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Rationale  
Climate change is anticipated to rapidly increase drought conditions and induce additional 

drought environments globally (Pokhrel et al., 2021). These drought periods are deleterious to all 
forms of life, as water is an essential molecule. Drought impacts the ability to grow crops for 
agricultural purposes which may ultimately lead to food insecurity (Ngcamu & Chari, 2020). This 
increased moisture evaporation also places natural ecosystems at an increased risk of wildfires 
(Mukherjee et al., 2018). These long periods of drought not only alter ecosystems, but also alter 
resident soil microflora (Naylor et al., 2017), which are essential to soil carbon dioxide flux. This 
is as soil microbiomes play an incredibly prominent role in the processes of carbon sequestration 
and nutrient cycle, ultimately assisting in the maintenance of global carbon balance and climate 
change remediation (Ganie et al., 2016). Increasing temperature, altering soil moisture, and 
elevated levels of environmental carbon dioxide all are capable of modifying microbial activity 
(Ganie et al., 2016). These factors make it critical to evaluate how soil microflora may respond to 
climate change conditions in order to better understand the expected changes to microbiomes. This 
is as microbiomes ultimately also alter ecosystems and the environmental carbon levels on earth. 

Pollution is also greatly anticipated to increase due to the increase of human activity and 
industrial production. Along with it are the deleterious impacts that occur to the physical, chemical, 
and biological qualities of our environments as a result. In certain conditions natural processes are 
unable to continue to keep pace and maintain homeostatic function within the presence of increased 
pollutants (Singer, 1970). Upon which serious negative effects can be seen as the pollution then 
continues to circulate across globally. Environmental pollution also is considered to be one of the 
largest risk factors to human life and global ecosystems. This is worsened by its concision with 
climate change, as pollution is partially responsible for the global warming characteristic of 
climate change (Alloway & Ayres, 1997). Not only this, but pollution also results in the loss of 
biodiversity via the extinction of species within ecosystems (Alloway & Ayres, 1997). This 
ultimately may exacerbate an ecosystem’s ability to respond to climate change’s selective pressure. 

 Copper pollution is becoming a significant agricultural issue. Soil copper contamination 
continues to increase due to fertilizers (Li et al., 2020), fungicide overuse (Lepp et al., 1984),and 
coppers extensive use in both animal feed and manure (Xiong et al., 2010). This contamination 
and pollution not only harms nearby wildlife, but also harms the crucial and often fragile plant 
ecosystems present within these populations. Copper pollution is also responsible for depressing 
microbial enzymatic activity and  biomass carbon, ultimately resulting in changes within their 
metabolic profiles (Wang et al., 2017). Some bacteria present in soil can detoxify copper and other 
heavy metals, providing the opportunity for bioremediation purposes (Islam et al., 2016). Bacteria 
may also make plant life less vulnerable to copper pollution by conferring resistance or reducing 
copper stress (Islam et al., 2016). This can act as a sustainable way to reduce environmental 
pollution and assist in the restoration of natural plant ecosystems that have been impacted by 
copper pollution. 

This research seeks to better understand if two whole genome sequenced isolates, BS40 
and BS71, from a longitudinal climate change mimic study, possess genes that are indicative of 
drought resistance. This can help us make inferences on evolutionary adaptions in response to soil 
warming. This research describes the bioinformatic analysis of potentially acquired drought 
resistance genes within the two isolated strains BS40 and BS71. It also details the subsequent 
bioinformatic and experimental analysis of BS71’s copper resistance as it examines the potential 
copper resistance and detoxification abilities of BS71. It also explores the modulation of copper 
resistance by nutrient deficiency and BS71’s potential to be utilized in bioremediation. 



Ahmed 4 
 

Introduction  
 To observe the effects of increased temperature associated with climate change on soil 
microflora, a climate change mimic field warming experiment has been established in the Harvard 
Research Forest (HRF), a long-term ecological research site (Melillo et al., 2017). The HRF is 
located in Petersham, Massachusetts (42.54°N, −72.18°W) and is a temperate deciduous forest 
ecosystem where a longitudinal soil warming experiment has taken place since 1991 and is 
currently ongoing. Specific plots of forest land have been maintained at 5°C (9°F) over the ambient 
temperature to mimic the anticipated temperature increase associated with climate change. --
Samples utilized in the creation of the soil microcosm within this research were extracted from a 
low soil CO2 flux period. Changes in CO2 utilization (figure A) are also associated with changes 
in microbiological diversity. This evolution may lead to the emergence of genes that assist bacteria 
in tolerating warming conditions, such as drought tolerance.  
 

 
A. Harvard Forest Long-term Soil Warming Soil CO2 Flux 
CO2 flux data from 1991-2016 (research still currently ongoing). This data indicates that there is a difference present 
between the CO2 flux of the heated plots and control plots, with heated plots more frequently having a greater CO2 
flux than the control. This ultimately indicates that there is a net loss of biomass Carbon within the ecosystem. 
*Phase 4 (2014-2016)- time during which samples were taken 
From Melillo, J. M., Frey, S. D., DeAngelis, K. M., Werner, W. J., Bernard, M. J., Bowles, F. P., ... & Grandy, A. S. 
(2017). Long-term pattern and magnitude of soil carbon feedback to the climate system in a warming world. Science, 
358(6359), 101-105. Reprinted with permission from AAAS. 
 
