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Dissolved Organic Carbon Influences Microbial Community
Composition and Diversity in Managed Aquifer Recharge Systems
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This study explores microbial community structure in managed aquifer recharge (MAR) systems across both laboratory and
field scales. Two field sites, the Taif River (Taif, Saudi Arabia) and South Platte River (Colorado), were selected as geographically
distinct MAR systems. Samples derived from unsaturated riverbed, saturated-shallow-infiltration (depth, 1 to 2 cm), and inter-
mediate-infiltration (depth, 10 to 50 cm) zones were collected. Complementary laboratory-scale sediment columns representing
low (0.6 mg/liter) and moderate (5 mg/liter) dissolved organic carbon (DOC) concentrations were used to further query the in-
fluence of DOC and depth on microbial assemblages. Microbial density was positively correlated with the DOC concentration,
while diversity was negatively correlated at both the laboratory and field scales. Microbial communities derived from analogous
sampling zones in each river were not phylogenetically significantly different on phylum, class, genus, and species levels, as de-
termined by 16S rRNA gene pyrosequencing, suggesting that geography and season exerted less sway than aqueous geochemical
properties. When field-scale communities derived from the Taif and South Platte River sediments were grouped together, princi-
pal coordinate analysis revealed distinct clusters with regard to the three sample zones (unsaturated, shallow, and intermediate
saturated) and, further, with respect to DOC concentration. An analogous trend as a function of depth and corresponding DOC
loss was observed in column studies. Canonical correspondence analysis suggests that microbial classes Betaproteobacteria and
Gammaproteobacteria are positively correlated with DOC concentration. Our combined analyses at both the laboratory and
field scales suggest that DOC may exert a strong influence on microbial community composition and diversity in MAR saturated
zones.

Water utilities and agencies throughout the world are recog-
nizing water reuse as a viable option to augment groundwa-
ter supplies with impaired and reclaimed water in response to
population growth and water scarcity. Infiltration of these waters
through natural subsurface systems can provide sufficient patho-
gen inactivation and chemical contaminant attenuation. For ex-
ample, managed aquifer recharge (MAR) systems, such as river-
bank filtration, soil-aquifer treatment, and aquifer recharge and
recovery, have been used in Europe and North America for de-
cades to augment local supplies with storm water, impaired sur-
face water, and reclaimed water (46).

These multiobjective treatment systems enable contaminant
attenuation through processes such as sorption and biotransfor-
mation driven by the indigenous microbial communities (5). Or-
ganic compounds delivered to these systems originate from the
burial of organic detritus or from the transport of dissolved or-
ganic carbon (DOC) in water recharging the underlying ground-
water. Allochthonous organic matter from terrestrial and often
anthropogenic sources, such as municipal, industrial, and agricul-
tural wastewater, contributes significantly to the organic content
in freshwater systems (36). While much of the DOC released dur-
ing human activity, including many emerging contaminants of
concern, can be readily mineralized during MAR, certain trace
organic chemicals, such as anticonvulsant drugs (e.g., primidone,
carbamazepine) or artificial sweeteners (e.g., sucralose), appear to
be more recalcitrant to biotransformation (22, 28, 42, 45).

Although microorganisms play an important role in DOC re-
moval during MAR, a comprehensive understanding of commu-
nity characteristics in MAR systems is still missing. Sediments and
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soils utilized as the infiltration layer of MAR systems represent one
of the most diverse and complex microbial ecosystems, and it has
been estimated that a single gram of soil may contain thousands of
bacterial species (38, 54). The microbial community structure
could be directly linked with the function of the community; thus,
the elucidation of the detailed composition could reflect the met-
abolic potentials of the community. Just as importantly, environ-
mental factors influencing microbial community structure in
MAR systems have not yet been systematically studied. The mi-
crobial community might be influenced and shaped by different
physicochemical factors, including pH, temperature, water con-
tent, oxygen concentration, organic carbon content, and nutrient
availability. For example, Fierer and Jackson (19) revealed that
microbial communities in soil samples exhibit higher diversity
under more acidic conditions when contrasted with that in alka-
line environments; subsequent studies have reported similar phe-
nomena relating to pH (35, 48). Thus, to provide a basis for im-
proved design and operation of MAR systems, there is a need to
comprehensively characterize microbial communities and to elu-
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cidate influencing environmental factors that shape microbial
community structure in MAR systems.

High-throughput sequencing tools (454; Illumina) enable a
detailed understanding of microbial communities by sequencing
huge numbers of 16S and 18S small-subunit (SSU) rRNA gene
sequences (24). Until now, high-throughput sequencing of 16S
rRNA genes has successfully been applied in diverse natural and
engineered environments, including lakes, oceans, soils, activated
sludge, and human and animal intestines (8, 13, 21, 47, 59). How-
ever, to the best of our knowledge, no equivalent study has yet
been performed for the infiltration zone of MAR systems. The
characteristics of the microbial communities and the role of influ-
encing environmental factors in MAR systems at both the labora-
tory and field scales were thus elucidated mainly using high-
throughput sequencing and statistical analysis in this study. A
series of seasonal samples derived from two representative MAR
field systems located in geographically distinct regions (Taif, Saudi
Arabia, and Colorado) were analyzed. Field analyses were comple-
mented with laboratory-scale sediment columns to further query
DOC, infiltration zone depth, and the applicability of these more
controlled systems to the actual environment. An enhanced un-
derstanding of the microbial community in MAR and the inter-
play with environmental variables is helpful to guide future design
and improve the operational conditions for enhanced water treat-
ment using MAR systems.

