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ABSTRACT

To develop a greater understanding of hyporheic zone microbial biogeochemistry, we sampled
pore fluids from a piezometer array associated with the McCarran Ranch channel bar (MRCB); a
partially submerged cobble island in the Truckee River, NV, USA. Flowing surface water and
pumped pore fluids were characterized by prokaryotic community structure, metabolic potential,
and aqueous physicochemistry. Concentrations of potential respiratory electron acceptors were
highest in surface water and riverbed porewater and sequentially depleted in porewaters along
the inferred flowpath (O, then NOs~, then 50,%7). Correspondingly, cultivable nitrate reducers/
denitrifiers were most abundant in surface water and riverbed porewater, despite oxic conditions.
Cultivable sulfate reducers were overall most abundant in surface water. Prokaryotic community
reconstruction from 16S rRNA gene sequences indicates that the surface water community was
less diverse than that of porewater and supports a shift in metabolic strategy, from aerobic het-
erotrophy in surface water (e.g., Comamonadaceae and Sporichthyaceae) to chemolithotrophy and
anaerobic metabolisms (e.g., Hydrogenophaga spp., Ferribacterium spp., Methanobacterium spp.)
along the hyporheic flow path. These data indicate that prokaryotic communities within the MRCB
are phylogenetically and metabolically diverse and contribute to biogeochemical cycling in this
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common yet relatively understudied habitat.

Introduction

Hyporheic zones have been classified as ‘biogeochemical hot-
spots’ (Craig et al. 2010; McClain et al. 2003; Stegen et al.
2018) due to the influx and mixing of dissolved organic car-
bon (DOC) compounds, nutrients, and electron acceptors
from surface water with groundwater (Findlay 1995; Findlay
et al. 1993, 2003; Hendricks 1993). This influx of DOC,
nutrients, and electron acceptors stimulates microbial activity,
which is estimated to be responsible for 75-90% of total river
ecosystem respiration (Naegeli and Uehlinger 1997). Multiple
studies have demonstrated that hyporheic zones serve as eco-
logically important sinks for organic carbon, oxygen, and
nitrogen (primarily nitrate) (Febria et al. 2010; Findlay 1995;
Findlay et al. 1993, 2003; Goldman et al. 2017; Hendricks
1993; Hou et al. 2017; Moser et al. 2003; Naegeli and
Uehlinger 1997; Stegen et al. 2018). Furthermore, Stegen
et al. (2018) demonstrated that shifts in DOC composition
from terrestrially derived lignin-like DOC in surface water to
labile but low concentration DOC in groundwater exert
strong deterministic selection pressures that differentiate
microbial communities in surface water, the hyporheic zone,
and groundwater.

Microbial nitrate reduction/denitrification has been docu-
mented in a number of hyporheic zone environments (Hill
and Lymburner 1998; Morrice et al. 2000), including overall
oxygenated systems (Duff and Triska 1990; Holmes et al.
1996; Lefebvre et al. 2004; Moser et al. 2003), where it likely
occurs in anoxic microniches. Likewise, sulfate-reducing
microorganisms have been cultured from hyporheic fluids
(Moser et al. 2003), suggesting that microorganisms in the
hyporheic zone have the potential for sulfate reduction.
Similar to what has been observed for fully submerged and
parafluvial hyporheic zones (Duff and Triska 1990; Hill and
Lymburner 1998; Holmes et al. 1996; Lefebvre et al. 2004;
Morrice et al. 2000; Moser et al. 2003), Zarnetske et al.
(2011) have measured the rapid utilization of dissolved oxy-
gen and dissolved organic carbon, followed by strong induc-
tion of denitrification (anaerobic metabolism) in a gravel
bar hyporheic zone. Reactive transport models have shown
that hyporheic zones, particularly those dominated by par-
tially submerged morphological structures such as channel
bars, have a higher capacity for anaerobic respiration
(nitrate reduction, denitrification, sulfate reduction) com-
pared to fully submerged geomorphic structures due to
increased water residence times (Trauth et al. 2015). These
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observations highlight the importance of partially submerged
riverine features for hyporheic interactions and nutrient
exchange (Shope et al. 2012) and predicted higher capacity
for denitrification (Trauth et al. 2015) compared to fully
submerged features. Thus, hyporheic exchange and micro-
bial activity in partially submerged channel bars may be an
ecologically important sink for natural and anthropogenic
sources of nitrogen (Ock et al. 2015) and sulfate.

More recently, 16S rRNA gene surveys have allowed for
comprehensive characterization of hyporheic zone microbial
communities (Goldman et al. 2017; Hou et al. 2017; Stegen
et al. 2018). For example, Goldman et al. (2017) showed
that inundation dynamics drive bacterial, archaeal, and fun-
gal community structures and aerobic respiration rates in
parafluvial hyporheic zone sediments. Hou et al. (2017)
demonstrated that microbial density and community struc-
ture in hyporheic zone sediments are affected by permeabil-
ity, with coarse-grained material having higher biomass and
microbial activity than fine-grained material. Stegen et al.
(2018) found that differences in microbial community struc-
ture between river water and hyporheic zone communities
were associated with shifts in DOC composition (lignin-like
compounds in river water and amino sugar compounds in
the hyporheic zone).

Despite much progress in our understanding of hypo-
rheic zones of submerged features (e.g., riverbeds) and par-
afluvial features (e.g., river banks), less attention has been
given to partially submerged fluvial features, such as gravel
bars and fluvial islands, given their abundance in rivers
(Osterkamp 1998). Stream water enters the hyporheic zone
of fluvial islands through advective flow where residence
time and flow paths are strongly influenced by hydraulic
gradients, stream morphology, and river stage (Dent et al.
2007; Findlay 1995; Francis et al. 2010; Schmidt et al. 2012;
Shope et al. 2012; Trauth et al. 2015). Upon infiltration of
river water into the hyporheic zone, the influx of electron
acceptors (O,, NO5;, SO,27) drives the oxidation of both
groundwater-derived and stream water-derived DOC
(Stegen et al. 2018). Once oxygen concentrations have been
depleted, nitrate reduction and denitrification, followed by
sulfate reduction, are the preferred alternative energy path-
ways for a wide variety of microorganisms when dissolved
oxygen concentrations are limiting but nitrate and/or sulfate
remain available.

