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BACTERIAL DIVERSITY AT AN ABANDONED COAL MINE IN
SOUTHEAST KANSAS

An Abstract of the Thesis by
Rachel Bechtold

Acid mine drainage (AMD) is found in areas of abandoned coal mines in southeast
Kansas as a result of mine waste rocks and tailings, and can create problems for the local
environment. Soil bacterial populations may act as a reliable indicator of ecosystem
health in these human-perturbed areas. The goals of the present study were to assess the
bacterial diversity of an acid mine drainage site over a two-year period and to isolate
acid-tolerant bacterial species for bioremediation purpose.
In fall (2015) and summer (2016), soil samples were aseptically collected from five
locations representing diverse topography at an acid mine drainage site in southeast
Kansas. Soil texture was evaluated and samples were chemically digested for
physicochemical analysis using inductively-coupled plasma optical emission
spectroscopy. Concentration of bacterial isolates was determined by counting CFUs after
dilution plating on tryptic soy agar. Up to thirty morphologically different colonies from
each annual sampling were characterized using physiological and biochemical tests and
were further identified at the species level using 16S rRNA gene sequencing. In addition,
acidophilic bacterial strains were screened using selective differential media.
Preliminary data showed that soil pH ranged from 2.5-6.8 and contained varied
concentrations of arsenic, manganese, and iron. Total bacterial concentration was 102-108
CFU/qg of soil over two samplings. Biochemical tests revealed a diverse metabolic

potential of the bacterial population. Bacterial isolates for both fall and summer samples



were grown in citric acid buffer with varying pH of 3, 4, 5, and 6 and several were found
to be acidophilic. PCR amplification of 16S rRNA gene and purification were completed
before sending samples off for sequencing to Kansas State University; a phylogenetic
analysis was completed for both sampling times and subsequently illustrated with
neighbor-joining phylogenetic trees constructed using MEGA 7 software. Baseline
measurements of bacterial diversity as well as soil chemistry in acid mine drainage sites
in this region, are novel and the findings may have potential use in bioremediation of
contaminated acid mine drainage sites.

Keywords: acid mine drainage, bacterial diversity, bioremediation
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CHAPTER |

INTRODUCTION

In southeast Kansas coal mining began in the early 1900s and was an active
industry for more than half of a century (Johnson & Hallberg, 2003). The focus for
Crawford County and some areas of Cherokee County in southeast Kansas had been the
mining of coal, while further south, in Oklahoma, mining of lead, zinc, and iron was
more prevalent (Johnson & Hallberg, 2003). Historically, few regulations existed for
removal of coal resources and restoration of sites. It wasn’t until 1979, when the state of
Kansas filed Chapter 49-428, that the coal mining industry was legally required to restore
land to its natural state at these mined sites.

Acid mine drainage (AMD) is a common waste product found in abandoned mine
lands; this waste can pose a serious problem for the surrounding environment. Acid mine
drainage is created when pyrite, a common coal by-product, is exposed to oxygen and to
water. Pyrite —also referred to as iron disulfide- oxidizes to become sulfate and ferrous
iron (Johnson & Halberg, 2005) through a series of redox reactions. Depending on the
pH of the environment, ferrous iron may become the ferric iron, this form of iron leaches
into the surrounding soil and water and is known as “yellowboy”. Yellowboy gets its
name from the color of iron that will precipitate and coat stream beds when the pH of

AMD sites fluctuates near 3.5. The transformation of iron and sulfur can lead to



environmental damage toxicity of water, and becomes a hindrance to prokaryotic and
eukaryotic life (Kolmert & Johnson, 2001). As this oxidation reaction occurs, the pH
drops lower and escalating chemical reactions cause hydrogen ions and sulfuric acid to be
created; this is what is known as the final product of AMD.

In order to restore these abandoned sites to their original state, various
remediation techniques have been applied. Abiotic or biotic remediation may be used in
mined sites where it is economically feasible; however, no perfect solution has been
found. One possible remediation technique involves the use of sulfate- and iron-reducing
acidophilic bacteria in AMD soil.

The pH levels of the AMD can vary from 0.77 -in extreme cases- to a more
commonly found pH of 3 (Johnson & Halberg, 2003). Bacteria can survive in these
extreme pH levels and acidic elemental conditions; they can also reverse the process of
oxidation through reduction reactions. Because bacteria are naturally found in areas of
AMD they are being applied in large numbers to clean up areas through bioremediation.

