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ARTICLE INFO ABSTRACT

Keywords: Carbon amendments designed to remediate environmental contamination lead to substantial perturbations when
Community assembly injected into the subsurface. For the remediation of uranium contamination, carbon amendments promote
Groundwater contamination reducing conditions to allow microorganisms to reduce uranium to an insoluble, less mobile state. However, the
El?am? donor injection reproducibility of these amendments and underlying microbial community assembly mechanisms have rarely
Microbial succession . . . X . S Lo . .
been investigated in the field. In this study, two injections of emulsified vegetable oil were performed in 2009
and 2017 to immobilize uranium in the groundwater at Oak Ridge, TN, USA. Our objectives were to determine
whether and how the injections resulted in similar abiotic and biotic responses and their underlying community
assembly mechanisms. Both injections caused similar geochemical and microbial succession. Uranium, nitrate,
and sulfate concentrations in the groundwater dropped following the injection, and specific microbial taxa
responded at roughly the same time points in both injections, including Geobacter, Desulfovibrio, and members of
the phylum Comamonadaceae, all of which are well established in uranium, nitrate, and sulfate reduction. Both
injections induced a transition from relatively stochastic to more deterministic assembly of microbial taxonomic
and phylogenetic community structures based on 16S rRNA gene analysis. We conclude that geochemical and
microbial successions after biostimulation are reproducible, likely owing to the selection of similar phylogenetic
groups in response to EVO injection.

1. Introduction injected into the subsurface to enable biologically-mediated, in situ
remediation of contaminants and have been widely adopted for large-
Electron donors, usually in the form of carbon compounds, are scale projects because they are relatively inexpensive, environmentally
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friendly, and require less labor compared to physical or chemical
methods (Borden and Rodriguez, 2006; Lakaniemi et al., 2019). In the
case of uranium (U) contamination, carbon amendment stimulates
microbially mediated reduction of U (Gandhi et al., 2022; Wall and
Krumholz, 2006), which mitigates its mobility since oxidized hexavalent
U (VD) is much more soluble in water than U (IV). U (VI) reduction is
mediated by diverse phylogenetic and functional lineages, of which the
most commonly reported are sulfate-reducing bacteria such as Desulfo-
vibrio and iron-reducing bacteria such as Geobacter. In addition, other
iron-reducing bacteria such as Shewanella, denitrifiers, cellulolytic bac-
teria, and spore-forming Firmicutes are commonly observed (Gihring
et al., 2011; Ontiveros-Valencia et al., 2017; Wall and Krumholz, 2006).

Carbon amendments represent substantial perturbations to native
microbial communities, and thus community succession following these
amendments is a complex process that depends on numerous biotic and
abiotic factors and their impacts and feedbacks on ecosystem processes.
These interactions and feedbacks are controlled by both stochastic and
deterministic community assembly mechanisms (Zhou and Ning, 2017).
At our field site in Oak Ridge, TN, USA, waste from a legacy of uranium
processing has left the groundwater contaminated with uranium, ni-
trate, sulfate, and numerous other contaminants. Conditions at the site
fluctuate, but broadly, the microbiology at the site reflects the oligo-
trophic nature of groundwater, with community composition associated
with levels of contamination, although there is also significant spatio-
temporal variability (Fields et al., 2006; Lui et al., 2021; Smith et al.,
2015; Thorgersen et al., 2015; Zelaya et al., 2019). However, the site has
only occasionally been subjected to remedial actions and given the low
quantities of carbon in the groundwater, any amendment would radi-
cally alter community structure and function (Chourey et al., 2013;
Dangelmayr et al., 2019; Paradis et al., 2021). In one such amendment,
emulsified vegetable oil (EVO) was injected into the groundwater in
order to elucidate the impact of slow-release substrates on microbial
community succession and associated biogeochemical processes. This
injection, performed in 2009, caused U concentrations to drop from 1 to
3 mg mL ™! to <0.1 mg mL ™" for at least 4 weeks and promoted reducing
conditions in the groundwater for at least 9 months (Gihring et al.,
2011). A diverse consortium of organisms putatively responsible for
individual steps of oil degradation was enriched. Key functional genes
associated with EVO degradation and reduction of nitrate, sulfate, and
uranium were sequentially altered during the course of the injection and
correlated with geochemical conditions, which were indicative of se-
lective enrichment of specific functional genes (Zhang et al., 2015). Null
model analysis of the functional microarray data determined that the
injection increased the importance of stochastic assembly on microbial
functional groups (Zhou et al., 2014), while network analysis revealed
increased network size as well as a shift towards competitive in-
teractions following the injection (Deng et al., 2016). These findings
contrast with network analysis of microbial communities in sediment
following ethanol injection at the Oak Ridge site, which showed selec-
tion for overlapping or co-occurring biogeochemical processes (Li et al.,
2018).