The objective of this study was to obtain a robust under-
standing of microbial community structure and metabolic
potential from the surface and porewater fluids collected
along a transect through the McCarran Ranch channel bar
(MRCB), a partially submerged fluvial geomorphic feature
composed of well-sorted large cobble in the Truckee River,
Nevada, USA. Utilizing fluids pumped from a previously
installed hydrologic piezometer array (Shope et al. 2012), we
characterized the bacterial and archaeal community struc-
ture, metabolic potential through cultivation studies, and
aqueous chemistries of flowing river surface water and pore-
water in parallel to better understand microbial biogeochem-
ical transformations in the MRCB. Our study highlights the
ecological importance of hyporheic zones from partially

submerged fluvial islands in nutrient and elemental cycling
and a potential role of these common, yet relatively under-
studied features in the natural attenuation of anthropogenic
contaminants, such as nitrate.

Materials and methods
Site description and hydraulic properties

The McCarran Ranch channel bar (MRCB) is a long-lived
geomorphic feature of the Truckee River located 27 km east
of Reno, Nevada (39°32/49.05 N 119°33’30.01 W, Figure 1)
and 16km downstream of the Truckee Meadows Water
Reclamation  Facility = (TMWRF), which discharges
1.5 x 10® L/d of treated wastewater (Mortensen et al. 2007).
At the time of sampling, TMWREF discharge contributed
approximately 70% to Truckee River base flow (Mortensen
et al. 2007; USGS 2017). The channel bar (60 x 198 m) is
oriented roughly southwest/northeast with the long axis run-
ning parallel to the flow of the river and exhibits a 1.46 m
surface elevation drop over its length. The bar is separated
from the shoreline by flowing river channels of about 30 m
width on both sides. Under base flow conditions, the highest
MRCB surface is approximately 1.2m above the river stage
and the southeast river channel is approximately 0.2m
higher than the northwest river channel (Shope et al. 2012).
The bar was reworked during flooding in the late 1990s and
is composed of coarse, well-sorted stream cobble, with vary-
ing amounts of silt occupying relatively large pores between
the cobble and little sand. The lateral edges of the MRCB
are occupied by dense stands of Fremont Cottonwood
(Populus fremontii), willow (Salix boothi), and Mountain
Alder (Alnus incana).

In the early 2000s, an expansive piezometer array was
installed throughout the MRCB and adjacent river channel
for a study of fluid flow dynamics through the channel bar.
The piezometers consisted of 2.1 cm schedule 40 PVC pipe,
mechanically inserted into the coarse substrate to depths
ranging from 1.11-1.78m below ground surface and
screened over the bottom 2-5cm. Work using temperature
loggers, pressure transducers, and stage recorders from this
piezometer network within and around the channel bar
revealed a complex mixing regime between groundwater and
river water (Shope et al. 2012). Groundwater mounding
throughout the MRCB is variable and largely dependent on
river stage, although, under base flow conditions, ground-
water mounds exist ~60 m downstream of the leading edge
of the MRCB and 5-10m upstream of the tail end of the
MRCB (Shope et al. 2012). However, transient groundwater
mounds and depressions develop seasonally and following
precipitation events. Specifically, on 11 September 2007 (six
days prior to sample collection), lateral water flow (south-
ward) from the northwestern river channel to piezometer
IW27 (Figure 1), due to a transient hydraulic gradient, and
a groundwater depression near the leading edge of MRCB
was observed (Shope et al. 2012). Hydraulic conductivity
estimates of the bar from falling-head slug tests ranged from
2.03x107* m/s to 3.29x 1077 m/s (Shope et al. 2012),
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Figure 1. Study site. The McCarran Ranch channel bar, a fluvial geomorphic feature in the Truckee River, is located 29 km east of Reno, NV. Sample locations and
sample names are noted. Generalized hyporheic flow paths are shown as white arrows and regions where the channel bar is gaining (infiltration) and losing (exfil-
tration) water from hyporheic flow are indicated by blue and red hatch polygons, respectively (adapted from Shope et al. 2012). Dense stands of Fremont
Cottonwood (Populus fremontii), willow (Salix boothi), and Mountain Alder (Alnus incana) are present along the edges of the channel bar.

suggesting that water residence times through the MRCB
could be highly spatially variable.

Sample collection and physical measurements

Samples and physical measurements were obtained from
water pumped from river surface water (RW) and piezome-
ters (P60, IW36, IW25, IW02, and IW27) with a portable
Masterflex E/S peristaltic pump (Cole-Parmer, Vernon Hills,
IL) and autoclaved LS-15 platinum-cured silicone tubing

(Cole-Parmer, Vernon Hills, IL) on 17 September 2007.
With the exception of P60, all piezometers were located
within the MRCB. P60 was positioned within a riffle ~10m
upstream of the leading edge of the MRCB. Prior to sample
collection, 1L of water was pumped from each of the piez-
ometers and discarded to minimize the impact of stagnant
water within the piezometer. Dissolved oxygen, temperature,
and conductivity measurements were taken with a YSI 6600
sonde and multiparameter meter (YSI, Inc., Yellow Springs,
OH) fitted with a flow cell. Turbidity measurements were
obtained using a LaMotte 2020 meter (LaMotte, Chesterton,
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MD). Water samples for chemical analysis were passed
through 0.22 pum nylon filters (Pall, Port Washington, NY),
collected in triple-rinsed 500 mL HDPE plastic bottles
(Nalgene) and stored on ice or refrigerated until analyzed
(within 2 days). Microbial biomass for DNA analysis was
concentrated on 0.22 um Supor polyethersulfone membrane
filters (Pall) from 500-750 mL of water per sample (60 mL
for RW due to the abundance of suspended particulate mat-
ter which clogged the filter) and frozen onsite using dry ice.
Samples for microbial cultivations were collected in sterile
50mL polypropylene conical centrifuge tubes, placed imme-
diately on ice, and used for inoculations in the laboratory
within 24 h. Samples for microbial direct counts were taken
in the same manner but preserved with 2.5% (v/v)
glutaraldehyde.