In successful cases of bacterial bioremediation, sulfate-reducing bacteria (SRB)
have been shown to increase neutralization efforts when used with passive abiotic
techniques like calcium carbonate limestone (Johnson & Halberg, 2005). Biotic factors
can also be applied with bacterial bioremediation, for example, a wetland could be placed
at a lower elevation than a mined land with current AMD. A biotic system would be
drainage flowing down to the wetland, filtering through the reeds and systematically
neutralizing the water with aid from acidophilic bacteria (Kalin & Wheeler, 2006;

Sheoran & Sheoran, 2006) would be a completely biotic system.



Many acidophilic bacteria are present in AMD environments and are resilient to
the low pH levels because of their protective cellular enzymes (Sharma et al, 2016).
These bacteria may catalyze the iron that precipitates in low pH and reverse the oxidation
process to form ferric iron (Branter & Senko, 2014), a more soluble form in these
environments. As these chemical reactions reach equilibrium, the reduction reaction of
the bacteria reverses the acidity and elemental precipitate and can bioremediate a mined
site naturally.

Many sites in southeast Kansas could benefit by incorporating both bacterial
remediation techniques in combination with abiotic methods. One such area is the
Monahan Outdoor Education Center (MOEC, a part of Southeast Kansas Biological
Station), a roughly 156 acre property located near Cherokee, KS and owned by Pittsburg
State University. Monahan has been partially remediated but on the northern border of
the property, a cap that was meant to contain the AMD has failed and a blowout has
occurred, leaching acidic water into the surrounding soils and water. To remedy this
problem, a wetland would be placed at a lower elevation than the land with current AMD
damage, with any drainage flowing down to the wetland, filtering through the reeds and
systematically neutralizing the water with aid from acidophilic bacteria (Kalin &
Wheeler, 2006; Sheoran & Sheoran, 2006). As water flows through the reeds, large
amounts of waste are assimilated in one of three ways: (a) nutrient uptake by plants, (b)
bacterial degradation and decontamination, or (c) sedimentation (Sheoran & Sheoran,
2006).

Years of strip mining the coal seams in areas of Crawford and part of Cherokee

counties in southeast Kansas is the single procedure that has most detrimentally affected



land by creating acid mine drainage (AMD); despite state legislation, many damaged
sites still remain. MOEC has offered an opportunity to use established physicochemical
analysis to further research remediated and un-remediated areas in an abandoned coal
mine. This study is novel in trying to isolate acidophilic or sulfate-reducing bacterial

species that could be used in bioremediation at MOEC.



CHAPTER I

MATERIALS AND METHODS

Sampling Procedures

Field Sampling:

Materials for this research were supplied by the PSU Department of Biology with
collaboration from the Department of Geology, Kansas State University.

Sterilized equipment was taken to five pre-identified sites at the Monahan
Outdoor Education Center (MOEC) to collect soil samples at a depth of five cm. These
five geographically unique locations were chosen based on elevation, sunlight exposure,
and proximity to water. The field sampling sites included the following areas of MOEC:
grassland with mining fines (A), highest elevation/mound region (B), partial shade area
of the artificially made wetland (C), failed remediated blowout (D), and the area of the

wetland fully exposed to sunlight (E) (Figure 1).
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Figure 1. Monahan, sampling site map

Soil samples were collected once in October of 2015 for initial base
measurements of bacterial diversity and sampling was repeated in June of 2016 for
follow-up measurement at previously visited sites. Air temperature readings were

collected in the field for both dates; 16°C in October of 2015 and 37°C in June of 2016.

Maximum temperatures were taken from records found at NOAA Data Tools, Daily
Weather Records (National Oceanic and Atmospheric Administration: Data Records,
2016).

Two sets of soil samples were aseptically gathered using sterile equipment: a soil

corer scoop, 50 ml Falcon tubes, 70% ethanol, sterile latex gloves, recording materials,



and a temperature probe. The five sites were given corresponding letter codes (A-E) and
sampled twice per visit for a total of 10 site samples per season. Of the two sample sets
per site, one was processed immediately for culturable bacterial analysis and later
processed for elemental analysis. Additionally, soil pH and temperature were measured
on site. Another sample set was preserved in -80°C for culture-independent
metagenomics analysis in the future.