A different contaminated field site in Rifle, CO, USA, has also been
subjected to carbon amendment. Acetate injection at this site resulted in
microbially-mediated alteration of the physical structure of the sub-
surface. This likely resulted from pore-clogging as a consequence of
organic carbon dynamics driven by selective processes, namely, the
consumption of acetate by sulfate-reducing bacteria, which in turn
affected the stochastic process of microbial dispersal (Dangelmayr et al.,
2019; Li et al., 2010). At the same site, flow-through columns containing
sediment were subjected to acetate amendment followed by lactate
amendment at differing functional phases (iron- or sulfate-reducing)
representing different initial community states. Investigators deter-
mined that community structure converged in response to lactate
despite these differing initial states, revealing the deterministic impact
of single-source injections (Handley et al., 2015). Thus, uncertainty
exists as to the mechanisms by which microbial communities assemble if
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challenged with the same perturbation, and if subsequent injections
would promote the same geochemical and microbial community
impacts.

To further investigate, we compared the geochemical changes, mi-
crobial successional patterns, and community assembly processes of the
Oak Ridge field site subjected to two EVO injections. Our objectives
were to compare the biotic and abiotic impacts of both injections and
their community assembly mechanisms. The first injection, conducted in
2009, used 680 L of EVO. The second injection was conducted in 2017,
and used 208 L of EVO. We hypothesized that geochemical changes
would be similar in both injections, with considerable reductions of
nitrate, sulfate, and uranium (hypothesis i). If true, we expect that mi-
crobial community succession will also be similar (hypothesis ii).
However, as a consequence of the increased importance of stochastic
community assembly mechanisms based on functional gene community
structures following EVO amendment (Zhou et al., 2014), we further
hypothesized that microbial community composition between two in-
jections would be highly dissimilar, particularly at the zOTU (zero-r-
adius operational taxonomic unit, equivalent to an amplicon sequence
variant), though changes in agglomerated indices, such as microbial
abundance, a- and p-diversities, may be similar (hypothesis iii).

2. Materials and methods
2.1. Site description

Both injections took place in the Area 2 research site of the Y-12
national security complex in Oak Ridge, TN, USA, which has been
described previously (Gihring et al., 2011). The three injection wells are
approximately 300 m downstream of the S3 ponds, which are the
contaminant center. Area 2 is less impacted by the S3 ponds than other
areas at the Y-12 complex, but still contains roughly 2 mg L™} uranium,
up to 25 mg L™! nitrate, and 50-70 mg L~! sulfate. The pH in Area 2 is
circumneutral, ranging from 6.4 to 7.6 during the monitoring period.

2.2. EVO injections

EVO injections in 2009 and 2017 utilized the same wells (FW212,
FW213, FW214). Details of the 2009 injection have been described
earlier (Gihring et al., 2011; Tang et al., 2013). The 2017 injection used
a 20 % EVO solution generated by the thorough mixing of 832 L of
pumped groundwater mixed with 208 L of 60 % SRS-SD EVO solution
(Terra Systems Inc., Claymont, DE, USA) consisting of 60 % (wt/wt)
soybean oil, 5.5 % food grade soluble substrate, <1 % proprietary
food-grade nutrients, 7.5 % proprietary food grade emulsifiers, pre-
servatives, and other organics, and <1 % vitamin B12. The EVO solution
was injected at 1 L/min simultaneously into the three injection wells
over the course of 5.8 h.