Chemical analysis of porewater and river water

Alkalinity measurements were performed in the field by
titrating to pH 4.5 using the reagents and autotitrator from
a Hach Alkalinity kit (LHC20637-00, Hach, Loveland, CO)
and portable pH meter (LaMotte, Chestertown, MD). All
other chemical analyses were performed at the Desert
Research Institute Water Laboratory (Reno, NV) according
to EPA procedures (Greenberg et al. 1992; USEPA 1979,
1993). Nitrate, nitrite, ammonium, and phosphate were ana-
lyzed using automated colorimetric analyzers (Alpkem RFA
300 and Technicon Automated Colorimetric Analyzer) and
EPA methods SM 4500-NO3 F, SM 4500-NH4 F, and SM
4500-P E. Dissolved organic carbon (DOC) was measured
with an Astro 2001 Carbon Analyzer using heated persulfate
oxidation, followed by IR measurement of the non-purge-
able organics (EPA method SM 5310 C). Sulfate was meas-
ured according to EPA method 300 by ion chromatography
(Dionex Model ICS 2000, Dionex, Sunnyvale, CA). Soluble
iron and manganese were measured with a Thermo
Elemental SOLAAR M5 Atomic Absorption Spectrometer
according to EPA method (SM 3111B, Thermo,
Carlbad, CA).

Cultivation of microorganisms

Densities of cultivable microbial cells of key physiotypes
were estimated using the most probable number (MPN)
technique (Woomer 1994). Incubations were performed
without agitation at room temperature (~22°C) to approxi-
mate environmental conditions and results were recorded
1 week after inoculation. Except when otherwise noted, cul-
tures were scored as positive for growth based upon visible
turbidity. Aerobic heterotrophs were enumerated using R2B
liquid medium (Reasoner and Geldreich 1985) diluted to
extinction (serial 10-fold) in duplicate slip-cap culture tubes
(16 mm, borosilicate). Anaerobic cultivations (for nitrate-,
sulfate-, and iron-reducing bacteria) were performed using
the Hungate technique (Balch et al. 1979; Miller and Wolin
1974) in 18 mm Balch tubes, crimp sealed with blue butyl
rubber stoppers (Bellco Glass) with an H,/CO,/N, head-
space (5%/20%/75%). Anaerobic media were pre-reduced

using 0.025% (w/v) cysteine-HCI, and anaerobic status was
confirmed by the addition of the redox indicator resazurin
(1 pg/mL). Nitrate-reducing microorganisms were cultivated
in R2B broth plus 0.05% (w/v) KNO; and assessed for
growth by visual turbidity, nitrate reduction to nitrite with
Nitrate Reagents A, B, and C (Hardy Diagnostics, Santa
Maria, CA), and gas production (presumably N,) as evi-
denced by the accumulation of gas inside an inverted
Durham tube (Greenberg et al. 1992). Iron-reducing micro-
organisms were cultivated in M1 medium (Myers and
Nealson 1988) with sodium lactate, acetate, and formate
(5mM each) added as electron donors, and Fe(III)-nitrilo-
triacetate (10mM) as an electron acceptor (Kostka and
Nealson 1998). A change from turbid orange to clear with a
dark brown precipitate (magnetite) was considered indica-
tive of iron-reducing microorganisms. Sulfate-reducing
microorganisms were cultivated in Postgate Medium B
(Postgate 1984) and scored based on the formation of tur-
bidity and black precipitates.

Microscopy

Direct microbial cell counts were performed as described
previously (Moser and Nealson 1996; Porter and Feig 1980).
Briefly, 1.0mL aliquots of glutaraldehyde-fixed cells were
stained with 0.03% (w/v) 4'-6-diamidino-2-phenylindole
(Sigma-Aldrich, Darmstadt, Germany), concentrated onto
25mm, 0.22 pm black polycarbonate membrane filters (GE
Osmonics, Inc.,, Minnetonka, MN), and washed with two
volumes of deionized H,O. Fluorescing cells were counted
from >30 fields on randomized slides (to eliminate user
bias) using a Zeiss Axioscope microscope (Zeiss,
Oberkochen, Germany) equipped with a DAPI-FITC filter.
Original cell densities were estimated by back calculation.

DNA extraction, library preparation, and 16S rRNA
gene sequencing

Total genomic DNA was isolated from one 0.22 pm polyether-
sulfone filter per sample location with the MoBio PowerSoil
DNA Isolation Kits (MoBio, Carlsbad, CA) according to the
manufacturer’s instructions, with the addition of a freeze-thaw
step prior to bead-beating (30 min at —80°C, 10 min at 65°C).
Library preparation and Illumina sequencing were performed
at Molecular Research LP (MR DNA, Shallowater, TX).
Library preparation was carried out through PCR using modi-
fied primer sequences targeting the V4 hypervariable region of
the 16S rRNA gene found in Prokaryotes (F515 [5'-
GTGYCAGCMGCCGC GGTAA-3'] (Parada et al. 2016) and
806R  [5-GGACTACHVGGGTWTCTAAT-3']  (Caporaso
et al. 2011)), with 8-nucleotide, sample-specific barcodes on
the forward primer. PCR products from all samples were
quantified, normalized, and pooled. This PCR product pool
was then purified with Agencourt AMPure XP beads
(Beckman Coulter, Inc., Brea, CA) and used to generate a
sequencing library according to the Illumina TruSeq DNA
PCR-Free library preparation kit protocol (Illumina, San
Diego, CA). The final sequencing library was sequenced in one
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“RW P60 IW36 IW25 W02 W27

Physical measurements

Temp (°Q) 18.7 19.03 21.39 20.37 23.02 229

Turbidity (NTU) 343 3.15 3.58 2.72 2.48 2.73

Conductivity (mS/cm) 0.258 0.268 0.280 0.270 0.283 0.318

pH 8.18 7.60 7.00 6.65 6.94 6.84

dO, (mg/L) 9.58 2.69 235 1.06 0.96 0.87

dO, (% saturation) 102.3 35.9 27.3 11.8 11.2 10.1
Carbon/phosphorus (mg/L)