While at Monahan, the soil samples were collected at approximately five cm
depth- it may be presumed that the soil was taken from the A horizon or A and O
horizons in areas that were remediated (B, C, E) and from mining waste in unremediated
sites (A and D). During sampling, a 50 ml sterile tube and its duplicate were filled 30-40
ml (~50 g) with each corresponding soil by using a sterilized soil scoop at a depth of five
cm. Ethanol was used in between sites to clean the equipment.

Laboratory Technigues:

In the laboratory, characterization of soil bacteria was accomplished by analyzing
morphology and physiology, observing growth on selective differential media, and
reading biochemical test analysis. Media ingredients were procured from Difco media
unless mentioned otherwise. Molecular characterization was also carried out using 16S
rRNA gene amplification with universal primers and phylogenetic analysis.

Physicochemical Analysis: Bulk sediment extractions were performed in the Soil
Chemistry Lab in the Department of Agronomy, Kansas State University. The method
was an adaption of Premarathna et al. (2010), following a standard aqua regia digest with
pre-treatment of 30% H.O.. Sediment samples were finely homogenized to <2 mm and

weighed out to =0.5 g and placed in glass digestion tubes. Next, 2.5ml 30% H.O.was



added to each tube and set to equilibrate for ten minutes, followed by the further addition
of 0.5 ml, and then equilibration for twelve hours. The next morning the samples were

heated to 90°C and digested until the volume was reduced to approximately 1ml. 2.5 ml

aqua regia (1:3 HNO3:HCI; prepared just before adding) was then added to each tube and

let to equilibrate for 12 hours. Samples were then heated in the following manner: 75°C
for thirty minutes, 90°C for thirty minutes, 110°C for thirty minutes, and then to 140°C
until the total volume was reduced to =1 ml. Tubes were vortex mixed at five speed for

twenty seconds every fifteen minutes and the temperature of the block was monitored
throughout the process. Once all samples had been reduced to <1 ml, they were diluted
to 10ml with 0.1% HNO3, filtered through Whatman 42 filter paper and analyzed via a
Varian 720-ES Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES)
(for Fe and Mn) and a Varian GTA 120 Graphite Tube Atomizer w/ AA 240Z Zeeman
Atomic Absorption Spectrometer (GTA-AAS) (for As). Three NIST standards (Montana
I1) were digested and analyzed to ensure proper digestion, with yields of 101% (As), 84%
(Fe) and 88% (Mn) obtained.

Dilution Plating: Samples were dilution plated on Difco (Sparks, MD) Bacto
Tryptic Soy Agar (TSA) and incubated at 28°C in an Isotemp incubator for 48-72 hours.
The concentration was calculated as colony forming units CFU/g of soil. Following
dilution plating, morphologically different bacterial isolates were selected and streaked
on TSA.

A total of 30 isolates were selected from the fall 2015 sampling set and 30 isolates

were selected from the spring 2016 isolates. However, further analysis included 58



morphologically different viable isolates and were characterized following phenotypic
and biochemical analyses.

Phenotypic Analyses: Colony morphology was noted and slides were prepared
and viewed for motility, cell shape, and size. The slides were then prepared and viewed
with Gram, acid fast, and Anthony’s capsular stain. Spore staining was also performed for
a subset of isolates using Malachite green stain. In Gram staining, glass slides were used
for heat-fixing bacterial samples and flooded with Gram’s crystal violet, iodine, 95%
ethanol, and rinsed. Safranin was used as the counterstain. The slides were viewed under
oil immersion to determine gram positive or gram negative results. All staining procedures
were followed according to Microbiology Laboratory Theory & Application- Brief /
Edition 2 (Leboffe & Pierce, 2016).

Biochemical Testing: Multiple biochemical tests were conducted: nitrate
reduction, citrate utilization, cysteine desulfurization, phenylalanine deamination, indole
production, gelatin hydrolysis, starch hydrolysis, catalase, and oxidase. Bergey’s Manual
(2000) may be referenced for the premade media used in lab research. Additionally,
fermentation of carbohydrates including lactose, glucose, maltose, and sucrose were
tested. All biochemical experimental procedures were followed according to Microbiology
Laboratory Theory & Application- Brief / Edition 2 (Leboffe & Pierce, 2016).

Selective Differential Media: Eosin methylene blue (EMB), MacConkey (MAC),
mannitol salt (MSA), and TSA plates were used for all isolates to determine growth and
metabolic activity.