 Upon 26 years of soil warming and increased temperature, it is anticipated that the bacterial 
populations have shifted to better adapt to these environmental changes. In October of 2017, phase 
4 of this study, mineral horizon soil samples were collected from the heated plots of the HRF prior 
to being subjected to additional artificial drought conditions. This was done with the purpose of 
increasing selective pressure associated with climate change to enrich for the soil bacteria that had 
drought tolerance characteristics. A soil microcosm was created by inoculating a 0.8-μm filtered 
soil slurry into an artificial soil microcosm at a 30% water holding capacity and was incubated for 
120 days at 15°C. The microcosm was maintained by the addition of cellobiose and NH4NO3 for 
nutritional supplementation (Domeignoz-Horta et al., 2020). These nutrient and moisture 
conditions were anticipated to select for bacteria able to both survive and reproduce in low soil 
moisture (Figure B) 
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B. Schematic of Culture conditions 
Deciduous forest soil from the heated plots of the Harvard Research Forest were extracted from phase 4 of the HF 
study and the soil bacteria were grown in 30% water holding capacity (WHC) conditions (drought conditions) in 
artificial soil for 120 days at 15C. The selective pressure within these conditions can lead to the emergence of bacteria 
with drought resistant genes.  
Figure adapted from (Domeignoz-Horta, 2020) 
 
 Two bacterial soil isolates, BS40 and BS71 were grown from this artificial microcosm and 
subjected to whole genome sequencing. This sequencing made the bioinformatic analysis of 
drought resistance genes in both isolates, and for BS71’s analysis of copper resistance possible. 
Ultimately leading to a publication of BS71’s putative acquired drought resistance capabilities 
(Ahmed et al., 2021) as well as additional experimental analysis on BS71’s copper resistance 
abilities.  
 
Materials and Methods 
 
Artificial Soil Conditions and Isolate Extraction  
Taken from (Domeignoz-Horta et al., 2020)(3) and (Ahmed et al., 2021)  
“mineral horizon soil was collected from heated plots. A microcosm was generated by inoculating 
a 0.8-μm filtered soil slurry into an artificial soil microcosm at 30% water content and incubating 
it for 4 months at 15°C, feeding it weekly with cellobiose and NH4NO3, as described previously 
(3). These conditions were hypothesized to enrich for bacteria capable of growing in low soil 
moisture. Strain BS71 was isolated from the microcosm on a 1% glucose/0.4% potato infusion 
(Sigma-Aldrich, St. Louis, MO) agar plate, pH 6, under aerobic conditions for 8 days at 25°C in 
the dark” (Ahmed et al., 2021). *Strain BS40 was also isolated under the same conditions. 
 
Isolate Identification  
BS40 and BS71 were identified as Arthrobacter bambusae and Leifsonia poae respectively by 
utilizing IDTAXA (Murali & Wright, 2018) to analyze their 16s rRNA PCR products (Ahmed et 
al., 2021). The genomes were then assembled by utilizing sprai v0.9.9.23 and Canu v1.5 (Koren 
et al., 2017). Upon isolate identification closest whole genome sequenced relatives (≥98% 
ribosomal RNA similarity) were identified via NCBI’s RefSeq records and BLAST database 
(O’Leary et al., 2016). Phylogenetic trees were generated using FATSA sequences within NCBI’s 
MOLE-BLAST application (Boratyn et al., 2014).  
 
 
 

Harvard Forest Soil 
(Deciduous) 

Artificial Soil Microcosm 

30% Water Holding 
Capacity, 15°C 

120 Day Incubation Period 
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Bioinformatic Analysis (Drought Resistance) 
A literature review was conducted to manually curate a list of prokaryotic drought resistance genes 
of interest. These were genes that were directly responsible for or facilitated maintaining osmotic 
pressure, alleviating osmotic stress, turgor maintenance, heat shock, salinity control, reducing the 
harmful effects of accumulated oxidative species, increased transport/permeability, and osmolytic 
activity. This curated list was then utilized to identify drought tolerance genes within the genomes. 
Gene annotations were generated within JGI’s Integrated Microbial Genomes MGAP v4.16.5  
(Huntemann et al., 2015) with the gene calling program Prodigal v2.6.3 (Chen et al., 2019). JGI’s 
functional carts application (Markowitz et al., 2014) was utilized to ascertain the presence of genes 
compared to previously identified closest relatives of BS40 (28 genomes) and BS71 (24 genomes). 
Kbase’s RAST annotations application, genome comparison application, pangenome application 
(Allen et al., 2020), and metabolic modeling application were utilized to identify additional genes 
of interest. Default parameters were utilized when running all programs.  
 
Bioinformatic Analysis (Copper Resistance) 
Prior bioinformatic analysis of BS71 had indicated the presence of copper resistance genes. A 
literature review was conducted to manually curate a list of prokaryotic copper resistance 
associated genes and genes of interest. These were genes that were directly responsible for or 
facilitated the transport of ions, binding, sequestration, uptake, homeostasis, and efflux of copper. 
Kbase’s RAST annotations application, genome comparison application (Allen et al., 2020), and 
metabolic modeling application  were utilized to ascertain the presence of genes of interest as well 
as to putatively ascertain if BS71 was copper resistant.  
 