2.3. Groundwater sampling

In 2009, groundwater was collected and filtered through an 8 pm
pre-filter followed by a 0.2 um sample filter, as described previously
(Gihring et al., 2011). In 2017, groundwater was retrieved using a
peristaltic pump, and prior to each sample, water levels were measured
using an electric water level tape with a weighted probe (Solinst Canada
Ltd., Georgetown, ON, Canada). Groundwater was collected 6 days prior
to the injection on December 13, 2017, and 1, 8, 15, 22, 50, 78, 106,
134, and 372 days after the injection. Prior to groundwater collection,
three well volumes were purged and an AquaTroll 9600 (In-situ, Fort
Collins, CO, USA) was used to measure temperature, specific conduc-
tivity, dissolved oxygen, and pH. Groundwater was pumped at 250
mL/min and 10 L was collected in sterile amber glass bottles with no
headspace then transported at 4 °C to be filtered. Successive filtrations
were performed through a 10 pm polycarbonate (PCTE) filter followed
by a 0.2 um nylon or polyethersulfone (PES) filter using a peristaltic
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pump (Sterlitech, Kent, WA, USA). Several samples required multiple
filters due to clogging issues arising from the presence of oil. Filters were
stored at —80 °C until DNA extraction was performed.

2.4. Geochemical and microbial abundance measurements

Geochemical measurements from 2009 were obtained from (Gihring
etal., 2011). For the 2017 injection, an inductively coupled plasma mass
spectrometer (ELAN 6100, PerkinElmer, Inc., Waltham, MA, USA) was
used for trace elemental analysis. Ten mL of groundwater were collected
in trace-clean tubes with 1 % nitric acid preservative for Na, Mg, Al K,
Ca, Sc, Fe, Mn, Tb, and U measurements, described previously (Lovley
et al., 1996). Acetate, sulfate, and nitrate were analyzed using a Dionex
ICP 5000+ (ThermoFisher, Waltham, MA, USA) with a stepwise KOH
gradient on an AS-11 column with detection by electrical conductivity.
Chromeleon software (ThermoFisher Scientific, Inc., Waltham, MA,
USA) was used to perform calibrations and peak detection with manual
peak integration. In 2009, microbial abundance was assessed using
qPCR (Gihring et al., 2011). In 2017, the Acridine Orange Direct Count
(AODC) method was used to assess cell numbers (Francisco et al., 1973).
These measurements are not available for the time point of day 372.

2.5. DNA extraction and sequencing

In 2009 and 2017, DNA was extracted from 0.2 um filters with a
modified freeze-grind method. Briefly, PES filters were directly ground
in liquid nitrogen, while nylon filters were partially submerged in liquid
nitrogen and cut into roughly 2 x 2 mm pieces using sterile scissors
before freeze-grinding. The resulting freeze-ground media was then
incubated in a CTAB-based DNA extraction buffer with SDS, as described
previously (Zhou et al., 1996). The crude DNA was precipitated by
isopropanol and purified using DNeasy PowerSoil DNA isolation kits
with the bead beating step omitted (Qiagen, Germantown, MD, USA).
Amplicon libraries of the V4 region of the 16S rRNA gene were prepared
using the modified two-step PCR approach as described (Wu et al., 2015)
using 515F and 806R primers. Sequencing was performed using Illumina
MiSeq with a 500-cycle v2 MiSeq reagent cartridge (Illumina, San Diego,
CA, USA) as described (Caporaso et al., 2012). Amplification and
sequencing for samples of the two injections were performed in 2014
(using material from 2009 stored at —80 °C re-sequenced on a MiSeq
rather than with pyrosequencing) and 2018, respectively.