MATERIALS AND METHODS

MAR field sites. Geographically distinct MAR field sites in North America
and the Middle East were selected for this study. Native sediment and
water samples were collected from four cross sections (CSs) of the Taif
River located in Taif, Saudi Arabia, in February, April, and June of 2011.
Samples were collected at two upstream cross sections (CS1 and CS2), ata
secondary treated municipal wastewater discharge point, and at two cross
sections (CS3 and CS4) downstream of the discharge (see Fig. Sla in the
supplemental material). For each cross section, samples were collected
from the saturated shallow (depth, 1 to 2 cm) and intermediate (depth, 10
to 50 cm) infiltration zone, in addition to adjacent unsaturated riverbed
samples (see Fig. S1b in the supplemental material). Samples were col-
lected in an analogous manner from a single cross section of the South
Platte River in Brighton, CO, in November 2010, April 2011, and June
2011. This cross-section site, described by Hoppe-Jones et al. (28), is lo-
cated downstream of a major wastewater discharge. Water samples were
also collected during each sampling event at both sites. Bulk water quality
parameters, including DOC, ammonia, and nitrate levels, UV absorbance
at 254 nm, and other physicochemical parameters, were analyzed accord-
ing to standard methods (4). Samples were archived at 4°C (water) and
—20°C (sediment) prior to respective chemical and microbial analyses.
Laboratory-scale column experiments. Column experiments were
established both at the King Abdullah University of Science and Technol-
ogy (KAUST) and at the Colorado School of Mines (CSM) using sedi-
ments from the two field sites. Small-scale column experiments at KAUST
were conducted in duplicate under moderate DOC condition. Each con-
sisted of a series of two glass columns 30 cm by 4 cm (Kimble Chase
Kontes) for a total length of 60 cm connected with Viton tubing (Master-
flex). Columns were filled with Taif River unsaturated riverbed sediments
(sieve fraction, 0.2 to 2 mm). Columns were operated against gravity, fully
saturated, and protected from light. They were fed with modified OECD
synthetic sewage solution consisting of 1.6 mg peptone (BD Difco), 0.8 mg
yeast extract (BD Difco), 7.8 mg humic acid sodium salt (Sigma-Aldrich),
12 mg CaCl, - 2H,0, 42.5 mg NaCl, 36 mg MgSO,, 1.75 mg K,HPO,, 0.35
mg KH,PO,, 10 mg KNO;, 0.25 mg FeCl;, 11 mg Na,SO,;, and trace metal
solution described by Dantas et al. (16) per liter of water. An IPC8 peri-
staltic pump (Ismatec, Switzerland) was utilized to continuously deliver
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the solution at a loading rate of 1.15 m/day. A hydraulic retention time of
10 to 12 h was confirmed for the column series by using KBr as a conser-
vative tracer (data not shown). Columns were conditioned for 2 weeks to
stabilize DOC and nitrate concentrations in the column effluents, and
sediments were harvested after 4 weeks under sterile conditions from
column depths of 1 cm, 15 cm, 30 cm, 45 ¢cm, and 60 cm.

In addition, at CSM an intermediate-scale column system was em-
ployed under low-DOC conditions that consisted of a series of four 1-m
Plexiglas columns filled with aquifer material (median particle diameter
[dsq] = 0.8 mm, free organic carbon [f ] = 0.003%) to achieve longer
retention times. The column system was operated in flowthrough mode at
a loading rate of 0.09 m/day and a hydraulic retention time of 25 days
under saturated flow conditions (45). Low-DOC nanofiltration perme-
ated material (average, 0.6 mg/liter) was introduced as the feed water for
the duration of the work described herein. Samples were collected twice a
week from column influent and effluent and analyzed for DOC, UV ab-
sorbance, pH, and conductivity. After 5 months of applying nanofiltration
permeated material, duplicate sediment samples were collected from the
top of each column (0-m, 1-m, 2-m, and 3-m depths). Sediments were
archived at —20°C prior to DNA extraction.

DNA extraction and pyrosequencing. For each sample, approxi-
mately 5 g sediments was homogenized after removing larger pebbles and
plant materials. DNA was extracted in duplicate for each sample using a
PowerSoil kit (MO BIO Laboratories, Carlsbad, CA), and the DNA solu-
tions (approximately 100 pl for each extraction) were pooled to reduce
sample variability. 16S rRNA was partially amplified (generating product
approximately 300 bp in length) from the DNA extracts using a nearly
universal bacterial and archaeal primer set (13). The forward primer con-
sisted of the 454 Life Sciences Adaptor A, the universal primer 515F (GT
GYCAGCMGCCGCGGTAA) (13), a CA sequence inserted as a linker
between the barcode and the rRNA primer, and a unique 12-bp error-
correcting Golay barcode used to tag each PCR product (18, 23). The
reverse primer contained the 454 Life Sciences Adaptor B, universal
primer 806R (GGACTACHVGGGTWTCTAAT) (13), and a 2-base linker
sequence (TC). The PCR amplification (denaturation at 94°C for 3 min,
then amplification with 35 cycles of 94°C for 45 s, 50°C for 30 s, and 72°C
for 90 s, and a final extension of 10 min at 72°C) and gel purification
procedures were used without modification (18) and processed by the
Genomics Core Laboratory at KAUST for pyrosequencing on a 454 FLX
Titanium genome sequencer (Roche).