Spectrophotometry Growth Curve Assay (BS71) 
Adapted from (Williams et al., 2020) 
BS71 was maintained on 10% tryptic soy agar (TSA) at 22°C. Escherichia coli and Pseudomonas 
aeruginosa were maintained on 100% TSA at 37°C. Liquid cultures were produced via inoculating 
a single morphologically similar colony into 5 milliliters of 100% tryptic soy broth (TSB) media 
and 10% TSB media respectively. Liquid cultures were incubated at 155 RPM and 22 °C for 40 
hours (37°C, 19 hours for Escherichia coli and Pseudomonas aeruginosa) prior to utilization in 
experimentation. Liquid cultures were vortexed to homogenize, 1mL of each culture was taken to 
measure absorbance at 600 nanometers using a spectrophotometer (Thermo Spectronic Genesys) 
. All liquid cultures were respectively diluted in media to produce a total 45mL volume of cells at 
0.05 optical density at 600nm. The 45mL volume of cells yields five 7mL experimental groups 
and a single 7mL control group (no CuSO4 treatment) for each media type. A sterilized 1 molar 
CuSO4 solution was utilized, the 5 experimental groups were subjected to increasing 
concentrations of CuSO4 calculated via total volume concentration in millimolar. BS71 tubes were 
left to incubate at shaking of 155 RPM and 22 °C. Every hour, for 6 hours total, the cell culture 
solutions were vortexed prior to measuring 1mL of each preparation’s absorbance at 600nm. 
Throughout the duration of study experimentation, timepoint readings for BS71 were changed to 
account for its slow growth. The concentrations of CuSO4 within experimental groups varied 
throughout trials in order to ascertain the minimum inhibitory concentration. Escherichia coli and 
Pseudomonas aeruginosa tubes were then left to incubate at shaking of 155 RPM and 37°C. Every 
hour for 6 hours total, the cell culture solutions were vortexed prior to 1mL of each preparation 
being taken to measure absorbance at 600nm. The concentrations of CuSO4 within experimental 
groups varied throughout trials in order to ascertain the inhibitory concentration. 
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Minimum Inhibitory Concentration 96-Well Plate Assay  
Liquid cultures were produced via inoculating a single morphologically similar colony from a 10% 
tryptic soy agar plate of BS71 into 4 milliliters of TSB media (100%, 10%, supplemented 10% 
media). Liquid cultures were incubated (New Brunswick Scientific) in shaking conditions at 155 
RPM and 22 °C for 40 hours prior to utilization in experimentation. Liquid cultures were vortexed 
to homogenize and 1mL of each culture was taken to measure absorbance at 600 nanometers using 
a (Thermo Spectronic Genesys). All liquid cultures were respectively diluted in media to produce 
a total cell and media volume of 3mL to an absorbance constant of 0.1 optical density at 600nm. 
50μl of respective media was added to all 96 wells, with an additional 50μl of prepared cells added 
to columns 2-12 (column 1 as sterility control). A 50μl serial dilution of CuSO4 was performed 
from columns 3-12 (column 2 as treatment control). The serial dilution was performed by utilizing 
a sterilized 1 molar CuSO4 solution and creating 2 respective media stock concentrations of 50mM 
and 30mM CuSO4 when testing with 100% TSB, and 2 respective stock concentrations of 10mM 
and 4mM when testing with any 10% TSB media. These concentrations are halved in the wells 
due to the dilution factor yielding CuSO4 concentrations (mM) of 25, 15, 12.5, 7.5, 6.25, 3.75, 
3.125, 3.12, and 2 for 100% TSB, and CuSO4 concentrations (mM) of 5, 2.5, 2, 1.25, 1, 0.624, 0.5, 
0.3125, 0.25, and 0.156 for 10% TSB groups. BS71 was then incubated at 22 °C while shaking at 
155 RPM. Absorbance was measured (BioTek EPOCH Microplate Spectrometer) originally every 
hour for 6 hours, but time points were later adapted to best fit bacterial growth phases. 
*Protocol modifications for Ps. aeruginosa are inoculation with a colony from a 100% TSA plate, 
incubation only at 37°C, with the original liquid culture being inoculated for 19 hours prior to use 
in experimentation.  
 
Creation of 10% Supplemented Media 
The 10% media was created with supplementation to the levels of 100% in either Anhydrous 
dextrose (Fisher Chemical), dipotassium phosphate K2HPO4 (Sigma Aldrich), sodium chloride 
NaCl (J.T Baker), Dextrose & sodium chloride, Dipotassium Phosphate & sodium chloride, or 
ammonium chloride NH4Cl (Sigma Aldrich) & sodium chloride. Media was then pH adjusted 
(Carolina Biological) to match that of 100% TSA (6.8 pH). All media was then autoclaved on a 
liquid 45 cycle (Getinge) and stored at 4°C.  
 