Alkalinity as CaCO3 72 78 86 84 88 112

DOC 29 1.7 2.1 2.6 20 1.8

P as 0-PO, 0.024 0.063 0.036 0.094 0.044 0.071
Anaerobic electron acceptors (mg/L)

N as NO;~ 0.015 0.015 0.006 0.003 0.004 0.003

N as NO, ™~ 0.001 <0.001 <0.001 0.001 0.002 0.002

5042’ 236 229 17.4 13.6 171 12.7
Electron donors (mg/L)

Fe?t 0.03 0.16 2.77 1.88 2.63 0.53

IMn?*+ 0.02 0.20 0.65 0.78 0.71 0.06

N as NH; 0.014 0.053 0.311 0.122 0.381 0.020

aSurface water sample. River porewater/hyporheic zone sample. “Soluble iron (field filtered) assumed to be mostly in the ferrous
(Fe?™) state. “Soluble manganese (field filtered) assumed to be mostly in the manganous (Mn?") state.

MMumina MiSeq instrument run using the 2x300 MiSeq
Reagent Kit v2 according to the manufacturer’s guidelines
(Ilumina, San Diego, CA). The raw, demultiplexed 16S rRNA
gene sequence libraries were deposited in the European
Nucleotide  Archive under project accession
ber PRJEB25995.

num-

16S rRNA gene sequence libraries analysis

Raw 16S rRNA gene sequence libraries were analyzed with
QIIME 1.9.1 (Caporaso, Kuczynski, et al. 2010). In total,
396,171 paired-end reads were generated (Table S1). Because
read length (300 base pairs [bp]) was longer than predicted
amplicon length (~291bp), forward and reverse reads were
trimmed to 250bp with the truncate_fasta_qual_files.py
command. The resulting trimmed paired-end reads were
merged according to the fastq-join method (Aronesty 2011)
using default parameters. Merged reads containing ambigu-
ous (N’ characters) and low-quality base calls (Phred score
<30) were removed. Chimeric sequences were identified
with the usearch61 algorithm (Edgar 2010) and removed.
Operational taxonomic units (OTUs) were generated from
the 207,068 high-quality nonchimeric sequences, based on
97% sequence similarity, and taxonomy assignments made
with a subsampled open-reference OTU-picking strategy
using usearch61 and uclust (Edgar 2010) against the SILVA_
128 curated database (Pruesse et al. 2007; Quast et al. 2013;
Yilmaz et al. 2014). OTUs supported by less than 0.005% of
all sequences (10 sequences per OTU) were removed. A
phylogenetic neighbor-joining tree (Price et al. 2010), based
on PyNAST-aligned OTU sequences (Caporaso, Bittinger,
et al. 2010), was generated and used for alpha and beta
diversity metrics. Lastly, the OTU table was rarefied to a
depth of 10,000 sequences per sample to account for differ-
ences in sequencing depth. Alpha diversity metrics (observed
OTU  richness, Chaol estimated richness, Faith’s
Phylogenetic Diversity index, and Shannon’s index) and
pairwise UniFrac (Lozupone et al. 2011) distances between
samples were calculated from 100 rarefied OTU tables.

Data analysis

Figures were generated and subsequent analyses were con-
ducted in R (R Core Team 2014) with the vegan v. 2.2-1
(Oksanen et al. 2015) and ape v. 3.2 (Paradis et al. 2004)
packages. Clustering of prokaryotic communities was eval-
uated by constructing a dendrogram based on unweighted
pair group method with arithmetic mean (UPGMA)-cluster-
ing of abundance-weighted and -unweighted UniFrac distan-
ces. Node support values were calculated from 100 rarefied
OTU tables of 10,000 sequences per sample. Principal coord-
inate analysis ordinations were constructed for abundance-
weighted and -unweighted UniFrac distances. Chemistry
data (with the exception of dissolved oxygen percent satur-
ation values) were normalized by z-score transformation and
pairwise Euclidean distances between samples were calcu-
lated. Individual chemistry values below the limit of detec-
tion were set to zero to allow for calculation of z-scores. A
principal component analysis ordination was generated from
these pairwise Euclidean distances to identify similarities of
chemical profiles between samples.

Results
Field measurements and water chemistry

Physical and chemical characteristics of water samples are
shown in Table 1. Surface river water (RW) upstream of the
piezometer network was characterized by the highest pH,
dissolved oxygen (DO) concentration, dissolved organic car-
bon (DOC) concentration, and highest concentrations of
two potential anaerobic electron acceptors (NO;  and
SO4*7) compared to all piezometer samples. DO ranged
from fully saturated in flowing surface water and 36% of sat-
uration in the riverbed sample (P60) to a measured low
value of ~10% of saturation in the most down-gradient
sample (IW27). As with DO, overall, concentrations of
NO;~ and SO,*  generally declined along the inferred
hyporheic flow path (Table 1, Figure 2); whereas, the con-
centration of dissolved inorganic carbon (DIC), another
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Figure 2. Major electron acceptor concentrations. Changes in concentrations of
major electron acceptors (0, NO;~, and 50427) along the inferred hyporheic
flow path (from left to right in the diagram) from single measurements.
Dissolved O, concentrations (open circles with a dashed line) are plotted
against the left axis in mg/L. Dissolved NO;~ and SO,>~ concentrations (trian-
gles with a dot-dashed line and squares with a dotted line, respectively) are
plotted against the right axis in pg/L.

potential electron acceptor, increased. Conversely, the con-
centrations of alkalinity, orthophosphate, and physiological
electron donors (Fe*", Mn*", and NH;) were lowest in RW;
with the concentration of electron donors generally increas-
ing along the inferred flow path (Table 1). Considering only
dissolved organic carbon concentrations, C:N:P molar ratios
were approximately 85:3:1 for RW, 19:2:1 for P60, 41:19:1
for IW36, 19:3:1 for IW25, 32:19:1 for IW02, and 18:1:1
for IW27.