2.6. Sequence processing

The sequencing data were processed by USEARCH (version
11.0.667), including demultiplex, merge pairs with <10 mismatches
and > 80 % of alignment, trim primers without mismatch, and quality
filtering with <1 expected error and >100 fragment length. FastQC was
used to assess sequence quality (Andrews, 2024). Briefly, of the 4
sequencing runs performed, average Phred score was 37 in all cases. The
raw sequence data are available at the NCBI SRA under accession ID
PRJNA1084851. UNOISE3 was used to generate zOTU tables. For
samples with multiple filters, a single sample was generated by resam-
pling each zOTU table weighted by the amount of DNA obtained from
each extraction. Taxonomy information was assigned by RDP Naive
Bayesian Classifier with the Silva 138 reference database (Callahan
etal., 2016; Glockner et al., 2017; Wang et al., 2007), using the function
‘assignTaxonomy’ in DADA2 (Callahan et al., 2016). Multiple sequence
alignment was performed using MAFFT function in QIIME2 (version
2021.2) without masking (Bolyen et al., 2019; Katoh and Standley,
2013). FastTree (constrained; version 2.1.11) was used to construct
phylogenetic trees (Price et al., 2009). Phylogenetic alpha and beta di-
versities were calculated using the IEG statistical analysis pipeline
(http://ieg3.rccc.ou.edu:8080).
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2.7. Statistical analyses

All statistical analyses were performed in R version 4.2 or 4.3, with
randomly seeded functions using seed 0451. R function Ioncal (http
s://github.com/putt-ad/ioncal) was used to assess instrument perfor-
mance and final calibrations. The package Phyloseq was used for data
handling and diversity calculations (McMurdie and Holmes, 2013). The
zOTU table was rarefied to 10,449 reads per sample using the rngseed
0451. R package vegan was used for Mantel tests between geochemical
correlations (Oksanen et al., 2022). Function Maaslin2 from package
Maaslin2 (Mallick et al., 2023) was used for differential abundance
analysis of each injection separately using a cutoff of 1 % relative
abundance in either 12.5 % (2009) or 10 % (2017) of samples in order to
ensure the zOTU is present in sufficient wells at a single time point.
Additionally, well identifier (i.e., location) was specified as a random
effect and days after injection were used as the fixed effect, with the
preinjection time point as reference. Otherwise, the default settings were
used. Only zOTUs with a g-value of 0.05 or less and a coefficient greater
than 1 (roughly a 2.7-fold change) during the reductive phase were
selected for further analysis. Packages iCAMP and NST were used for
iCAMP and NST analysis (Ning, 2022a, 2022b). For iCAMP, the default
settings with no transformations were used. To ensure sufficient repli-
cates for NST, samples were grouped according to the geochemical state
of the injection (before, during, and after uranium reduction). For
taxonomic NST, the null model “PF” was used, and for phylogenetic
NST, phylogenetic shuffle was also incorporated. Otherwise, all NST
calculations were run with the default settings. Code modified from the
R package amplicon was used for alpha diversity visualization (Liu et al.,
2023). Packages ggplot2, ggcorrplot, and ggheatmap were used for the
visualization of results, in addition to the iTOL tool and itol.toolkit R
package (Letunic and Bork, 2021; Zhou, 2023). Community-level 16S
rRNA copy number analysis was performed as previously described (Dai
etal., 2022). A full list of packages and code are available at https://gith
ub.com/jpmichael93/Publications.

3. Results
3.1. Geochemical variables

In 2009, uranium concentrations in the aquifer decreased from a
mean of 1.9 mg L™} to 0.3 mg L™ by day 17 after EVO injection (Gihring
et al., 2011). By the final time point of Day 269, uranium concentration
was 1.05 mg L. Uranium concentrations in the control wells ranged
between 1.14 mg L 'and 1.3 mg L™! during the period. In 2017, ura-
nium concentrations in the monitoring wells decreased from 2.0 mg L™}
to 0.5 mg L™! after EVO injection (Fig. 1a), with the control well also
dropping from 1.7 mg L! prior to the injection to 1.1-1.4 mg L! after
the injection. Terminal electron acceptors such as nitrate, sulfate, and
iron showed similar patterns to uranium (Table S1). In 2009, nitrate
concentrations decreased from 13.3 mg L ™! to 1.2 mg L™! by day 31. In
2017, nitrate decreased from 13.3 mg L™ to 0.8 mg L™! by Day 8.
Sulfate had a lower minimum concentration in 2009 than in 2017 (6.3
mg L1 in 2009 versus 23.0 mg L™ in 2017). Iron remained at low levels
throughout both injections, except on Day 8 in 2017, when it was
elevated considerably in several wells. Acetate, a major products of EVO
degradation, peaked at much greater concentrations in 2009 (maximum
of 90.9 mg L™ in 2009 versus 22.5 mg L~! in 2017), but became un-
detectable by the end of the monitoring period in both 2009 and 2017
(Fig. 1b-e).