16S rRNA gene pyrosequences were primarily processed using the
Quantitative Insights Into Microbial Ecology (QIIME; version 1.3.0)
pipeline (12) with default settings combined with RDP’s Pyrosequencing
Pipeline (http://pyro.cme.msu.edu/). The minimum acceptable length
was set to 200 bp. Only those sequences with a quality score of no less than
25, no ambiguous bases, as well as no mismatches in the primer sequence
were retained for the following analyses (12). A total of 1,477,291 se-
quences were obtained from a total of 136 individual samples. In total,
81,925 operational taxonomic units (OTUs) were obtained for all these
sequences. The Cytoscape program (version 2.6.0) (52) was utilized to
generate Fig. 1, illustrating the OTUs shared by all samples of this study.
Only OTUs that harbored more than 200 sequences in all samples were
selected for this analysis. The number of sequences assigned to each sam-
ple ranged from approximately 2,830 to 59,000. Beta diversity, which
compares the species diversity between samples, was evaluated using a
weighted UniFrac distance matrix and visualized with principal coordi-
nate analysis (PCoA) in QIIME. The raw pyrosequencing data of this
study were deposited in the NCBI Sequence Read Archive with the acces-
sion number SRA048577.

qPCR. A CFX96 Touch real-time PCR system (Bio-Rad) and associ-
ated software were used to quantify total Bacteria, Archaea, and fungi. The
primers used for the quantification are listed in Table S1 in the supple-
mental material. The quantitative real-time PCR (qPCR) was performed
in a 50-pl final reaction volume according to vendor instructions (iQ
SYBR green Supermix; Bio-Rad). PCR amplifications were carried out as
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TABLE 1 Physicochemical properties of water and sediment samples taken from Taif River, Saudi Arabia, and South Platte River, Colorado, in 2011

Value for the following sampling time (day/mo/yr), sampling site:

24/4/2011° 25/5/2011° 20/6/2011°
23/2/2011,% Discharge Discharge Discharge 23/1/2011,% 14/5/2011,%

Property CS2 CS1 CS2 pipe CS3 CS4 CS2  pipe CS4  pipe CS3 CS4 CS CS
Water quality parameter

pH 8.1 82 80 7.6 81 7.7 64 7.6 57 84 84 81 749 7.28

Conductivity (nS/cm) 1,329 964 1,096 813 1,220 914 1,296 1,305 1,044 1,348 2,120 1,227 875 746

Temp (°C) 26.3 24.6 26.7 27.8 27.9 29.5 32.0 29.0 27.0 27.5 274 264 8.9 16.0

NO; ™ as N concn (mg/liter) 11.0 129 1.0 9.6 2.6 128 11.2 2.8 93 6.4 8.0 4.8

UV at 254 nm (cm ™ ') 0.04 0.05 0.1 0.08 0.1 0.08 0.1 02 0.1 02 02 0.14 0.12

DOC concen (mg/liter) 0.9 1.8 2.1 82 39 60 28 55 57 4.7 62 63 878 6.63

SUVAS (litersmg ™ ' m™ ") 22 24 18 21 20 28 19 29 26 3.0 24 157 1.78
Sediment parameter, pH 9.5 94 88 8.1

sediment (1:2.5 DI water)

@ Samples from the Taif River, Saudi Arabia.
b Samples from the South Platte River, Colorado.

©SUVA, specific UV absorbance, which is UV absorption at 254 nm (UV254; measured in m ™ ') divided by the dissolved organic carbon (measured in mg/liter).

follows: for Bacteria and Archaea, 95°C for 3 min, followed by 40 cycles of
95°C for 15 s and 55°C for 30 s with a final melting curve period of 50 to
95°C with a heating increment rate of 0.5°C per 5 s and a continuous
fluorescence measurement; for fungi, 95°C for 3 min, followed by 40
cycles of 95°C for 30 s and 55°C for 45 s with the same final melting curve
period described above. Published procedures (37) coupled to primers
listed in Table S1 in the supplemental material were used to generate
standard curves from the 16S rRNA gene fragment of Bacteria and Ar-
chaea and the target gene fragment of fungi using serial dilutions (10* to
10° copies per microliter) of the plasmids. All qQPCRs were performed in
triplicate.

Statistics. Statistical analyses were performed using the SPSS version
16.0 release (IBM Corporation). Canonical correspondence analysis was
performed using the PAST program (25).

RESULTS
Water and sediment properties in field- and laboratory-scale
MAR systems. Water and sediment properties for the Taif and
South Platte River cross sections are summarized in Table 1. Sam-
pling locations along the Taif River were selected to represent
environmental conditions upstream and downstream of munici-
pal water discharge where DOC concentrations increased 2- to
3-fold as a result of the discharge (Table 1; see Fig. Sla in the
supplemental material). To complement the field data, moderate-
DOC columns containing Taif sediments were exposed to syn-
thetic feed water. The feed solution provided a DOC concentra-
tion of 5.0 mg/liter (approximately 90% biodegradable DOC),
with the majority consumed in the first 30 cm of travel (Table 2).
In contrast, low-DOC columns were fed with nanofiltration per-
meated material (Table 2; average, 0.6 mg/liter), where approxi-
mately 10% of the DOC was removed during the 4-meter resi-
dence (~25 days). This suggests that the nanofiltration permeated
material contained small amounts of biodegradable DOC.
Microbial biomass in field- and laboratory-scale MAR sys-
tems. The 16S rRNA gene copy numbers of Bacteria and Archaea
as well as the target gene copy number of fungi are listed in Tables
3 and 4. Generally, the 16S rRNA gene copy numbers of Bacteria
observed in samples from the shallow infiltration zone (average,
2.1E+09 per gram) were higher than those observed in samples
from the intermediate infiltration zone (average, 2.7E+08 per
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gram). Moreover, sediments exposed to higher DOC concentra-
tions proximal to and downstream of wastewater discharge (CS3
and CS4) contained significantly (P < 0.01) higher 16S rRNA gene
copy numbers of Bacteria than those from the upstream sites (CS1
and CS2) (Table 3). A similar spatial trend where Bacteria gene
copy number decreased with depth was observed in the laborato-
ry-scale moderate-DOC-sediment columns (Table 4). In contrast,
the low-DOC-sediment column system did not exhibit a signifi-
cant change in Bacteria copy number with depth. Analogous
trends for both Archaea and fungi were also observed in sediment
column samples (Table 4). Hence, it appears that for both the
field- and laboratory-scale MAR systems described, total bacterial,
archaeal, and fungal copy numbers can be positively correlated to
DOC concentration.