The riverbed porewater sample (P60), collected from
~48cm below the riverbed, had similar physicochemical
characteristics to RW (Figure 3). Despite their close physical
proximity, pH, DO, and DOC were lower and the concen-
trations of electron donors were higher in P60 relative to
RW. With the exception of IW27 at the downstream end of
the channel bar, porewater chemistry profiles for channel
bar samples were similar (Figure 3). The chemical profile of
IW27 porewater was characterized by higher alkalinity and
lower DO, SO4*~, Fe**, Mn®", and NH; compared to all
other samples within the channel bar.

Enumeration of microbial physiotypes

Cell density was highest in RW as compared to the piez-
ometer samples (2.8 x 10° cells/mL, Table 2). Cell densities
from piezometer porewater samples ranged from 2.8 x 10
to 82x 10° cellsymL and displayed no apparent pattern
throughout the MRCB. The concentration of cultivable aer-
obic heterotrophs was highest in RW and P60, decreased to
2.3 x 10° cells/mL at IW25, and increased by an order of
magnitude at IW02 and IW27. The concentrations of cultiv-
able microorganisms capable of dissimilatory nitrate
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Figure 3. Chemistry PCA. Principal component analysis ordination of pairwise
Euclidean distances between samples of z-score-transformed chemistry data
(Table 1). Collectively, PC1 and PC2 account for 74.4% of the variation among
these six chemistry profiles.

reduction and gas production from denitrification followed
a pattern similar to that of cultivable aerobic heterotrophs,
with the highest concentrations being found in RW and
P60. Cultivable denitrifiers were found in low concentrations
or were undetected throughout MRCB porewater samples.
Cultivable sulfate reducers were detected in all samples, with
the highest concentrations in IW25 and RW. Cultivable
Fe’" reducers were only detected in RW.

Prokaryotic community structure

In total, 3108 operational taxonomic units (OTUs) were
identified from the 150,101 quality- and abundance-filtered
sequences analyzed in the 165 rRNA gene libraries
(Appendix S1, Sheet 1). The microbial community of RW
was the least diverse of all samples (Student’s t-test, p <O0.
001 for all metrics, Table S2). OTU richness, Chaol esti-
mated richness, and Faith’s phylogenetic diversity (PD) esti-
mates for P60 were twice as high as RW. Alpha diversity
metrics remained relatively constant among all porewater
samples (P60, IW36, IW25, IW02, and IW27). However,
hierarchical clustering of abundance-weighted UniFrac dis-
tances, a quantitative measure of phylogenetic similarity
between pairs of samples, indicated that the microbial com-
munity structure of RW was most similar to the microbial
community structures of P60 and IW25 despite having sig-
nificantly lower alpha diversity (Figure S1). Likewise, IW27,
IW02, and IW36 formed their own clade in the cluster dia-
gram, indicative of similar microbial community structures
among these samples.

The RW sample was dominated by Betaproteobacteria,
Actinobacteria, and Bacteroidetes (Figure 4; Appendix SI,
Sheet 3). The most abundant OTUs detected in RW were an
OTU in the Comamonadaceae family of Betaproteobacteria
(OTU 900, 9.3% relative abundance), an OTU in the
Pseudarcicella genus of Bacteroidetes (OTU 613, 7.8%), two
OTUs in the hgcl clade of the Sporichthyaceae family of
Actinobacteria (OTUs 803 and 916, 4.7% and 3.8% relative
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Table 2. Cell numbers (cells/mL) from raw water samples (direct microscopic counts) and for microbial physiotypes determined from in

vitro cultivation.

RW P60 IW36 IW25 IW02 W27
Direct counts (DAPI staining) 25%10° 8.1x10° 5.2 % 10° 8.2 x 10° 28 x10° 3.2x10°
2Aerobic heterotrophs 7.0 x 10° 23x10° 6.1 % 102 2.3 % 10% 59 x 10° 2.3 x 10°
Nitrate reducers
PGrowth 59 x 10° 23x10* 2.3 x 10 46 x10° 23x10° 23x10'
“Nitrate reduction 59 % 10° 13 x10° 23 x10° nd. 23 % 10° 23 %10
dGas production 6.0 x 10° 6.1 x 10 6.1x 10’ n.d. 6.0 x 10° 23 %10
?Iron reducers 6.1x 10 n.d. n.d. n.d. n.d. n.d.
3Sulfate reducers 2.3 % 10° 6.1x 10 6.1x 10’ 5.9 x 103 6.1x 10 6.1 % 10%

n.d.: not detected. *Confidence factor: 6.61. Divide and multiply population estimate by confidence factor to establish 95% confidence
interval. ®Based upon visible turbidity in culture tube. “Confirmed with Hardy Diagnostics (Santa Maria, CA) Nitrate Reagents A, B,
and C. %Inferred from gas accumulation in an inverted Durham tube.
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Figure 4. Prokaryotic community composition. Phylum-level taxonomic bar chart for prokaryotic communities from Truckee River and McCarran Ranch channel bar
surface and porewater samples. The Proteobacteria have been subdivided into classes. Only prokaryotic phyla/classes with abundances >1% are shown. Phyla/

classes present in <1% are included collectively as ‘Phyla <1%.’

abundance), and an OTU identified as the
Betaproteobacterium Acidovorax facilis (OTU 889, 3.5%)
(Table S3). The riverbed porewater sample (P60) was
dominated by Betaproteobacteria, Deltaproteobacteria,
Alphaproteobacteria, and Unassigned taxa. The most abun-
dant OTUs in P60 were an OTU in the Dechloromonas
genus of Betaproteobacteria (OTU 269, 3.7%), an OTU in
the Rhodobacter genus of Alphaproteobacteria (OTU 574, 2.
8%), an OTU in the Rhodococcus genus of Actinobacteria

(OTU 619, 2.3%), an OTU in the Sideroxydans genus of
Betaproteobacteria (OTU 897, 1.8%), and an OTU in the
Ruminiclostridium genus of Firmicutes (OTU 2555, 1.4%).
These five OTUs were comparatively rare (<0.2%) in all
other samples.