Measurements of specific conductivity, pH, Mn, Mg, Al, K, and Ca are
shown in Table S1. Spearman’s rank correlations of these geochemical
species indicated that, in both years, acetate was negatively correlated
with sulfate, uranium, and nitrate and positively correlated with man-
ganese, iron, and magnesium (|r|>0.4, Fig. 1f). Sulfate, nitrate, and
uranium were positively correlated with each other (Garcia, 2012). A
Mantel test of the Spearman’s rank correlations of these measurements
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indicated that these correlations were strongly self-correlated (Mantel r 3.2. Microbial abundance and a-diversities
= 0.82, P = 0.001, Fig. 1f), indicating that the directionality of the
geochemical changes was consistent between 2009 and 2017. U(VD) reduction and nitrate removal are mediated by indigenous

microorganisms (Gihring et al., 2011; Zhou et al., 2014). Therefore, we
examined microbial community succession after EVO injections.
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Consistent with the stimulatory effect of EVO, abundances of microbes
in groundwater measured by qPCR in 2009 or Acridine orange direct
count in 2017, increased considerably following both injections
(Fig. S1). In 2009, the measured abundance of microbes increased after
the injection in all wells. In 2017, the abundance increased in all
monitoring wells after Day 1. The control well FW215 showed compa-
rable increases in 2009 but not in 2017, likely because of the larger
quantity of EVO injected in 2009 refluxing into the control well.
Microbial a-diversities, calculated as Shannon index and Faith’s
phylogenetic diversity (PD), were decreased significantly (p < 0.05)
after EVO injection in 2009 and returned to pre-injection levels at the
end of the monitoring period (Fig. 2a, c; boxplots). Because of the
overdosed EVO injection that caused reflux, the control well showed
similar decreases in a-diversities, particularly in the time points imme-
diately after the injection (Fig. 2a, c; red circles). For both taxonomic
and phylogenetic indices in 2009, diversity remained significantly lower
after the injection until the end of the monitoring period, though
phylogenetic diversity decreased more than taxonomic diversity. In
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contrast, a significant decrease in microbial o-diversities was not
detected until day 8 after the 2017 injection (p < 0.05, Fig. 2b, d). For
both indices, diversity did not recover until Day 78 after the injection. As
in 2009, phylogenetic alpha diversity decreased more than taxonomic
alpha diversity. The a-diversities in the control well were relatively
stable over the monitoring period in 2017 for both phylogenetic and
taxonomic indices. Allen’s phylogenetic entropy, the phylogenetic
analog of Shannon a-diversity, was also significantly decreased after
both EVO injections, including in the control well in 2009. It recovered
to pre-injection levels by the end of each monitoring period (Fig. S2 c, d).
Richness, the taxonomic analog of Faith’s PD, showed similar trends to
Allen’s entropy (Fig. S2 a, b).

3.3. Microbial community compositions

Microbial communities in all wells, including the control, diverged
from those of pre-injection during the 2009 injection. At the final time
point of day 269, microbial communities returned to the pre-injection

7.5 1 o
c
([
be ° bc ¢ =
° ® abc = °
c [ ] ab
2 504 a L
S a @
<
; 5 B
2.5 1
0.0 1
6 1 8 15 22 50 78 106 134 37
Days after injection
200 1 d
ef f
c@ef (] $
150 cde def @
® ° e bcd
(@] ® abc
o
w
< 100 -
E= a
(T a ab
S
0-
6 1 8 15 22 50 78 106 134 372