Molecular Characterization: Bacterial isolates were selected from TSA with a

sterile toothpick and resuspended in 50 pl of sterile water. These samples were gently



mixed with a MidSci LabDoctor Vortex Mixer and placed in Bio-Rad C 1000 Touch
Thermal Cycler to heat denature the genomic DNA at 95°C for ten minutes.

A total of 20 pl PCR reaction mixture included: one pl of bacterial DNA as
template, 20 pmole of each primer (0.5 ul) 27F (AGAGTTTGATCCTGGCTCAG), (0.5
ul) 1492R (GGTTACCTTGTTACGACTT) (Lane et al, 1991, Biosynthsis Co.), 10 pl of
Promega PCR Master Mix (Madison, WI), and the rest was sterile water.

PCR protocol followed was: denaturation at 95°C for three minutes prior to 29
cycles of the following: denaturation at 95°C for 30 seconds, annealing at 55°C for 30
seconds, and elongation at 72°C for one minute. Finally, the last extension step was at
72°C for 10 minutes. The infinite hold was set at 4°C.

Agarose Gel Electrophoresis: Gel media was prepared from one-percent agarose
and 1X Tris base, acetic acid and EDTA buffer (TAE)) and ~3.5 ul (recommended: 1 pl
per 20 ml gel) iINtRON RedSafe Nucleic Acid Staining Solution (20,000x). The gel was
poured into a Fisher Biotech Electrophoresis Mini Horizontal Unit then left to solidify
before being placed in 1X TAE buffer with ¥ inch to % inch TAE buffer covering the
agarose gel.

Loading samples were prepared as follows: In 10 ul, three ul of sterile water, two
ul loading buffer (MIDSCI), and five pl of PCR reaction. A Bullseye 100 base pair (bp)
DNA ladder (MIDSCI) was pipetted in the first well in the amount of five ul. The
samples were run at 80 volts for 75 minutes and the gel was removed from the buffer
solution to visualize under ultraviolet light Electrophoresis Systems 312 Transilluminator

(Fisher Scientific).

10



Purification of PCR Product: Rest of the PCR reaction was purified using
ZYMO RESEARCH Clean and Concentrator DNA (PCR) Clean following instructions
from the manufacturer, (http://www.zymoresearch.com/downloads/dl/file/id/112/d7010i.pdf). AS a
minor modification 14 ul Elution Buffer was substituted with sterile water.

Quantitation of DNA: Nanodrop Lite (Thermo Scientific) was used to take
readings for 58 isolates in order to record 260/280 ratios and ng/ul (Appendix A).

DNA Sequencing: The isolates were identified at the species level after PCR
amplification and 16S rRNA gene sequencing using universal eubacterial primers at
Kansas State University Sequencing Facility.

Phylogenetic Analysis: Obtained sequences were run on CodonCode Aligner to
create fasta files for upload to MOLE MEGABIast on the National Center for
Biotechnology Information (NCBI) website
(https://blast.ncbi.nlm.nih.gov/moleblast/moleblast.cgi) in order to create traditional, radial,
circular, or cladogram phylogenetic trees (Appendix B). MEGADblast software (version 7)
was used for traditional phylogenetic tree and bacterial identification display. A
Neighbor-Joining phylogenetic tree was created using aligned sequences in MEGA7
software.

Isolation of Acidophilic Bacteria: Tryptic Soy Broth was mixed with citric acid
monohydrate C,H.0..H.O 0.1 M (Sigma Chemical Company, St. Louis, MO) and 0.1 M
trisodium citrate dihydrate Na,C.H.O..2H20O (Fisher Scientific, Fair Lawn, NJ) to prepare
media with varying pH levels. Before beginning acid media tests, all isolates were

restreaked on TSA to check the viability. Agar media was used with acid buffer but did
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not solidify at a pH lower than five; therefore, further the media was prepared in broth
with lower pH values.

The TSB as a liquid medium for acid buffer base is in a ratio for 30 g/L of
water. The TSB media was divided into equal halves and labeled either Solution A or
Solution B. Solution A contained 0.1 M citric acid monohydrate and Solution B
contained 0.1 M trisodium citrate dihydrate. Per 250 ml of TSB, 5.25 grams of solution
component A and 8.08g of solution component B were weighed and mixed (Appendix
C).