With the exception of IW25, microbial communities
from porewater samples within the channel bar were similar
(Figure 4; Figure S1). In general, these communities were
dominated by Deltaproteobacteria, Betaproteobacteria,
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Omnitrophica (OP3), and Unassigned taxa. The most abun-
dant OTUs within the channel bar were an OTU in the
Hydrogenophaga genus of Betaproteobacteria (OTU 809, X =
7.0%), an OTUs in the Methanobacterium genus of
Euryarchaeota (OTU 538, X = 2.4%), an OTU in the
Ferribacterium genus of Betaproteobacteria (OTU 276, X =
1.8%), an OTU in the Peptococcaceae family of Firmicutes
(OTU 624, X = 1.4%), and an OTU in the Candidatus
Omnitrophus genus of Omnitrophica (OTU 220, X = 1.2%)
(Table S3).

The IW25 microbial community, which formed a clade
with P60 and RW (Figure S1), was dominated by
Deltaproteobacteria, =~ Omnitrophica,  Firmicutes, and
Unassigned taxa (Figure 4; Appendix S1, Sheet 3). The most
abundant OTUs were an OTU in the Belgica2005-10-ZG-3
class of Nitrospinae (OTU 2229, 2.4%), an unclassified OTU
belonging to Omnitrophica (OTU 1345, 1.7%), an OTU in
the Halanaerobiales order of Firmicutes (OTU 1855, 1.4%),
an unclassified OTU in the Parvarchaeota phylum (OTU
2051, 1.4%), and an OTU in the Hydrogenophaga genus of
Betaproteobacteria (OTU 809, 1.4%), which was also the
most abundant OTU among all other channel bar porewater
communities (Table S3).

Discussion
Physical and chemical parameters

Measured DOC, nitrogen, and phosphorus concentrations
were indicative of oligotrophic conditions in all samples des-
pite treated wastewater discharge into the Truckee River by
the Truckee Meadows Water Reclamation Facility (TMWRF)
16km upstream. C:N:P molar ratios were indicative of carbon
limitation at IW36 and IW02, nitrogen limitation at RW, and
carbon and nitrogen co-limitation at P60, IW25, and TW27
(Redfield 1958). The increase in aggregated concentrations of
all dissolved nitrogen species within the MRCB compared to
RW and P60, with the exception of IW27, suggests that nitro-
gen fixation and/or possibly the deamination of proteins
serves as an important source of nitrogen for microorganisms
inhabiting the MRCB hyporheic zone.

Dissolved oxygen concentrations showed a general declin-
ing trend along the longitudinal length of the MRCB (corre-
sponding to the overall downstream longitudinal flow
pattern (Shope et al. 2012)) and were much lower in pore-
water samples (10-36% saturation) compared to RW
(102.3% saturation) (Table 1; Figure 2). Consistent with a
decline in DO, the concentrations of electron acceptors that
might be used under suboxic and anaerobic conditions
(NO;~ and SO,*) were also depleted within the channel
bar compared to RW and P60, indicative of anaerobic
metabolism. Conversely, the concentrations of potential elec-
tron donors (Fe?’", Mn>", and NH;) were enriched in
MRCB porewater compared to RW and P60 (with the
exception of IW27), indicative of anaerobic metal reduction
(Fe*™ and Mn?"), dissimilatory nitrate reduction to NHj;
(Cruz-Garcia et al. 2007; Jetten 2008), and/or anaerobic
deamination of proteins during fermentation (Krause and
Russell 1996).

Zarnetske et al. (2011) have demonstrated that rates of
DO and DOC removal (from heterotrophy) were highest
when water residence times were short (<6.9h) and denitri-
fication rates were highest during longer residence times in
a gravel bar hyporheic zone. Despite a sharp decrease in
both DO and NO;~ in the MRCB porewaters, no consistent
trend was apparent in the concentrations of DOC, but all
were lower in porewaters than in RW (1.7-2.6mg/L vs.
2.9mg/L, Table 1; Figure S2). In spite of the slight drop in
overall DOC, the pH of porewater within the MRCB was
substantially lower than RW and P60 (e.g. 6.65-7.00 vs. 8.18
and 7.6, respectively, Table 1). This result is consistent with
the accumulation of organic acid fermentation products
being favored over production and accumulation of sulfide
from sulfate reduction or loss of CO, from autotrophy,
especially since DIC increased along the flow path and
SO,>" concentrations were not depleted throughout the
MRCB. This is consistent with other studies indicating that
an influx of stream water-derived DOC and terminal elec-
tron acceptors (e.g. O, NO;~, SO,*>7) into the hyporheic
zone generally stimulates microbial respiration, which results
in a decrease in DOC and terminal electron acceptor con-
centrations and a concomitant increase in DIC (Findlay
1995; Findlay et al. 1993; 2003; Stegen et al. 2018).
Furthermore, stimulation of aerobic respiration and metab-
olism of DOC is particularly pronounced at downwelling
zones (Febria et al. 2010; Hendricks 1993; Stegen et al.
2018), which may help explain increased DOC and
decreased SO,°~ at IW25 relative to all other porewater
samples as this correlates with the location of a significant
predicted groundwater mound (upwelling zone).

Despite lower DO concentrations in the hyporheic zone
underlying the stream channel (P60) compared to overlying
RW, there were no other chemical indications of anaerobic
metabolism induction at P60. In aquatic systems, nitrate is
generally the first alternative electron acceptor utilized after
oxygen (DiChristina 1992; Steinberg et al. 1992; Thauer
et al. 1977; Zehnder and Stumm 1988); however, the fact
that nitrate concentrations were the same for both RW and
P60 suggests that anaerobic metabolism was not strongly
induced within the riverbed at this location or that nitrate
losses were masked by continual influx of surface water into
the subsurface at P60. The latter scenario is not unlikely
since this location coincides with the upper boundary of a
major riffle structure in a losing reach and the hydraulic
conductivity within the streambed was an order of magni-
tude higher than the MRCB (Shope et al. 2012), indicative
of a short water residence time relative to the MRCB. The
absence of depletion in sulfate concentrations, which would
otherwise be consumed by sulfate-reducing bacteria under
anaerobic conditions, also supports overall aerobic condi-
tions within riverbed cobble. Likewise, soluble iron and
manganese, which would accumulate due to the activity of
anaerobic metal reducers, are not significantly elevated in
the riverbed porewater sample. Finally, ammonia, which can
result from dissimilatory nitrate reduction (Cruz-Garcia
et al. 2007) or from the anaerobic deamination of proteins
during fermentation (Krause and Russell 1996), was not
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enriched in this sample. Collectively, these data indicate that
anaerobic processes within the riverbed are precluded by the
presence of oxygen concentrations sufficient to greatly
inhibit or prevent anaerobic processes, possibly maintained
by infiltration from overlying surface water. However,
nitrate reduction and other anaerobic processes may have
been occurring at a greater depth than was sampled or in
unsampled streambed upwelling zones further downstream.