Bacterial community structure in field-scale MAR systems.
There was a strong similarity between samples collected across
and within the field-scale MAR sites. With respect to specific sam-
pling locations, no significant differences in phylum-level distri-
bution existed in the shallow infiltration zone for the five sampling

TABLE 2 Physicochemical properties of water samples taken from
moderate- and low-DOC columns in Saudi Arabia and Colorado,
respectively

Concn (mg/liter)

Sampling site NO; asN DOC
Moderate-DOC column
Feed 2.7 +0.2 5.0 £ 0.1
30 cm 0.9 £0.1
60 cm 3.0£0.2 0.6 £0.1
A 0.3 —4.4
Low-DOC column
Feed 2.7 0.0 0.6 = 0.1
1m 3.0 £0.1 0.5 % 0.1
4m 3.0 £0.1 0.5 = 0.1
Ab 0.3 —-0.1

“ The variance of the values between influent and effluent (60 cm).
b The variance of the values between influent and effluent (4 m).
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TABLE 3 Range of 16S rRNA gene (total Bacteria and Archaea) or target gene (fungi) copy numbers determined by qPCR and Shannon diversity
indexes in samples from the two rivers

16S rRNA gene copy no./g of sediment

DOC* concn Target gene copy no./g Shannon diversity
Sampling site (mg/liter) Bacteria Archaea of sediment for fungi index
Taif River
Infiltration zone, 1-2 cm
CS1 1.8 3.7E4+08-5.1E+08 8.6E+07-1.4E+08 8.3E+06-8.6E+06 8.2-9.3
CS2 0.9-2.8 9.9E+07-5.0E+08 3.4E+07-1.0E+08 8.6E+05-1.4E+07 8.9-9.5
wp? 4.7-8.2 2.9E+08-1.2E+10 5.3E+06-2.6E+07 2.3E+05-1.2E+07 6.5-8.3
CS3 3.9-6.2 2.0E+09-2.3E+09 1.8E+06-2.0E+06 7.3E+06-2.2E+07 7.7-9.0
CS4 5.7-6.3 7.2E+08-2.1E+09 1.2E+05-8.3E+05 2.8E+05-6.7E+06 7.3-8.2
Infiltration zone, 10-50 cm
CS1 6.2E+07-1.7E+08 1.5E+07-3.4E+07 1.0E+05-2.3E+05 9.3-9.7
CS4 5.8E+08 8.1E+07 1.1E+07 9.1-9.3
Unsaturated
CS1 3.5E+08-5.9E+08 9.9E+06-5.0E+07 2.7E+06-5.4E+06 7.0-9.1
CS2 3.9E+07 NA“ 3.8E+05 7.2-7.5
CS3 4.4E+05-3.4E+10 1.7E+08-2.8E+08 NA—4.6E+08 6.4-7.8
CS4 1.4E+08 1.3E+07 9.3E+05 8.6
South Platte River
Infiltration zone, 1-2 cm 5.2-6.7 2.9E+08-5.7E+08 4.8E+06-5.1E+06 3.6E+06-8.5E+06 8.8-8.9
Infiltration zone, 10-50 cm 7.9E+06-2.1E+08 2.2E+05-2.9E+07 3.9E+04-1.3E+07 8.5-9.9
Unsaturated 7.0E+08-1.6E+10 3.6E+07-1.6E+09 1.6E+07-5.1E+08 8.4-9.2

“The DOC concentrations for water samples listed in Table 1 correspond to shallow-infiltration-zone (1- to 2-cm) sediments. DOC concentrations for proximal intermediate-
infiltration-zone (10- to 50-cm) and unsaturated samples were not determined in this study.

Y WP, wastewater discharge pipeline.
¢ NA, not available.

locations along the Taif River (Kendall’s coefficient of concor-
dance [W] matched-pair test, P = 0.36) or for the cross section of
the South Platte River (P = 0.40). Furthermore, the relative abun-
dance of bacterial phyla between samples collected at different
times of the year at the same location was not distinctly different
(Kendall’s W matched-pair test, P > 0.36 for all comparisons).
Strikingly, no significant differences in relative bacterial abun-
dance at the phylum level were observed between samples derived
from the Taif versus South Platte Rivers in either the shallow in-
filtration zone (Kendall’s W matched-pair test, P = 0.45) or inter-
mediate infiltration zone (P = 0.16). This trend extended to the
class level for the shallow infiltration zone (P = 0.25) but not the
intermediate infiltration zone. As a result of these trends, further

interpretation focuses on samples grouped with respect to loca-
tion, time, and region.

The relative abundance of sequences belonging to each bacte-
rial phylum in the three conserved environments, (i) shallow in-
filtration zone, (ii) intermediate infiltration zone, and (iii) unsat-
urated riverbeds, of the two rivers are summarized in Table 5. For
shallow-infiltration-zone samples, the phylum Proteobacteria was
the most abundant. It was followed by Bacteroidetes mainly, in-
cluding the classes Sphingobacteria (7.6%) and Flavobacteria
(2.5%), Acidobacteria, Actinobacteria, Firmicutes, including Clos-
tridia (1.6%), Planctomycetes, Chloroflexi, and Cyanobacteria.