Seed Germination Assay 
Solanum lycopersicum (tomato) seeds were surface sterilized. Seeds were submerged in 10mL of 
a solution consisting of a 1:1 ratio of 80% ethanol and 100% hydrogen peroxide for 20 minutes. 
Sterilization solution was aspirated, and seeds were then submerged in 10mL of sterile water to 
wash for 10 minutes. Sterile water was aspirated, and this process was repeated an additional 4 
times. Once surface sterilization was complete, the seeds were placed on sterilized filter paper and 
subjected to 10mL of sterile water with increasing CuSO4 concentrations. Seeds were inoculated 
with bacteria by utilizing a 19-hour liquid culture (Ps. aeruginosa) or 40-hour culture (BS71). Of 
the respective liquid culture, 10μl was placed directly onto the surface of the seed within the petri 
dish. Plates were monitored for germination, and root death at 8 days and 14 days. 
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Results & Data 
1. Identification of BS40 and BS71 Isolates 

16S sequences were analyzed with the IMG BLAST application which yielded identification of 
bacteria and similarity to additional whole genome sequenced bacteria. The closest complete 
genome relatives (≥98%) of both BS40 (28 genomes) and BS71 (24 genomes) were identified. 
(table 1). This was done with the purpose of utilizing these WGS relatives to determine if the 
bacterial isolates had acquired any new genes in relation to drought resistance when compared to 
their closest WGS relatives. 16s sequences are effective for this purpose as they are highly 
conserved in prokaryotes which also still containing some hypervariable regions. A phylogenetic 
tree was produced for BS40, as the Arthrobacter genera is more greatly studied than the Leifsonia 
genera. This phylogenetic tree allowed for an accurate visualization of which Arthrobacter species 
were closest to our isolate, as Arthrobacter possesses more draft and WGS sequences than BS71. 
This also provided a better understanding of BS40’s phylogeny as it is closest phylogenetically to 
other species within the Arthrobacter Genera. This tree displays both draft sequences and whole 
genome sequences. 

 

 
Figure 1.0 BS40 Sample Phylogenetic Tree- created with BS40 FASTA sequence in NCBI 
MOLE-BLAST application. BS40 appears as “Query_19885”  
 
Table 1.0 Identification of Phase 4 Soil Isolates.  
 

16s Result Qualities 

Arthrobacter bambusae 
(BS40) 

high GC content and gram-positive bacterium, both of these qualities are associated with 
climate resilience/adaptation. All species in this genus are obligate aerobes that are rods 
during exponential growth and cocci in their stationary phase.  

Leifsonia poae (BS71) is a high GC content, Gram positive, aerobic, rod-shaped bacterium, with arrangement in 
singles or pairs. It has no endospores or motility and has a host-associated habitat with 
optimal temperatures for growth at 20-25 degrees Celsius. 
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2. BS71 Metabolic Model 
When beginning to analyze the isolate’s genomes for drought resistance genes, many genes 
functions were listed within KBase as putative drought resistance genes, however not much 
information about these genes was available in literature resources. BS71 in particular possessed 
a great deal of putative genes of which no information was available. Due to this metabolic 
modeling was completed to identify in which metabolic cycles these genes appear, as well as to 
assist in a better understanding the function of these genes. Many putative genes appeared to be 
precursors of osmolytic or turgor maintenance molecules (Figure 2.0). 

 

 
Figure 2.0 Arginine and Proline Metabolic Model in BS71. Conducted using the Metabolic 
Modeling application in KBase. Gap filled model indicates that BS71 is able to complete the urea 
cycle and possesses precursors required to produce arginine, ornithine, L-proline, Glutamine, 
Glutamate, L-Glutamate 5-semialdehyde, putrescine and spermidine. Metabolic modeling was 
used in coalition with RAST annotations to identify functionality and byproducts of osmolytes. 
These models assisted in identifying additional genes and molecules of interest relative to drought 
tolerance. 
* Genes in Red and Green fall within the statistical cut off to be considered hypothetical genes  
 

3. Drought Tolerance Analysis 
BS71 has 24 WGS relatives within the parameters of (98%-100%) similarity at the rRNA level. 
Comparative analysis was performed using functional carts on BS71 and the 24 closest relatives 
identified. The genes within Table 2.0 may confer drought tolerance to BS71 and its nearby 
ecological community through functions such as transport, turgor maintenance, pressure 
maintenance, and salinity control. BS40 did not display any uncommon drought tolerance genes 
in relation to its closest relatives. A protein-protein BLAST search via NCBI confirmed BS71 
contained 24 gene copies of Beta-glucosidase, which functions in the biomass conversion of 
recalcitrant carbon (Table 3.0). This data indicates that BS71 has acquired new drought tolerance 
genes. 
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Table 2.0 Characterization and Quantitation of BS71 Drought Tolerance Genes. 

Gene(s) Name 
Number of 

Relatives who 
possess Gene(s) 

Number of 
gene 

copies in 
BS71 

Average 
number of 
copies (24 
species) 

Function in relation to drought tolerance 

Aquaporin Z 8 2 0.34 
  

Osmoregulation, confers drought resistance 
through its selective permeability to water and 
maintenance of cell turgor. 

Glycine Betaine 
Transport Proteins 9 2 0.41 

  
Osmoprotection (turgor maintenance), cellular 
macromolecule protection, ROS detoxification. 

Glutamate dehydrogenase 7 1 0.30 
  

Antistress enzyme in saline conditions, 
performs ammonia detoxification and Glu for 
Pro synthesis. 

cation:H+ antiporter 
(yrbG) 7 1 0.43 

  
Adjusts ionic balance, overexpression can 
improve plant performance under salt stress. 

alanine or glycine:cation 
symporter, AGCS family 

(TC.AGCS) 
  

0 1 0 

Sodium-dependent glycine transporter, 
transcription of this gene is also triggered by 
nitrogen deficiency.  

Betaglucosidase (bglX) 
and (bglB) respectively 22, 20 17, 7 4.95, 3.30 

  

Hydrolysis of recalcitrant C, creates active 
ABA, improves soil health in alkaline soils. 
*ABA confers  plants with tolerance against 
abiotic stress such as drought within plants. 