Whereas indications of complete anoxia were not obtained
at any point along the flow path, it is important to note that
the short water columns within the piezometers were open to
the atmosphere during sampling. Thus, it is likely that actual
porewater dissolved oxygen concentrations were lower than
detected due to air contamination during pumping/sample
collection. Certainly, the removal of nitrate and sulfate and
the coincident accumulation of soluble metals (Fe*™ and
Mn*") are indicative of the presence of anaerobic microhabi-
tats within the MRCB hyporheic zone. The presence of anaer-
obic processes within the bulk aerobic hyporheic zone has
been reported previously (Hou et al. 2017; Zarnetske et al.
2011). This is generally attributed to stream-derived organic
loading causing heterogeneous stimulations in biological oxy-
gen consumption along otherwise oligotrophic and/or oxy-
genated hyporheic flow paths (Holmes et al. 1996; Morrice
et al. 2000). As DOC concentrations in porewater samples
were higher throughout the MRCB than at P60, perhaps due
to accumulation and degradation of particulate organic matter
within the riverbed or within the hyporheic zone (Battin
et al. 2008; Stern et al. 2017), it is likely that microbial activity
was induced throughout the MRCB. Although this hypothesis
was never empirically tested, this possibility is supported by
the precipitous decline in dissolved oxygen concentrations
between P60 and IW25, an increase in DIC concentrations
indicative of carbon metabolism, and observations of stream-
derived labile DOC stimulating microbial activity in hypo-
rheic zone fluids of other systems (Findlay 1995; Findlay
et al. 1993, 2003; Hendricks 1993).

Although DO concentration was lowest at IW27, only a
slight decrease in NO;~ and SO®” concentrations were
observed compared to IW02, directly upstream from IW27
in the MRCB. Additionally, the concentrations of soluble
metals and ammonia were much lower (Fe*™ was 5x lower,
Mn*" was 11x lower, and NH; was 19x lower) than TW02.
Taken together, these data may be indicative of decreased
metabolic productivity, although lateral water flow (south-
ward) from the western river channel to IW27, due to a
transient hydraulic gradient observed on 11 September 2007
(Shope et al. 2012) could be responsible for the observed
lower concentrations of these dissolved constituents.

Metabolic diversity within the hyporheic zone

Total cell numbers as determined by microscopic direct
counts in the porewater samples were consistently lower
than those in RW (2.8 x 10°-8.1 x 10° vs. 2.5 x 10° cells/mL,
Table 2) and were within an order of magnitude of cell
counts reported in other hyporheic fluids (Findlay et al.
1993). However, it is unusual to observe higher numbers of
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cultivable microorganisms than total cell numbers. Typically,
cultivable cell counts are lower by several orders of magni-
tude than direct counts because the majority of environmen-
tal microorganisms are considered ‘uncultivable’ (the so-
called great plate count anomaly (Staley and Konopka
1985)). However, this observation must be tempered by the
fact that MPN determinations provide approximations of
viable cell numbers and that 95% confidence intervals span
more than an order of magnitude. Nonetheless, the high
concentration of aerobic heterotrophs from the RW sample
indicates that the choice of cultivation medium (R2 broth)
was appropriate and that a high proportion of the cells in
river surface water were capable of growth under aerobic
conditions. In the porewater samples, the number of cultiv-
able aerobes as a percentage of total cells decreased precipi-
tously (e.g., cultivable aerobes were 2-3 orders of magnitude
lower in abundance than total cells). This result indicates
that the microbial populations within the MRCB and in the
surface river water were distinct and that many of the cells
within the MRCB were adapted to survive under anaerobic/
microaerophilic or oligotrophic conditions.

The numbers of cultivable anaerobic microorganisms (as
exemplified by sulfate reducers) within the channel bar were
highest (5.9 x 10°/mL, Table 2) in porewater from TW25 but
were detected in all samples, including the fully oxygenated
river water. In fact, cultivable iron-reducing microorganisms
were only detected in RW. The significance of this result is
unclear but could reflect the influence of an upstream waste-
water treatment plant, whose discharge represents a signifi-
cant proportion of stream volume at base flow. It is also
possible that, with a longer in vitro incubation period or use
of a different medium for cultivation, iron reducers would
have been detected from the porewater samples.

The greatest loss in nitrate occurred between the riverbed
hyporheic zone site (P60) and the most upstream of the
channel bar sites (IW36), suggesting that denitrification
activity was greatest at the leading edge of the channel bar.
In spite of the lack of chemical evidence for denitrification
at P60 (Table 1, Figure 2), cultivable denitrifying microor-
ganisms (as verified by MPN, nitrate reduction activity and
gas production, Table 2) were most abundant, but overall
low in numbers (6.1 x 10% cells/mL), in this sample. The
chemical signature of their activity may have been trans-
ferred downstream within the riverbed cobble, perhaps
reflected in the lower nitrate value we detected and con-
comitant lower number of cultivable denitrifying microor-
ganisms in porewater from IW36. What may be informative
was the very low density of nitrate-reducing microorganisms
in sample IW25 (MPN indicating ~5 cells/mL, Table 2).
IW25 loosely corresponds with the location of a significantly
predicted groundwater mound (Shope et al. 2012) and thus
may be insulated from fresh inputs of river-derived nitrate
that would stimulate denitrifying microorganisms. Other
than overall lower numbers, no obvious patterns in cultiv-
able denitrifier counts were apparent further along the flow
path (IW25, IW02, and IW27). Nitrate concentrations from
these sites were uniformly low (0.006-0.003 mg/L), perhaps
indicative that denitrification had gone to completion or that



10 J. D. SACKETT ET AL.

nitrate concentrations were sufficiently low to prevent further
nitrate reduction. However, it must be noted that in situ
metabolic activity was not measured as part of this study.