Four acid buffer solutions of various pH were made from 1 L (500 ml A, 500 ml
B) of acid media in TSB. Each pH media was prepared in separate 500 ml Erlenmeyer

flask with a combination of Solution A and B as mentioned below:

A/B Ratio in mL PH3 PH4 PHS5 PH 6

Solution A (mL) 205 1475 875 28.75
Solution B (mL) 45 102.5 162.5 221.25,

When pH media was thoroughly mixed, flasks were autoclaved at 121°C, 15 psi
for 15 minutes and then placed in a warm water bath at 28°C for 45 minutes. After
cooling, the media was pipetted to sterile polystyrene 24-well plate (2 ml capacity per
well, Becton Dickinson). Fresh bacterial colonies were suspended in 500 pl 0.9% saline
solution for each isolate for an OD at 600nm of ~0.5. Ten pl of suspension inoculated
into one ml of acid media in each well and growth was determined after 24-48 hours of
incubation using Eppendorf Uvette for absorbency analysis in an Eppendorf
biospectrophotometer (Appendix D).

Data Analysis: Linear regression was used in a correlation test to examine

relationship between iron, arsenic, magnesium and pH; an alpha level of 0.05 was used.

12



A one-way ANOVA reviewed the colony-forming unit count between seasonal sampling

to further understand the number of total bacteria with an alpha level of 0.05.

13



CHAPTER 111

RESULTS

Physicochemical Analysis of Soil Samples

Soil samples collected at sites designated A-E at the Monahan Outdoor Education Center
were chosen for their topography and proximity to light or water (Figure 1). Site D was
chosen because damage had occurred to the remediation technique applied and a possible
low pH value in the area was suspected due to this “blowout”. A soil study completed by
the United States Department of Agriculture (USDA) revealed the area sampled as

having Coalvale silty clay (Fig. 2, Table 1) or Parson’s silt loam.
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Custom Soil Resource Report
Soil Map

Figure 2. Monahan, USDA map (web soil survey, 2016). The USDA map shows 8670
as Coalvale clay and 8865 as Parson’s silt loam in this aerial image.

Physicochemical characteristics of soil taken from the five sites were analyzed with
facilities and collaboration through the Department of Geology at Kansas State
University. In general, the five sampling sites of Monahan showed little variation in pH
readings. Four sites had a pH of 6.6 with the exception of pH at location D which was
found to be a pH of 2.6. The arsenic (As), Manganese (Mn), and Iron (Fe)- all soil

elements- were measured in either mg/kg or g/kg and recorded.
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Table 1. Physicochemical characteristics of soil, Kansas State Geology Department

Location/ Sample  Soil Type* pH As Mn Fe
1D (mg/kg)  (mg/kg)  (9/kg)
Mine Soil (A) Coalvale silty 6.6+0.0 10.1 614.7 28.7
clay
Top Mound (B) Coalvale silty 6.6+0.2 13.8 877.6 35.5
clay
Wetland S. (C) Coalvale silty 6.6+0.0 155 932.7 39
clay
Ditch (D) Parson's Silt 2.6x0.2 10.4 433.4 169.6
Loam
Wetland N. (E) Coalvale silty 6.6+£0.0 8.5 978 34.1
clay
*Data taken from United States Department of Agriculture, 2016
4 180 169.6 )
- 14
160 pH Iron
140 - 12
120 - 10
g 100 | g
S 6.6 6.6 6.6 6.6 T
S 80
= -6
60
39 L
40 59 35.5 26 34.1 4
20 M2
0 - -0
Mine Soil (A) Top Mound (B) Lake S. (C) Ditch (D) Lake N. (E)
. J

Figure 3. Relationship between acidity and iron, natural log. Site D had both high
levels of acidity and high levels of iron (g/kg) indicating the presence of iron precipitate

in a flux state.

Soil Bacterial Growth

Bacterial colony counts were completed on TSA media in the lab after sample collection

in order to ascertain the level of dilution needed to pick up individual colonies from the

16



plates. Colony forming units (CFUs) were counted (Fig. 4, Fig. 5) and compared to site
and to season. The average number of colonies on dilution plates for fall (45) were
slightly higher than for summer (50) but no statistical significance was found between the
total CFU.
Soil samples in suspension were spread at dilution rates of 102, 10, 108, 10%. After
growth at 28°C for 24-48 hours, single colonies were counted (Figs. 4 and 5). Sites A and
E had the highest concentration of bacterial colonies while site D had few bacterial
colonies.
140
120