In the intermediate infiltration zone (Table 5), the phylum
Proteobacteria was still the most abundant group. The other dom-

TABLE 4 16S rRNA gene (total Bacteria and Archaea) and target gene (fungi) copy numbers determined by qPCR and Shannon diversity indexes in

two saturated sediment columns

16S rRNA gene copy no./g of sediment

Target gene copy no./g Shannon diversity

Sampling site Bacteria Archaea

of sediment for fungi index

Moderate-DOC column

1cm 5.0E+08-1.30E+09 2.5E+06-5.30E+06 2.9E+07-1.50E+08 5.9
15cm 3.8E+07-4.50E+07 4.80E+05 2.2E+06—-6.60E+06 7.7
30 cm 1.4E+07-2.00E+07 1.60E+05 5.9E+05-6.10E+05 7.9
45 cm 9.6E+06—1.70E+07 1.30E+05 1.6E+05-3.30E+05 8.1
60 cm 4.6E+06-5.70E+07 1.80E+05 1.6E+05-1.30E+06 8.2
Low-DOC column
0m 1.10E+09 3.50E+06 2.60E+07 7.6
1m 7.90E+08 3.90E+06 7.00E+07 7.8
2m 2.50E+08 2.90E+06 3.60E+06 7.9
3m 3.50E+08 1.40E+06 4.40E+06 7.7

6822 aem.asm.org

Applied and Environmental Microbiology


http://aem.asm.org

Microbial Community Structure in MAR Systems

TABLE 5 Relative abundance of major bacterial groups in field samples combined from Taif and South Platte River riverbeds and two laboratory

column systems”

Relative abundance (%)

Infiltration zone

Moderate-DOC column

Low-DOC
Bacterial group 1-2 cm 10-50 cm Unsaturated column I cm 15 cm 30-60 cm
Proteobacteria 50.9 40.8 22.0 36.5 75.7 33.7 33.9
Alphaproteobacteria 12.1 11.2 9.7 7.9 7.8 7.5 10.2
Betaproteobacteria 18.5 14.5 3.9 8.5 59.6 15.7 13.8
Gammaproteobacteria 7.8 8.3 5.1 7.5 6.6 3.7 2.8
Deltaproteobacteria 7.8 3.5 2.1 4.0 0.2 6.3 6.1
Other 3.8 3.3 1.1 8.5 1.6 0.5 1.0
Acidobacteria 3.2 6.9 3.6 9.2 0.1 3.2 4.2
Actinobacteria 2.5 6.3 17.4 1.5 5.7 4.1 5.3
Bacteroidetes 18.8 10.8 9.6 5.2 12.4 12.6 11.5
Chloroflexi 4.1 1.4 0.7 0.2 0 0.3 0.4
Cyanobacteria 1.5 0.4 0.2 1.5 0 0 0
Firmicutes 2.2 4.6 27.4 2.9 2.8 26.8 20.1
Gemmatimonadetes 0.3 0.7 0.8 0.5 0.2 1.1 2.3
Nitrospira 0.7 2.9 0.6 6.5 0 0.5 1.0
Planctomycetes 2.7 4.1 1.4 3.5 0.1 0.6 2.1
Verrucomicrobia 1.2 2.1 1.4 1.3 0.2 5.5 4.1
Other 11.0 16.7 10.1 26.1 2.7 11.3 14.6

“ The two laboratory column systems included low-DOC-sediment columns regardless of depth and moderate-DOC-sediment columns at a 1-cm depth, a 15-cm depth, and

collectively binned for 30- to 60-cm depths.

inant phyla included Bacteroidetes, mainly consisting of Sphingo-
bacteria (7.2%), Acidobacteria, Actinobacteria, Firmicutes consist-
ing of Bacilli (3.0%) and Clostridia (1.4%), Planctomycetes, and
Nitrospira.

For proximal unsaturated riverbed samples (Table 5), Firmic-
utes shifted to the most abundant phylum, mainly including
Bacilli (25.4% in average of both rivers), with a corresponding
increase in the abundance of Actinobacteria, including Actinobac-
teria (17.4%), while Proteobacteria decreased to 22.0% of the total
abundance. The other abundant bacterial groups included Bacte-
roidetes, Acidobacteria, and Planctomycetes.

The relative abundance of bacterial phyla was not significantly
different between the shallow and intermediate infiltration zones
(Wilcoxon matched-pair test, P = 0.5). However, the relative
abundance of bacteria in the unsaturated riverbed samples dif-
fered significantly from that of bacteria derived from the interme-
diate-infiltration-zone samples on the phylum level (Wilcoxon
matched-pair test, P = 0.03) and from both the shallow- and
intermediate-infiltration-zone samples on the class level (Wil-
coxon matched-pair test, P = 0.05 and 0.001, respectively).

When comparing bacterial community structure at the genus
level, differences in relative abundance between samples became
much more significant (Kendall’s W matched-pair test, P < 0.05).
However, the same types of samples still exhibited similar micro-
bial community structure on the basis of the relative abundance of
genera. Importantly, similarities were observed between the inter-
mediate infiltration zones in the geographically distanced rivers
and between those from the shallow infiltration zones with similar
DOC concentrations, such as Taif River CS1 and CS2, Taif River
CS3 and CS4, as well as the cross section of the South Platte River
(P > 0.1 for Kendall’s W matched-pair test for most compari-
sons).

Opverall, the shallow infiltration zones of CS1, CS2, CS3, and
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CS4 of the Taif River as well as the cross section of the South Platte
mainly included (in order of total abundance) the bacterial genera
Thauera (3.4%), Terrimonas (1.4%), Pseudoxanthomonas (1.4%),
Nocardioides (1.0%), Sphingomonas (0.9%), Nitrospira (0.9%),
Porphyrobacter (0.8%), and Rhodobacter (0.7%). Most of these
bacterial genera are typical aerobic residents in sediments, soil,
and freshwater environments and are known for their ability to
degrade chemical pollutants (31, 51).