Prokaryotic diversity within the hyporheic zone

Analyses of prokaryotic community structure through culti-
vation-independent methods corroborated the cultivation-
based metabolic diversity results discussed above. The pro-
karyotic community of RW was distinct, less diverse, and
dominated by unique OTUs compared to all hyporheic zone
porewater samples (Tables S2 and S3; Figure 4; Figures S1
and S3). The most abundant OTUs in RW were predicted
aerobic heterotrophs, some of which reduce nitrate (e.g.,
Sporichthyaceae (Tamura et al. 1999) and Comamonadaceae
(Willems 2014)). With the exception of the Acidovorax
facilis OTU, the most dominant OTUs in RW were found in
low abundances in all porewater samples (<0.2% relative
abundance each). Given the presence of putative nitrate
reducers in the 16S rRNA gene sequence library for RW,
and number of cultivable aerobic heterotrophs three orders
of magnitude greater than cultivable nitrate reducers (7.
0x10° cells/mL vs. 5.9 x 10> cells/mL, Table 2) and six
orders of magnitude higher than denitrifiers (6.0 x 10° cells/
mL), the RW microbial community has the capacity for
nitrate reduction, although environmental conditions (in
particular, dissolved oxygen concentrations) strongly favored
aerobic heterotrophy.

We observed a shift in the predicted metabolic strategy
of the abundant OTUs between surface water and porewater:
from aerobic heterotrophy to anaerobic, chemolithoautotro-
phic, and fermentative metabolisms (Table S3). This shift
was likely due to suboxic or anaerobic conditions in pore-
water samples that would have supported these metabolisms
(Table 1). River porewater (P60) was dominated by pre-
dicted facultative anaerobes, obligate anaerobic fermenters,
lithoautotrophs, anoxygenic phototrophs, and aerobic heter-
otrophs. The dominant OTUs at P60 likely contribute to
denitrification and dissolved organic carbon removal.
Furthermore, the number of cultivable denitrifiers (as evi-
denced by nitrate reduction and gas production) from P60
was two orders of magnitude higher than RW (Table 2),
likely due to the decreased oxygen concentration in P60,
providing additional evidence for a shift in metabolic cap-
acity between the two sites.

The microbial community structure of MRCB porewater
samples (IW36, IW02, and IW27) were similar (Figure S2).
Dominant OTUs include predicted iron, nitrate, and sulfate
reducers, chemolithoautotrophs, and hydrogenotrophic
methanogens (Table S3). The high relative abundances of
OTUs corresponding with the methanogenic archaeon,
Methanobacterium spp. in several samples, detected in low
relative abundances or completely undetected in RW, P60,
and IW25, further suggests strong induction of anaerobic
processes within the MRCB. Genera of sulfate-reducing bac-
teria (Desulfomicrobium and Desulfovibrio, Table S3) were
detected alongside Methanobacterium in the MRCB, ranging
from 0 to ~1.5% relative abundance. Under high sulfate

concentrations, sulfate reducers outcompete methanogens
for hydrogen (Kristjansson et al. 1982; Robinson and Tiedje
1984); however, these two groups have been shown to coex-
ist under low sulfate conditions (Stevens and McKinley
1995; Wilms et al. 2007). Further study is needed to eluci-
date methanogen/sulfate-reducing microbial population
dynamics within the MRCB.

It is noteworthy that IW25, despite being comprised of
similar taxa as other MRCB communities (Figure S3), prokary-
otic organisms detected in IW25 were differentially abundant
and the overall abundance-normalized community profile was
more similar to P60 and RW (Figure S1). In fact, the most
dominant OTUs in IW25 (with the exception of OTU_809,
Hydrogenophaga) were generally undetected or found in low
abundance (<~1.1% relative abundance) in all other samples.
As mentioned earlier, IW25 loosely corresponds with the loca-
tion of a significantly predicted groundwater mound (Shope
et al. 2012), which implies that the organisms detected were
derived from groundwater. This likely explains why IW25 was
dominated by predicted chemolithotrophs (Table S3) found in
low abundances in all other samples.

Implications

Hyporheic zones have been classified as ‘biogeochemical
hotspots’ (Craig et al. 2010; McClain et al. 2003; Stegen
et al. 2018). In these environments, microorganisms are pri-
marily responsible for up to 75-90% of aerobic respiration
(Naegeli and Uehlinger 1997), removal of dissolved nitrate
under oxic (Hill and Lymburner 1998; Morrice et al. 2000)
and suboxic conditions (Duff and Triska 1990; Holmes et al.
1996; Moser et al. 2003) through nitrate reduction and
denitrification, but also contribute to iron, manganese, and
sulfur cycling (Moser et al. 2003). Hyporheic zones within
partially submerged geomorphic structures have begun to
garner attention for their role in DO, DOC, and NO;~
removal (Zarnetske et al. 2011), and for their higher pre-
dicted capacity for denitrification compared to their fully
submerged counterparts (Trauth et al. 2015). From our
investigation of the microbial ecology of the MRCB, a par-
tially submerged cobble channel bar in the Truckee River,
we observed a continuum from oxygenated water dominated
by aerobic heterotrophs (RW and, to a lesser extent, P60) to
suboxic water dominated by metabolically flexible yet pri-
marily anaerobic microorganisms throughout the MRCB.
Both chemical and microbiological evidence suggests that
nitrate reduction and denitrification are important processes
throughout the MRCB and that partially submerged fluvial
environments with sufficient hydraulic gradient and con-
ductivity (Reeder et al. 2018; Zarnetske et al. 2011) are
important for nitrate removal and thus improved water
quality in rivers. We propose that partially submerged fluvial
environments serve as ecologically important zones of
enhanced biological activity and that these natural bioreac-
tors possess the capacity for the attenuation of compounds
important for water quality and ecosystem health, including
nitrate and sulfate.
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