 
Table taken from (Ahmed et al., 2021) 
Table 3.0 Beta-glucosidase (EC 3.2.1.21) Genes Present Within BS71.  

 
 

4. BS71 Copper resistance 
KBase was utilized to search BS71 for copper resistance genes which are responsible for the 
reduction of copper’s interference with cellular processes (Table 4.0). These genes demonstrate 
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that rather than one large centralized copper resistance mechanism, this organism may be able to 
resist copper through several different working components such as copper homeostasis, 
membrane efflux proteins, a reduction in oxidative stress, acylation, sequestration, and transport. 
Bioinformatic analysis indicated that BS71 may also potentially be able to confer copper resistance 
to the plant life it inoculates. The homology of these genes indicates that BS71 may have acquired 
copper tolerance genes by horizontal gene transfer from other genera within the same family. 
Experimental analysis was completed to confirm the bioinformatic annotation analysis (Table 5.0), 
which supported that BS71 is in fact tolerant. This data also indicated that nutrient limitation may 
decrease copper tolerance within both the copper tolerant species Pseudomonas aeruginosa and 
BS71. Several 96 well plate assays were completed on various concentrations of copper on 
Pseudomonas aeruginosa and BS71 to identify the minimal inhibitory concentration of copper for 
both these species. These 96 well assays were conducted in both nutrient rich (100% tryptic soy 
broth) and nutrient deficient (10% tryptic soy broth) media (Figures 3.0 & 4.0) which confirmed 
that there is in fact a decrease in copper tolerance within Pseudomonas aeruginosa and BS71 due 
to nutrient limitation. This was followed by supplementing the nutrient deficient media with 
dextrose or dipotassium phosphate (two components of the nutrient rich media which are suspected 
to play a role in CuSO4 resistance) to see if either supplement is capable of restoring copper 
tolerance (Table 6.0). Copper tolerance was not restored, although dextrose did restore growth in 
both Pseudomonas aeruginosa and BS71. Dipotassium phosphate supplementation was associated 
with the formation of a precipitate that interfered with absorbance readings. This supplementation 
was completed once again under normal osmotic conditions with NaCl, as well as with the added 
supplement of nitrogen (Table 7.0). This data indicated that both phosphate and nitrogen 
supplementation is capable of partially restoring copper tolerance within Pseudomonas aeruginosa 
and BS71 when under normal osmotic conditions.  
 
Table 4.0 Copper Resistance Genes Identified Within BS71. 

Gene name Function BS71 RAST annotation  BLAST Homology 

CopA/B 
Transports copper ions across cell-surface and 
intracellular membranes, associates with 
multiple copper chaperones 

Copper-translocating P-
type ATPase   

copy 1: Oerskovia and Leucobacter 
species (90%) 
  
copy 2: Leifsonia (80%) 

CopZ Cu binding, sequestration, and transport   Copper(I) chaperone 
CopZ  

Microbacterium and other genera 
(82%) 

CopC periplasmic Cu binding 
Copper resistance 
protein CopC  
  

Leifsonia (80%) 

CopD responsible for copper homeostasis, inner 
membrane protein 

Copper resistance 
protein D  
  

Leifsonia (85%) 

Ycn1 Stress induced, involved in copper uptake, Cu 
binding,   

Conserved membrane 
protein in copper 
uptake, YcnI  

Leifsonia (75%) 

CutE 
Copper homeostasis protein, functions in the 
acylation of apolipoproteins required for 
copper tolerance, Cu binding  

Copper homeostasis 
protein CutE  Leifsonia (75%) 

CutC Cytoplasmic Cu homeostasis protein, efflux  
Cytoplasmic copper 
homeostasis protein 
cutC   

Copy 1 and 2:  
Leifsonia (68%) 

CsoR Repressor of the copZA operon (operon is 
responsible for copper efflux). 

CosR Leifsonia (98%) 
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Table 5.0 Copper Tolerance Growth Curve Assay of Pseudomonas aeruginosa, Escherichia coli, 
and Leifsonia poae (BS71). All bacteria were subjected to both nutrient rich (100% Tryptic Soy 
Broth) and Ps. aeruginosa and BS71 were in later experimentation subjected to nutrient deficient 
media (10% Tryptic Soy Broth). E. coli demonstrates copper inhibition at ≥0.5mM in nutrient rich 
media, whereas Ps. aeruginosa and BS71 can continue to proliferate at concentrations ≥1.5mM. 
In nutrient deficient 10% TSB Ps. aeruginosa and BS71 begin to display inhibition ≥1.0mM.  