Days after injection

Fig. 2. Shannon diversity (a and b) and Faith’s phylogenetic diversity (c and d) indices for 2009 (a and c¢) and 2017 (b and d). Red circles represent control well
values. Different letters represent significantly different groups (ANOVA p < 0.05).
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areas (Fig. 3a). Similarly, microbial communities had diverged by Day 8
after the EVO injection in 2017. The final time point of day 372 was the
least dissimilar from pre-injection (Fig. 3b). Fitting of environmental
variables showed that the maximal correlations between variables and
communities were associated with similar time points. Uranium, nitrate,
and sulfate decreased after both injections (Fig. 1a, b, d) and showed
correlations with earlier time points in 2009 and later time points in
2017, with both surrounding pre-injection and control time points,
while acetate and iron increased after injection (Fig. 1c, e) and corre-
lated with the middle time points on both ordinations (Fig. 3a, b).
Ordination within the same space revealed community shifts along the
same axis over time but demonstrated that the 2017 injection promoted
less dissimilarity than the 2009 injection (ANOSIM between control
wells/pre-injection samples and monitoring wells divided by year; 2009
r=0.54p = 0.01, 2017 r = 0.3 p = 0.01) (Fig. 3c). Pairwise PERMA-
NOVA analysis using a single grouping variable representing either
control wells throughout each injection or specific time points was
performed on a Bray-Curtis dissimilarity matrix representing all samples
from both injections. Broadly, control communities and later time points
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from both injections showed less variance explained by the grouping
variables compared to each other than during the time points closely
following the injection, while those early time points were more similar
to each other (Fig. 3d).

As the copy number of ribosomal RNA operons in bacterial genomes
predicts microbial community growth rate and growth efficiency in
response to nutrient availability (Roller et al., 2016; Wu et al., 2017), we
calculated the community-averaged 16S ribosomal RNA copy number
(rrn) for each sample. In 2009, rrn increased after the injection at Days 4
and 17 but decreased to pre-injection levels by Day 31. We observed the
same trend in rrn after the injection in 2017, with an increase following
the injection and a slow return to the pre-injection level as time pro-
gressed (Fig. S3).

We then evaluated zOTUs stimulated after the injection using
Maaslin2. Approximately 8.5 % of zOTUs (602 out of 7032) were sub-
stantially (greater than 2.7-fold increase) and significantly stimulated
during days 4, 17, 31, and 80 after injection in 2009 (Table S2), wherein
uranium concentrations were decreased. We also identified 408 out of
9773 zOTUs, approximately 4.2 %, that were significantly stimulated
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after injection in 2017 on Days 8, 15, 22, and 50 (Table S2) when ura-
nium concentrations were decreased. Notably, 242 zOTUs were stimu-
lated by both 2009 and 2017 injections (Table S2). Among them, some
zOTUs were affiliated with the genera Pelosinus, Desulforegula, Geo-
bacter, and Desulfovibrio, identified as mediators of EVO degradation by
(Gihring et al., 2011).

Numerous shared stimulated zOTUs have also previously been
associated with uranium reduction. A total of 72 zOTUs identified as
members of class Clostridia were identified as stimulated, generally
appearing on days 17, 31, and 80 in 2009 and 15, 22, and 50 in 2017.
Members of family Rhodocyclaceae (89 zOTUs) were also found to be
frequently stimulated, and have previously been associated with ura-
nium reduction (Martins et al., 2010). Most were stimulated at days 4,
17, and 31 in 2009 and 8, 15, and 22 in 2017, although some were also
more prevalent in the latter portions of the injections (Table S2). Order
Geobacterales was highly represented in the set of stimulated taxa (57),
as were members of genera Desulfovibrio (15), Desulfosporosinus (17),
and Pseudomonas (10), all of which have been shown to reduce uranium
(Wall and Krumholz, 2006).

When classifying stimulated zOTUs into coarser phylogenetic levels
(e.g., phylum or class), we found that 15 out of the top 20 classes were
detected. However, there were notable differences between 2009 and
2017. Specifically, stimulation in 2017 was less intense but more
broadly distributed among taxa. For example, Desulforegula was highly
stimulated in 2009, reaching up to 60 % relative abundance in some
wells (Fig. 4, Table S2). Desulforegula was also stimulated in 2017 but
was only up to 15 % relative abundance in some wells (Fig. 4, Table S2).
Acidovorax was present in 2009 prior to the injection at up to
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approximately 30 % relative abundance but was not stimulated by the
injection, whereas in 2017 it became prevalent after the injection at up
to 4 % relative abundance immediately after the injection, although
numerous y-Proteobacteria were stimulated and prevalent in both years
(Fig. 4, Table S2). Pelosinus was stimulated in both years, but only
reached a maximum of 15 % compared to 30 % in 2009. Notably,
members of the NK4A214 group and others of order Oscillospirales
followed similar trajectories in 2017 to those of Pelosinus in 2009, while
also being stimulated in 2009 (Fig. 4, Table S2). Methanogens, primarily
those from the class Methanomicrobia, were stimulated and became
more prevalent in the later stages of the injection after uranium reduc-
tion ceased but were not notably stimulated in 2017 (Table S2).