The shallow infiltration zones under comparably higher DOC
conditions at the wastewater discharge point of the Taif River also
contained many bacterial genera typical of sediment and soil
environments, such as Pseudomonas (1.6%), Thauera (1.5%),
Geobacter (1.5%), Thiobacillus (1.3%), Cloacibacterium (0.9%),
Aquabacterium (0.8%), and Rhodobacter (0.7%). Furthermore,
they also harbored abundant diverse anaerobic sulfate-reducing
bacteria, Desulfuromonas (2.5%), Desulfobulbus (1.0%), Desulfo-
bacter (0.9%), Desulfococcus (0.4%), and Desulfocapsa (0.4%), and
the sulfur-oxidizing genera Sulfurimonas (0.4%), and Sulfuricur-
vum (0.3%). The results suggest an increased proportion of anaer-
obic conditions in these environments with comparably higher
DOC conditions, which is likely caused by the mineralization of
DOC by indigenous bacteria.

For intermediate infiltration zones of both rivers, the major
bacterial genera included Nitrospira (2.9%), Hyphomicrobium
(0.9%), Sphingomonas (0.6%), Terrimonas (0.5%), Flavobacte-
rium (0.4%), Methylibium (0.4%), Gemmatimonas (0.4%), and
Pseudomonas (0.2%). Similar to the shallow infiltration zones,
most of these genera are prevalent in sediment and soil environ-
ments.

Finally, bacterial genera abundant in the unsaturated riverbed
samples were composed of Arthrobacter (0.9%), Kocuria (0.9%),
Halomonas (0.7%), Truepera (0.5%), Gemmatimonas (0.5%),
Salinimicrobium (0.4%), and Bacillus (0.3%). Several genera
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« Microbial OTU
High DOC Taif 1-2 cm samples
Other Taif infiltration zone samples
« SP River infiltration zone samples
« Unsaturated riverbed samples
« Moderate DOC column samples

« Low DOC column samples

FIG 1 Microbial OTU network generated by Cytoscape (version 2.6.0) (52), depicting OTUs shared among all samples of this study. Only OTUs that harbored
in total more than 200 sequences in all samples were selected. Each circle represents an OT'U, and each colored circle represents a sample. The lines represent the
OTUs present in a particular sample. High-DOC Taif 1-2 cm samples, shallow-infiltration-zone samples from the Taif River exposed to high DOC concentra-
tions (>6 mg/liter); Other Taif infiltration zone samples, all infiltration zone samples from the Taif River except high-DOC Taif 1- to 2-cm samples; SP River
infiltration zone samples, all infiltration zone samples from the South Platte River; Unsaturated riverbed samples, unsaturated riverbed samples from the Taif and

South Platte Rivers.

among these are recognized to have notable survival or extremo-
phile-type characteristics consistent with a desiccating environ-
ment. Halomonas spp. and Salinimicrobium spp. are adapted to
halophilic environments, Truepera spp. are resistant to radiation
(3), and Bacillus sp. strains are well-known sporeformers.

Bacterial community structure in laboratory-scale MAR sys-
tems. Further insight into the bacterial community structure as a
function of DOC and sampling depth as well as across lab and field
scales was explored using sediment column systems simulating
MAR infiltration zones. There was no significant difference in the
relative abundance of bacterial phyla between sediments from dif-
ferent depths in low-DOC columns (Kendall’s W matched-pair
test, P = 0.40). The phylum Proteobacteria was the most abundant
(Table 5). Furthermore, no significantly different relative abun-
dance of bacterial genera was observed among the different depths
of low-DOC columns (Kendall’s W matched-pair test, P = 0.487).
The major bacterial genera were Nitrospira (6.5%), Meiothermus
(0.6%), Aquicella (0.6%), Mycobacterium (0.5%), and Gemmati-
monas (0.5%). As described in the previous section, most of these
genera were also observed in intermediate infiltration zones of
both rivers, strengthening the validity of laboratory-scale simula-
tions of these environmental systems.

In contrast to these low-DOC columns, the relative abundance
of bacterial phyla was significantly different among sediment sam-
ples taken from certain depths for the moderate-DOC sediment
columns (Kendall’s W matched-pair test, P < 0.001). This was not
an artifact of sampling technique, as harvests from the same depth
of duplicate sampling columns contained similar distributions
(Kendall’s W matched-pair test, P > 0.15). Specifically, the sedi-
ment samples taken from a depth of 1 cm contained a significantly
different bacterial phylum distribution when contrasted with
those derived from 15 cm (Kendall’s W matched-pair test, P =
0.001); these were in turn significantly different from those taken
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from 30 cm (Kendall’s W matched-pair test, P = 0.017). At sub-
sequent depths (30 cm, 45 cm, and 60 cm), the bacterial phylum
distributions could be grouped because they were not distinctly
different from one another (Kendall’s W matched-pair test, P =
0.517).

As illustrated in Table 5, samples collected from the moderate-
DOC columns at a depth of 1 cm contained 75.7% Proteobacteria,
with the Betaproteobacteria class contributing to 59.6% of the total
sequences. At 15 cm, the relative abundance of Proteobacteria de-
creased to 33.7%, with the Betaproteobacteria contributing 15.7%.
At the same time, the relative abundance of Firmicutes rose to
26.8%. For samples taken from the depth of 30 to 60 cm, the
average percentage of Proteobacteria was 33.9% (13.8% Betapro-
teobacteria) and that of Firmicutes was 20.1%.