 CuSO4 (mM) 0 0.5 1.0 1.5 

100% TSB 

E. coli + - - - 

Ps. aeruginosa + + + + 

BS71 + + + + 

10% TSB 
Ps. aeruginosa + + + - 

BS71 + + + - 
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Figure 3.0 96-Well Plate Assay of Pseudomonas aeruginosa Copper Tolerance in Nutrient 
Rich and Nutrient Deficient Media. A liquid culture of Pseudomonas aeruginosa was created 
19 hours prior to experimentation and diluted to a 0.1 optical density. Nutrient rich media 
consisting of 100% tryptic soy broth (TSB) (Figure A) was subjected to higher concentrations of 
CuSO4 (mM) than the nutrient deficient 10% tryptic soy broth (TSB) media (Figure B). 
Absorbance of cultures was measured (BioTek EPOCH Microplate Spectrometer) hours 0, 1, 3, 4, 
5, and 6. In 100% TSA media and 10% TSA media Pseudomonas aeruginosa begins to become 
inhibited by copper at concentrations of 7.5mM and 0.625mM respectively. Minimal inhibitory 
concentration of CuSO4 cut off was determined by less than a doubling of A600 absorbance within 
5 hours. 
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Figure 4.0 96-Well Plate Assay of Leifsonia poae (BS71) Copper Tolerance in Nutrient Rich 
and Nutrient Deficient Media. A liquid culture of BS71 was created 40 hours prior to 
experimentation and diluted to a 0.1 optical density. Nutrient rich media consisting of 100% tryptic 
soy broth (TSB) (Figure A) was subjected to higher concentrations of CuSO4(mM) than the 
nutrient deficient 10% tryptic soy broth (TSB) media (Figure B). Absorbance of cultures was 
measured (BioTek EPOCH Microplate Spectrometer) hours 0, 1, 2, 3, 4, 5, and 6. In 100% TSA 
media and 10% TSA media BS71 demonstrates copper at concentrations ≥7.5mM and ≥1mM 
respectively. Minimal inhibitory concentration of CuSO4 cut off was determined by less than a 
doubling of A600 absorbance within 5 hours. 
 
Table 6.0 Copper Tolerance Restoration Assay of Pseudomonas aeruginosa and Leifsonia poae 
(BS71). A 96 well plate assay was completed to assess if nutrient supplementation is capable of 
restoring copper tolerance. Nutrient deficient 10% Tryptic Soy Broth (TSB) was supplemented 
with anhydrous dextrose or dipotassium phosphate (K2HPO4) to the levels of nutrient rich 100% 
TSB. Dextrose is shown to partially restore growth in both Ps. aeruginosa and BS71. Neither 
K2HPO4 nor dextrose restore copper tolerance when compared to the nutrient rich 100% TSB 
experimental group.  

  

TSB (g/L) 100% 10% 10%+P 10%+ dex 
protein 20 2 2 2 
K2HPO4 2.5 0.25 2.5 0.25 
dextrose 2.5 0.25 0.25 2.5 
NaCl 5 0.5 0.5 0.5 

A
600

 Ps. aeruginosa 1.5 0.4 0.37 0.8 
BS71 1.3 0.7 0.3 0.9 

 max. CuSO4
 (mM)  

Ps. aeruginosa 7.5 0.625 1 0.3 
BS71 7.5 1 1.25 1.25 
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Table 7.0 Pseudomonas aeruginosa and Leifsonia poae (BS71) Copper Tolerance Restoration 
Assay in Normal Osmotic Conditions. A 96 well plate assay was completed to assess if nutrient 
supplementation is capable of restoring copper tolerance when under normal osmotic conditions 
when supplemented in conjunction with sodium chloride (NaCl). Nutrient deficient 10% Tryptic 
Soy Broth (TSB) was supplemented with anhydrous dextrose, dipotassium phosphate (K2HPO4), 
or ammonium chloride (NH4Cl) to the levels of nutrient rich 100% TSB. Dextrose + NaCl is shown 
to partially restore growth in BS71, but negates the dextrose associated growth restoration in Ps. 
aeruginosa. In normal osmotic conditions K2HPO4 and NH4Cl partially restore copper tolerance 
when compared to the nutrient rich 100% TSB experimental group.  

  

TSB (g/L) 100% 10%+NaCl 10%+P 10%+ dex 10%+N 

protein 20 2 2 2 20 (9gNH4Cl) 
K2HPO4 2.5 0.25 2.5 0.25 0.25 
dextrose 2.5 0.25 0.25 2.5 0.25 
NaCl 5 5 5 5 5 

A
600

 Ps. aeruginosa 0.58 0.11 0.18 0.18 0.16 
BS71 1.3 0.7 0.7 1.0 0.6 

 max. CuSO4
 (mM)*  

Ps. aeruginosa 7.5 0.625 >5 0.625 1 
BS71 15 2.5 3.125 1.25 2.5 

 
5. Seed Germination 

Seed germination assays were conducted to identify if CuSO4 interferes with the germination of 
Solanum lycopersicum seeds. This was done to confirm this plant as an effective candidate for 
experimental analysis, as well as establish the control for this plant’s ability to withstand copper 
before beginning to demonstrate signs of toxicity. Solanum lycopersicum seeds did in fact 
demonstrate copper toxicity indicating that it may benefit from inoculation with BS71 in the future. 
The seeds began to show signs of toxicity (root death) and inhibition at ≥0.5mM CuSO4 which 
establishes the MIC control for this plant species.  
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Figure 5.0 Effect of CuSO4 on Seed Germination in Solanum lycopersicum seeds. Seeds were 
subjected to increasing concentrations of CuSO4 at 2.5 mM and 10mM in 3mL of sterilized water 
on sterilized filter paper. Image was taken at 16 days post-treatment. Copper inhibition can be 
seen at concentrations of ≥2.5mM as these seeds exhibit root death.  
 
 

 
Figure 6.0 Effect of CuSO4 on Seed Germination in Solanum lycopersicum seeds. Seeds were 
subjected to increasing concentrations of CuSO4 at 0.1mM, 0.25mM, 0.5mM, 0.75mM, and 
1mM in 10mL of sterile water on sterilized filter paper. Image was taken at 8 days post-
treatment. Copper inhibition can be seen at concentrations of  ≥0.5mM as these seeds exhibit 
root death.  
 
