4 Sreptomyces sp. 454/472 (96%)
Kitasatospora sp. 453/473 (95%)
5 Streptomyces sp. 416/424 (98%)
Kitasatospora sp. 415/425 (97%)
5 Streptomycetaceae 355-358 (99%)
Kitasatospora sp. 352-358 (98%)
7 Arthrobacter sp. 291-296 (98%)
3 Arthrobacter aurescens 269/274 (98%)
Arthrobacter sp. 269/274 (98%)
9 Sreptomyces sp. 470/482 (97%)
Kitasatospora sp. 469/482 (97%)
10 Sreptomyces sp. 462/473 (97%)
Kitasatospora sp. 461/474 (97%)
11 Sreptomyces sp. 461/471 (97%)
Kitasatospora sp. 460/472 (97%)
12 Sreptomyces sp. 468/482 (97%)
Kitasatospora sp. 467/483 (96%)
13 Sreptomyces sp. 476/491 (96%)
Kitasatospora sp. 478/496 (96%)
Streptomycetaceae 387/395 (97%)
149 Sreptomyces sp. 384/394 (97%)

Kitasatospora sp.

383/395 (96%)
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Table 8 (cont.): Closest relative in the GenBank database to eddisnds of DGGE gel
(denaturing gradient 60-85%) representative ofdajrom the 14 Day
Moderately Elevated Copper and Glucose Microco®aads correlate to the
red arrows irFigure 11. Closest relatives were found using sequences from
both forward and reverse primer, unless otherwiged

Band Closest Relativein GenBank Identities
Sreptomyces sp. ™ 345/392 (88%)
15 Sreptomyces paucisporeus @ 282/287 (98%)
Kitasatospora sp.® 2741279 (98%)
16@ Streptomyces pauci sporeus 340/346 (98%)
Kitasatospora arboriphila 339/347(97%)
17 Sreptomyces sp. 466/477 (97%)
Kitasatospora sp. 465/478 (97%)
18 Sreptomyces sp. 466/478 (97%)
Kitasatospora sp. 465/479 (97%)

(1) Only the forward primer amplified successfully

(2) Only the reverse primer amplified successfully
u. indicates uncultured organisms
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Table 9: Closest relative in the GenBank database to eddisnds of DGGE gel
(denaturing gradient 55-75%) representative ofdajrom the 14 Day
Moderately Elevated Copper and Glucose Microco®aads correlate to the
red arrows irFigure 12. Closest relatives were found using sequences from
both forward and reverse primer, unless otherwiged

Band Closest Relativein GenBank Identities
1 Arthrobacter sp. 409/412 (99%)
2 Arthrobacter sp. 396/398 (99%)
3 Arthrobacter sp. 433/438 (98%)
4 Streptomyces pauci sporeus 408/413 (98%)
Kitasatospora sp. 405/413 (98%)
5 Streptomyces sp. 462/473 (97%)
Kitasatospora sp. 461/474 (97%)
6 Streptomyces sp. 401/406 (98%)
Kitasatospora sp. 400/407 (98%)
7 Streptomyces pauci sporeus 426/434 (98%)
Kitasatospora sp. 426/438 (97%)
8 Arthrobacter defluvii ¥ 353/367 (96%)
Arthrobacter sp. o 361/374 (96%)
9 Arthrobacter defluvii ¥ 338/348 (97%)
Arthrobacter defluvii 330/337 (97%)
10 Not Sequenced Successfully
11 Streptomyces sp. 419/426 (98%)
Kitasatospora sp. 418/427 (97%)
12 Streptomyces sp. 464/473 (98%)
13 Sreptomyces sp. 446/456 (97%)
Kitasatospora sp. 445/457 (97%)
14 Streptomyces pauci sporeus 425/433 (98%)
Kitasatospora sp. 425/437 (97%)
15 Streptomyces sp. 418/426 (98%)
Kitasatospora sp. 4171427 (97%)
16 Streptomyces sp. 59/468 (98%)
Kitasatospora sp. 458/469 (97%)
17 Sreptomyces sp. 462/471 (98%)
Kitasatospora sp. 461/472 (97%)
189 Arthrobacter nitroguajacolicus 365/378 (96%)
19 Sreptomyces sp. 462/472 (97%)

Kitasatospora sp.

461/473 (97%)

(1) Only the forward primer amplified successfully
(2) Only the reverse primer amplified successfully
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Table 10: Summary of closest relatives in the GenBank da@ba excised bands of two
DGGE gel representative of day 14 samples fromithBayModerately
Elevated Copper and Glucose Microcosms, tabulaggmdsence in

treatments.
Treatment(s) Closest Relativein GenBank DenaFurn’;\g
Gradient
Clodxy St_reptomyces p. both
Kitasatospora sp.
Streptomyces sp.
Cuodxz TEPIOMYCEs S 55-75%
Kitasatospora sp.
CuspodXo 1 u. Rubrobacteracea 60-85%
CuspodXz Arthrobacter nitrogujacolicu  55-75%
CuspodXy 2 Arthrobacter sp. both

* Denaturing gradient in the Day 14 DGGE gels framich the bands were excised
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