Shared OTUs among field- and laboratory-scale MAR system
samples. The sharing of OTUs among field and column samples
appeared to be determined by sampling region and DOC, as illus-
trated in Fig. 1. OTUs shared by environmentally derived shallow-
infiltration-zone samples exposed to high DOC concentrations
(>6 mg/liter; samples mainly taken from the wastewater dis-
charge point on the Taif River) were distinct from the OTUs in
other samples. Notably, they were distinguished from the low-
DOC-sediment-column samples as well as Taif and South Platte
River infiltration zone samples exposed to lower DOC concentra-
tions (<6 mg/liter). This result was generally accordant with the
bacterial genera present in shallow- and intermediate-infiltration-
zone samples of both rivers. On the other hand, OTUs in the
unsaturated riverbed samples from both the Taif and South Platte
Rivers were distributed in a dispersed manner, indicating that
these samples did not share many OTUs compared to other clus-
tered samples. The sharing of OTUs with the moderate-DOC-
sediment column samples is most likely explained by the fact that
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FIG 2 PCoA (P1 versus P2) of microbial communities in all field- and laboratory-scale samples elucidated in this study. Microbial communities can be grouped
into clusters corresponding to different DOC concentration ranges for field materials (circled) and by depth in laboratory systems.

the source material from the unsaturated riverbed was used to
establish the moderate-DOC-sediment-column experiments.

Microbial community diversity in field- and laboratory-scale
MAR systems. Microbial community diversity was assessed for all
samples in this study by computing the Shannon diversity index
(Tables 3 and 4). For shallow-infiltration-zone samples, the diver-
sity index generally decreased from 8.9 = 0.7 in upstream samples
(CS1and CS2) to 8.2 £ 0.8 in downstream samples (CS3 and CS4)
and 7.4 * 0.9 at the wastewater discharge. This indicates a clear
negative correlation between diversity and DOC concentration
(Table 3). With respect to specific sampling locations, microbial
community diversity clearly increased from the shallow-infiltra-
tion-zone to the intermediate-infiltration-zone samples, also sug-
gesting a negative correlation to both DOC concentration and
total microbial 16S rRNA gene copy number.

This phenomenon was further confirmed in sediment column
samples. The diversity index increased significantly from 5.9 at a
depth of 1 cm to 8.2 at a depth of 60 cm for moderate-DOC-
sediment-column samples (Table 4), while DOC concentration
and microbial density decreased along the same flow path. Sam-
ples from the low-DOC-column system exhibited little to no in-
crease in microbial diversity, with indexes from 7.6 at 0 mto 7.7 at
3 m. These index values were similar to those of the more DOC-
depleted field environments described above.

Correlation between microbial community structure and
environmental factors. PCoA analysis was adopted to analyze
relationships between microbial communities from sediments de-
rived from field- and laboratory-scale systems (Fig. 2). General
dissimilarities were represented by the scattered pattern of data
points. The analysis revealed different microbial assemblages, rep-
resented by distinct clusters correlating to the environmentally
derived shallow and intermediate infiltration zones and the unsat-
urated riverbed samples. Shallow-infiltration-zone samples from
the Taif and South Platte Rivers could be further grouped into
three clusters corresponding to different DOC concentration
ranges (low [<3 mg/liter], moderate [3 to 6 mg/liter], and high
[>6 mg/liter]).

Consideration of laboratory-scale column sediment samples in
the same analysis revealed that microbial communities in moder-
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ate-DOC columns could be classified according to depth and cor-
responding declining DOC concentration (Table 2 and Fig. 2).
Microbial communities in samples derived from the top centime-
ter were closely related to those in high-DOC samples from the
shallow infiltration zones of both rivers. In contrast, microbial
communities in samples from deeper locations (15, 30, 45, and 60
cm) in the laboratory columns were closely related to those in the
intermediate infiltration zones of environmentally derived river
samples. This trend further extended to sediments derived from
the low-DOC laboratory columns, where the microbial commu-
nities in this cluster were closely related to those in the intermedi-
ate-infiltration-zone samples and deeper samples from the mod-
erate-DOC columns (Fig. 2).

It is noteworthy that the distribution trend relating to declin-
ing DOC concentration for column samples was similar to that for
shallow-infiltration-zone samples from field sites. This suggests
that DOC concentration exerts a similar influence on the micro-
bial community in both field- and laboratory-scale MAR systems.
Canonical correspondence analysis was performed to further elu-
cidate this association (Fig. 3). This analysis revealed that the
abundance of Betaproteobacteria and Gammaproteobacteria was
positively associated with DOC concentration.

DISCUSSION

Both field (Taif and South Platte River) and laboratory (low- and
moderate-DOC-column) MAR sediments were selected to inves-
tigate the microbial community of the infiltration zone in MAR
systems. The results of this study suggest that the behavior of the
microbial community in sediment column samples from simu-
lated MAR systems under different DOC concentrations was
highly consistent with that of communities derived from field set-
tings of the Taif and South Platte Rivers, confirming that con-
trolled sediment columns can be used to reproduce and further
explore the microbial characteristics and perhaps functions rep-
resentative of field-scale MAR infiltration zones. Our results
strengthen a prior and intuitive observation that the total biomass
in MAR systems is positively correlated to the DOC concentration
(44) and that the majority of DOC and nutrients in MAR systems
is removed during initial percolation through shallow sediments
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FIG 3 Canonical correspondence analysis (CCA) of microbial groups reveals that Betaproteobacteria and Gammaproteobacteria positively correlate with DOC
concentration in field samples derived from the Taif River (a) and South Platte River (b).

or soil, where concentrations decline sharply with depth (2, 11,
33). Accordingly, microbial biomass can be modeled as a power
function of depth, where the top layer (0 to 20 cm) of the sediment
typically harbors the highest density of microorganisms (27, 44).
The more oligotrophic vadose zone, which can range from a few
meters to several hundreds of meters, represents a different regime
where recalcitrant organic compounds become more prominent
(27, 49).