Discussion 
 Identification of isolates via their respective 16S sequences yielded BS40 as Arthrobacter 
bambusae and BS71 as Leifsonia poae (Figure 1.0 & Table 1.0). Metabolic modeling was essential 
in identifying precursor molecules, as this allowed us to assess if the isolate would be able to 
produce certain osmolytic products. The metabolic models allowed us to see that BS71 was able 
to synthesize putrescine, spermidine, and proline (osmolytic compounds) as well as glutamate and 
ornithine (precursors of proline) (Figure 2.0).This also highlighted issues with statistical stringency 
present between both KBase and JGI/IMG. This is as IMG ‘s functional carts possessed a greater 
statistical stringency and did not display any putative genes, whereas KBase does. This meant that 
a secondary analysis needed to be conducted with KBase in order to better understand which genes 
are purported to be present both in the isolates and their respective closest relatives. However, to 
maintain a greater level of accuracy only JGI was utilized in the analysis of the isolates relative to 
their ≥98% rRNA similarity relatives (Table 2.0). 
 Analysis demonstrated that BS40 did not possess any additional drought tolerance genes 
in comparison to its closest relatives. Despite possessing several drought tolerance genes, these 
were genes that were typically already present within the genera, indicating that these genes were 
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not acquired from adaptation to the artificial environment’s selective pressures. There was no 
presence of uncommon genes or higher gene copy to indicate additional drought resistance or 
evolutionary change. It appears that the Arthrobacter genus is generally associated with  drought 
tolerance  (Samain et al., 2022), (Boylen, 1973), & (McKenzie, 1978).  

However, BS71 conversely does display additional acquired drought resistance genes 
when compared to its closest relatives. Qualities such as maintaining osmotic pressure, alleviating 
osmotic stress, turgor maintenance, salinity control, reducing the harmful effects of accumulated 
oxidative species, increased transport/permeability, and osmolytes are important to drought 
tolerance (Csonka, 1989). This is as the BS71 genome possessed more drought tolerance 
associated genes, and genes of interest that were not present when compared to its closest relatives 
in the Leifsonia genus (Table 2.0).  

BS71 possessed 2 Aquaporin Z genes which were only present in 8 out of the 24 closest 
relatives who on average only had a single copy of the gene (Table 2.0). Aquaporin Z is responsible 
for osmoregulation as it possesses the ability to act as a selectively permeable channel to water 
(Calamita, 2000). It is osmotically regulated and plays a role in both the short and long term 
osmoregulatory response and is cited to play a role in the virulence of particular pathogenic 
bacteria (Calamita, 2000). In addition to this, BS71 possessed 2 glycine betaine transport proteins 
(Table 2.0). Additional analysis within KBase indicated that it may possess the glycine betaine 
“ProU” operon which functions in osmoprotection (Gowrishankar & Manna, 1996). BS71 is the 
only genome out of its closest relatives to possess the alanine/glycine cation symporter which is 
sodium dependent and plays a role in salinity stress (Bualuang et al., 2015). This may help maintain 
the normal osmotic conditions required within the cell. It also possessed the cation: H+ antiporter 
(YRBG) which is responsible for adjusting ionic balance (Besserer et al., 2012). BS71 also 
contains 24 total betaglucosidase genes (bglX) and (bglB) whereas its closest relatives only possess 
on average 4.95 copies (bglX) and 3.30 copies (bglB). Betaglucosidase’s role in the hydrolysis of 
recalcitrant carbon (Zhang, 2022) suggests that BS71 is adapting to the depletion of carbon sources 
in the warmed soil plots. This data supports the hypothesis that BS71 poses characteristics of a 
genome that has evolved in response to drought. Since this analysis, a microbial resource 
announcement paper has been published on BS71 and its purported drought resistance capabilities 
(Ahmed et al., 2021). 
 Throughout the analysis of BS71’s drought resistance genes, several heavy metal resistance 
genes were noted as well. Particularly genes pertaining to copper resistance within BS71. This 
preliminary bioinformatic analysis indicated that BS71 may be resistant to copper making it 
potentially suitable for bioremediation purposes. BS71 possesses multiple genes which assist in 
copper homeostasis, membrane efflux, the reduction in oxidative stress, acylation, sequestration 
of copper, and transport of copper (Table 4.0). This also indicates that BS71 may potentially be 
able to confer copper resistance to the plant life it inhabits. Homology analysis also indicated that 
BS71 may have acquired copper tolerance genes by horizontal gene transfer from other genera 
within the same family as several genes share a high percentage of similarity (Table 4.0).  
 This bioinformatic analysis led to experimental analysis of BS71’s copper tolerance in 
order to confirm the functionality of its copper tolerance. The issue of identifying a positive and 
negative control was still outstanding, ultimately E. coli was utilized as a negative control due to 
its copper sensitivity and Ps. aeruginosa was utilized as a positive control due to its tolerance. The 
initial spectrophotometry growth curve assay indicated that BS71 and Ps. aeruginosa could 
withstand copper concentrations ≥1.5mM in nutrient rich (100% TSB) environments (Table 5.0). 
E. coli displayed copper sensitivity as it could not withstand ≥0.5mM without showing signs of 
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inhibition. This indicated that BS71 is in fact copper tolerant, supporting the bioinformatic 
annotation analysis. This also indicates that BS71 may potentially be utilized for bioremediation 
purposes.  
 Experimentation also indicated that BS71 and Ps. aeruginosa demonstrate decreased 
copper tolerance abilities decreased when samples were subjected to the experimental conditions 
within nutrient deficient (10% TSB) media (Table 5.0, 6.0, & 7.0). Copper tolerance restoration 
assays were conducted to better understand the role that nutrient deficiency plays within copper 
tolerance, as well as to gain insight on the supplementary component of the 100% TSB media that 
assists in copper tolerance. This is as the mechanism for copper tolerance within prokaryotes is 
not fully understood.  
 The copper tolerance restoration assays demonstrated that both BS71 and Ps. aeruginosa 
in nutrient rich 100% TSB do not exhibit copper inhibition until concentrations >7.5mM. When 
supplemented, nutrient deficient 10% TSB, in the presence of dextrose or dipotassium phosphate 
did not restore copper tolerance. However, dextrose did partially restore growth for BS71 and Ps. 
aeruginosa (Table 6.0). Supplemented nutrient deficient 10% TSB media with the addition of 
sodium chloride demonstrated partial copper tolerance restoration when treated with dipotassium 
phosphate or ammonium chloride (Table 7.0). This may indicate that bacteria utilized for heavy 
metal bioremediation require nutrient rich environments for efficacy, as BS71 and Ps. aeruginosa 
demonstrate decreased CuSO4 tolerance with nutrient limitation. This may also indicate that 
normal osmotic conditions play a role in copper tolerance as copper tolerance with dipotassium 
phosphate or nitrogen was only successful when NaCl was present. This also may ultimately 
indicate that nitrogen (Somerville & Kahn, 1983) and phosphate (Al-Niemi et al., 1997) are 
utilized within copper stress mechanism in prokaryotic cells, making their availability essential 
(Hagberg et al., 2016) & (Hagberg et al., 2022).   
 Preliminary experimental trials indicate that copper is capable of inhibiting the germination 
of Solanum lycopersicum (Tomato) seeds. Solanum lycopersicum was utilized due to its frequent 
treatment with copper-based fungicides, which reduces both the growth and yield of tomatoes 
(Sonmez et al., 2006). Germination inhibition begins to appear at concentrations of ≥0.5mM 
(Figure 6.0) as root death becomes visible. This root death becomes more conspicuous at 
concentrations of 2.5mM and 10mM (Figure 5.0). This indicates it may benefit from some of the 
putative growth promoting compounds and copper tolerance capabilities demonstrated by the 
bioinformatics analysis of BS71 (Table 2.0).  
 