100

80

60

40

MEAN CFUS/GRAM OF SOIL

20

Figure 4. Bacterial concentration (fall 2015 sampling) after dilution plating on TSA.
Bar graph with SEM values.
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Figure 5. Bacterial concentration (summer 2016 sampling) after dilution plating on
TSA. Bar graph with SEM values.
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Morphology Confirmation

Following a count of colony forming units, 30 pure and visually unique bacterial colonies
were transferred to Tryptic Soy Agar (TSA) resulting in one single bacterial isolate per
plate. These bacterial isolates were viewed with a wet mount slide, evaluated for
mobility, and categorized by their colony shape, odor, color, and size (Appendix E, F).
Staining and Carbohydrate Fermentation

After staining with Malachite green spore stain three isolates were found to be positive
for endospores. Gram staining evaluated shape (rod or coccus), size (thick, thin or short,
long), and any unique qualifiers of all the 58 isolates (Tables 2 and 3).

Carbohydrate fermentation tests for lactose, sucrose, glucose and maltose revealed two
isolates that could ferment all four sugars and eight that could ferment up to three sugars.
The main carbohydrate which was utilized was glucose (41%), closely followed by

sucrose (38%) (Fig. 6).
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H Lactose M Sucrose Glucose M Maltose

Figure 6. Carbohydrate fermentation by soil isolates.

Biochemical Test Results

Gram staining results were further confirmed by growing the isolates on selective
differential agar media: 29 positive on eosin methylene blue (EMB), nine positive on
MacConkey (MAC), and 28 positive on mannitol salt agar (MSA). Isolates were
subjected to various biochemical tests (Tables 2, 3, 4, 5) to determine their metabolic
diversity among sampling sites and among isolates. No clear duplicates were found
during biochemical testing and all 58 isolates were preserved. Additionally, SIM stab
results showed Al (Paenibacillus dendritiformis) and E7 (Bacillus subterraneus)
produced the enzyme cysteine desulfurase and C2 (Pantoea agglomerans) as indole
positive from fall samples. The biochemical tests yielded diverse results for all isolates
and thus DNA 16s rRNA sequencing was completed on all surviving samples. Bacteria
were sequenced and identified as aerobic Gram positive bacilli although three isolates

were cocci: Micrococcus luteus, Rhodococcus jialingiae, and Macrococcus caseolyticus.
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Table 2. Gram stain, bacterial cell shape*, and selective differential media results of
bacterial isolates from fall 2015.

Isolate G +/- & Shape EMBG- MSAG+ MACG-

Al
A2
A3
A4
A5 - X
A6 +
A7 + X
Bl + X
B2 +, COCCUS
B3 -
B4
B5
C1 -
C2 -
C3 =
C4 +
C5 -
C6 -
C7 -, COCcus
C8 + X
D1 - X
D2 -
D3 = X
El - X
E2 +
E3 - X
E4
E5
E6
E7 -

*Shape is typically rod unless noted otherwise

+ + + +
X

+ +

X X X X X X

+ + +

Table 3. Gram stain, bacterial cell shape*, and selective differential media results of
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bacterial isolates from summer 2016.

Isolate G +/- & Shape EMBG- MSAG+ MACG-

Al -

A2 -

A3 +, coccus
A4 +, cOccus
A5 +

Bl
B2
B3
B4 -
B5
B6
B7
C1
C2
C3
C4
D1
D2
D3
D4
D5
El
E2
E3
E4
ES5 + X X
E6 +

E7 + X

*Shape is typically rod unless noted otherwise

Co+ o+ + + +
X
X X X X X X x X X X X X %
X

+ + 4+ + 4+ + + + + + + +
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Table 4. Biochemical test results of bacterial isolates from fall 2015

taadahe FPeraidase Lot ANltroce Oirrane Seavch Cafaiie M e P LirriLs
Aea'uctioes ufiearet Brpadroleais Frydralymts Adanine

AT b4 X x
A x
Al b4 X X
L x
A5
&5 X X X
AR X X X
B1 X X X
-k
-k X L4
Hs b X X X
HE. X * X X
L | X X X X
CF X X X
L3 X X X
4 X X 4 X X
LE: b X X
] X X X
c7 h 3 X
CE X X X
o X X X
o X X 4 X
o3 X b4 X
Ed X X X
EZ h 3
EF X X 3 X X
E4 X X X
EE X X 4 X X
BS X X
EF X 4
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Table 5. Biochemical test results of bacterial isolates from summer 2016