Parallels can be drawn to analogous studies that characterize
microbial abundance, community structure, metabolic status,
and functional microbial groups and their response to toxic chem-
icals in the shallow infiltration zone of sediments (1, 9, 20, 26, 58).
However, prior to the current study, little was known regarding
seasonal or spatial variations in microbial community structure or
physiochemical parameters shaping the microbial community
specifically in MAR systems. Janssen (29) reported that worldwide
soil and sediment microbial communities are dominated by nine
bacterial phyla: Proteobacteria (mainly the Alpha-, Beta-, and
Deltaproteobacteria subdivisions), Actinobacteria, Acidobacteria,
Chloroflexi, Bacteroidetes, Firmicutes, Planctomycetes, Verrucomi-
crobia, and Gemmatimonadetes. In accordance, our study sup-
ports this generalization, and Proteobacteria, Bacteroidetes, Actino-
bacteria, and Firmicutes appear to be the dominant phyla in
samples collected from both field- and laboratory-scale MAR sys-
tems. While previous research has suggested that biogeographical
differences exist for microbial communities and taxon-area rela-
tionships have been observed for microorganisms (39), our results
demonstrate that microbial communities exhibit a remarkably
stable structure on the phylum level in analogous sediment sam-
ples derived from two distinct regions. This suggests that analo-
gous biogeochemical ecosystems can harbor similar phylogenetic
communities, despite spatial distance; notably dominant OTUs,
representative of species-level comparisons, were typically shared
by the same types of samples rather than by region (Fig. 1 and 2).
Thus, it appears that in the case of MAR and quite possibly other
riparian systems, dominant OTUs present in sediment ecosystems
might be globally widespread.

Furthermore, no significant changes in the microbial commu-
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nity structure in the same sampling location of both the Taif and
South Platte Rivers were observed in different seasons (winter,
spring and summer), indicating that surface temperature or other
seasonal perturbations did not play an important role in shaping
microbial community structure in shallow sediments. Analogous
findings concerning seasonal effects in lake sediment ecosystems
have recently been reported (55). Although season did not appear
to exert a strong pressure, a variety of other physicochemical con-
ditions, such as pH, temperature, water content, oxygen concen-
tration, DOC concentration, nutrient availability, and depth, can
still influence the microbial community structure in soil and sed-
iment ecosystems (10, 60). Our specific findings for MAR indicate
that water content (saturated and unsaturated) and DOC concen-
tration might be two major determinants of microbial community
structure. Since microorganisms in soil or sediment are generally
adsorbed to solid matrices or form biofilms (6, 17), water content
could directly affect the diffusion and availability of substrates as
well as influence the osmotic status of microbial cells (30, 32, 43).

Canonical correlation analysis is a way of measuring the linear
relationship between two sets of multidimensional variables. It
seeks a pair of linear transformations, one for each of the sets of
variables, such that when the set of variables is transformed, the
corresponding coordinates are maximally correlated. In this
study, the relative abundance of Betaproteobacteria and Gamma-
proteobacteria was closely correlated to DOC concentration by
canonical correlation analysis; thus, they are the major groups
whose abundance was positively linked to DOC concentration in
saturated samples (Fig. 3). This result is consistent with previous
reports in analogous environmental systems. Wakelin et al. (56)
reported that Gammaproteobacteria were correlated with DOC
concentrations in stream sediments. Langenheder and Prosser
(34) also demonstrated that Betaproteobacteria and Gammapro-
teobacteria were the major degraders of organic pollutants in sed-
iments, and these classes are well-known for their ability to de-
grade diverse organic compounds that include some persistent
organic chemicals (40, 57). Environments with proximal unsatu-
rated conditions exhibited the emergence of Bacilli and Actinobac-
teria. These Gram-positive and spore-forming organisms are
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more likely to survive in dry and desiccating environments (7) and
have also been shown to have the potential to degrade recalcitrant
organic pollutants problematic to water reuse, such as nitro-
samines (50).

In concert with selection for Betaproteobacteria and Gamma-
proteobacteria, overall microbial community diversity was nega-
tively correlated to DOC concentration (Tables 3 and 4). A possi-
ble explanation can be grounded in the different compositions
and availability of organics. The laboratory- and field-scale sys-
tems with higher DOC concentrations that we studied contained
biodegradable organic carbon that was more easily assimilated by
microorganisms, as evidenced by percent removal (Tables 1 and
2). As a consequence, these systems favor microbial groups that
dominate the community due to their high metabolism and as-
similation rates. After the exhaustion of this more bioavailable
organic carbon, DOC concentrations drop, while the portion of
refractory and less bioavailable DOC increases (5). From here, it
stands to reason that low DOC concentrations in the same ecosys-
tems allow the inhabitance of a more diverse microbial commu-
nity in which numerous microbial species degrade the more recal-
citrant and varied refractory organic substrates. It is interesting
that the diversity index for low-DOC sediment columns was com-
parable to that of the tail end of the moderate-DOC column sys-
tem, where DOC concentration and recalcitrance were analogous.
While not yet confirmed in the field, this suggests that a shift
toward increased microbial diversity will be observed in the more
oligotrophic depths of full-scale MAR systems.

In summary, this study helps to elucidate the microbial com-
munity composition and diversity found in the infiltration zone of
MAR systems across a variety of spatial and temporal scales. Con-
servation of microbial communities suggests that similar bioat-
tenuation attributes may be achieved regardless of geographical
location by manipulating the concentration of DOC in feed water.
It should be noted that this conclusion should be restricted to
waters that are buffered by a carbonate/bicarbonate buffer system
and generally dominated by readily degradable organic com-
pounds, as tested in this study. Anyway, these natural water treat-
ment systems play an important role in contaminant attenuation
and demonstrate particular promise for low energy and economic
requirements for the remediation of recalcitrant trace organic
chemicals (28, 50). Our findings provide a better understanding of
microbiological profiles in MAR systems and establish a founda-
tion for understanding, predicting, and optimizing performance
variables at the laboratory scale.
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