Future Work  
 Some additional work that can be completed to draw conclusions with greater certainty is 
to identify additional genes related to drought tolerance or osmotic abilities and search for them in 
both BS40 and BS71. Then perform the comparative analysis with a second analysis tool, KBase, 
and fully reanalyze resistance genes with less stringency to potentially find more putative drought 
and copper resistant genes. Conducting additional minimal inhibitory concentration 96 well plate 
assays on BS71’s copper resistance is also important in order to more conclusively interpret the 
MIC. This is as difficulty was experienced with the interpretation of data due to the variable 
maximum CuSO4 concentration cut off. It would be best to do so with the supplemented 10% TSB 
medias as well as create new formulations for the supplemented 10% TSB media to see which 
supplement is most effective at restoring copper tolerance. Finally conducting seed germination 
assays and measuring root growth to determine BS71’s ability to mitigate copper toxicity when 
inoculated in popularly cultivated plants such as Solanum lycopersicum (tomatoes).  
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Conclusions  
BS71 does contain drought resistance genes, which supports the hypothesis that drought 

conditions characteristic of climate change may select for bacteria with drought-associated genes 
and characteristics. BS71 possesses aquaporin genes, glycine betaine transport genes, and a high 
gene copy number of beta glucosidase. BS40, however, does not display any acquired drought 
resistance genes, as the Arthrobacter genus all possess a fair amount of drought tolerance and 
resistance genes. This may indicate that this genus may become more common within natural 
populations as it fairs well with conditions associated with climate change. 
 BS71 also demonstrates the putative ability to resist copper based on bioinformatics 
analysis alone. Based upon homology BS71 may have acquired copper tolerance genes by 
horizontal gene transfer from other genera in the same family. During experimental analysis when 
compared to the positive (Ps. aeruginosa) and negative (E. coli) control BS71 does demonstrate 
copper tolerance. However, this copper tolerance decreases in nutrient deficient conditions (10% 
TSB). Osmotic conditions in relation to salinity control appears to play a role in copper tolerance. 
Nitrogen and phosphate availability also play a role as their presence under normal osmotic 
conditions is able to partially restore copper tolerance. This may provide some insight 
mechanistically on copper resistance within prokaryotes. Thus, nutrient limitation may inhibit 
copper tolerance and ultimately should be accounted for when copper is utilized for the inhibition 
of pathogenic bacteria or when bacteria are utilized for bioremediation purposes. Finally, Solanum 
lycopersicum seeds experience germination inhibition at concentrations of CuSO4 ≥0.5mM. This 
identifies Solanum lycopersicum as an effective candidate for inoculation with BS71 as it exhibits 
signs of copper toxicity. This also establishes the control MIC of Solanum lycopersicum which 
will function as the control in future studies.  
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