Isolate  Oxidase Catalgse  Nitrate Citrate Starch Gelatin MR WP Phenyl Litmus Urea
Reduction utilization hydrolysis  hydrolysis Alanine

Al X X X
Az X X

Az X X

Ad X X

AL X X

Bl X

Bz X X

B3 X X

B4 X X X

B5 X X X X Xalk
BE X X X X Xalk
87 X X X X Xalk
Ci1 X X

c2 X X

c3 X X X alk
c4 X X X X Xalk
D1 X X

o2 X X X X Xalk
D3 X X X Xalk
D4 X X X X

D5 X X X X X X Xalk
El X X X X Xalk
EZ X X

E3 X X

E4 X X X

E5 X X X X

Eb X X

E7 X X X X Xalk
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Growth on Acid Media

Certain bacterial isolates grew well in the TSB solution with citric acid buffer. Bacterial
isolates that grew at pH levels of 3, 4, 5, & 6 are included in Appendix G. A total of 21
unique isolates and 18 acidophilic strains were isolated on selective acid media (Fig. 7) and

were identified using DNA sequencing.

N=58
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B Number of Isolates

Figure 7. Growth of bacterial isolates in varying pH levels of citric acid buffer
media.

Identification of Isolates at the Species Level
The majority of bacterial species belonged to phyla Firmicutes, followed by
Actinobacteria and Proteobacteria (Fig. 8). All three phyla were found in the fall 2015

sampling but summer 2016 lacked Proteobacteria isolates.



Proteobacteria Actinobacteria
6% | o 16%

Firmicute_;/

78%

Figure 8. Phyla associated with bacterial species
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Table 6. Identification of bacterial isolates at genus and/or species level

Fall Genus species Summer Genus species
Al Paenibacillus dendritiformis Al Arthrobacter phenanthrenivorans
A2 Bacillus indicus A2 X

A3 Fictibacillus nanhaiensis A3 Macrococcus caseolyticus

A4 Fictibacillus phosphorivorans A4 X

A5 Paenibacillus alvei A5 X

A6 X Bl Bacillus pumilus

A7 Curtobacterium flaccumfaciens B2 X

Bl Bacillus megaterium B3 Brevibacterium frigoritolerans
B2 Microbacterium oleivorans B4 Paenibacillus amylolyticus

B3 Bacillus simplex B5 X

B4 Arthrobacter nitroguajacolicus B6 Bacillus thuringiensis

B5 Bacillus simplex B7 Bacillus thuringiensis

C1 Pseudomonas lini C1 Exiguobacterium profundum
C2 Pantoea agglomerans C2 Bacillus idriensis

C3 Pseudomonas syringae C3 Fictibacillus phosphorivorans
C4 Bacillus simplex C4 Bacillus pumilus

C5 Fontibacillus panacisegetis D1 Jeotgalibacillus campisalis
C6 X D2 Bacillus pumilus

C7 Micrococcus luteus D3 X

Cc8 Psychrobacillus psychrodurans D4 Bacillus toyonensis

D1 Bacillus simplex D5 Brevibacterium frigoritolerans
D2 Brevibacterium frigoritolerans El Bacillus simplex

D3 Frigoribacterium endophyticum E2 Psychrobacillus psychrodurans
El Bacillus indicus E3 Brevibacterium frigoritolerans
E2 Bacillus horikoshii E4 Arthrobacter oxydans

E3 Fictibacillus phosphorivorans E5 Rhodococcus jialingiae

E4 Bacillus megaterium E6 Bacillus simplex

E5 Brevibacterium frigoritolerans E7 Terribacillus saccharophilus
E6 Bacillus marisflavi

E7 Bacillus subterraneus

DNA sequence analysis of 16S rRNA gene revealed a subset of the diverse soil bacterial

species from the sampling sites (Table 6). A fragment of up to 800 base pairs of the gene

sequence was analyzed and closest matches were identified using MegaBLAST 7
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program. Codon Code Aligner was used to check the quality of chromatogram and

alignment (Fig. 9). Figures 10 and 11 depict the neighbor joining phylogenetic trees

generated using MEGA7 software.
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Figure 9. Representative screenshot of chromatogram and alignment using Codon

Code Aligner.
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Bacilius simplex [98]
Bacilius simplex [98]
Bacilius simplex [98]
Brevebacterium frigoritolerans [98]
Baciilus simpiex [97]
Brevibacterium frigoritolerans [96]
- Bacilius h