3.4. Community assembly mechanisms

We evaluated the ecological processes underlying community dy-
namics after EVO injections. First, we used null model analysis to
determine the normalized stochasticity ratio based on phylogenetic beta
diversity (pNST). We observed identical trends in both injections: sto-
chastic processes decreased after the EVO injections and then increased
during the recovery phases (Fig. S4). In both years, pNST was approxi-
mately 75 % before the injection, at the final time points of both in-
jections, and also in the control wells of both injections. Immediately
following the injection, stochasticity decreased to approximately 25 %.

To further explore community assembly mechanisms, we used the
iCAMP framework (Inferring Community Assembly Mechanisms by
Phylogenetic bin-based null model analysis) (Ning et al., 2020). We
observed an increase in selective processes after injection in both 2009

Oscillospirales
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Fig. 4. Phylogenetic tree summary of stimulated taxa. Inner ring (red heatmaps) represents maximum MaAsLin2 coefficient (In-fold change) achieved by the zOTU.
Outer ring (blue heatmaps) represent the natural log of the max relative abundance achieved by the zOTU. Internal colors represent phyla, labels are families. Taxa
discussed in the text are denoted by the outer brackets.
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and 2017 (Fig. 5a, b). Before injection, stochastic processes, including
dispersal limitation, homogenizing dispersal, drift, and others, showed a
relative influence of approximately 60 % in 2009 and 80 % in 2017 but
fell to lower than 30 % after the injection before returning to
pre-injection levels by the final time point in both years. In both years,
dispersal limitation was identified as the major stochastic process before
and after the influence of EVO, as well as in the control wells throughout
the injections. After the addition of EVO, dispersal limitation became a
minor process, with drift and other stochastic processes (which varied
much less than dispersal limitation) becoming more important to overall
stochastic assembly when deterministic processes were most important.
Deterministic processes, mainly homogeneous selection, had a stronger
impact on stimulated taxa than non-stimulated taxa (Fig. 5c, d).

4. Discussion

We detected similar succession patterns in geochemistry, microbial
community structure, and community assembly processes after EVO
injections, with an 8-year interval between 2009 and 2017 and different
amounts of injected EVO. In addition, we observed that comparable
phyla, classes, and orders responded in similar ways between the two
years, likely due to the influence of homogeneous selection observed
after the injection. Fig. 6 shows a conceptual diagram of our results.

4.1. Reproducible patterns of geochemical responses to evo injections

EVO has been tested as a bioremediation agent because it is inex-
pensive and promotes longer-term reducing conditions than other
aqueous injectates such as ethanol (Borden and Rodriguez, 2006). In
2017, we reduced the quantity of injectate from 3400 L to 1040 L
because both data from the injection and operator observations implied
that EVO injection quantity and speed countered the flow of
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groundwater. Regardless of EVO amount, we observed reducing condi-
tions within the subsurface for at least 4 months following both in-
jections (Table S1). However, uranium concentrations began
rebounding after Day 31 and returned to pre-injection levels by the end
of each monitoring period (Fig. 1a). Additionally, observed U minima
were higher in 2017 than in 2009, likely due to the decreased EVO
amount. This rebound was likely the result of not only influent U(VI) but
also re-oxidation of biotically reduced U(IV), as well as decreases in
other terminal electron acceptors critical to U reduction, most notably
sulfate.

Alterations to groundwater geochemistry after both 2009 and 2017
injections proceeded in a thermodynamically favorable pattern, with
decreases observed in nitrate, sulfate, uranium, and manganese and an
increase in soluble (reduced) iron (Fig. 1, Table S1) and in agreement
with our hypothesis i. Acetate peaked at much higher concentrations in
2009 than in 2017, which was likely caused by the higher amount of
EVO injected in 2009 since acetate is produced during long-chain fatty
acid oxidation (Fig. 1) (Sousa et al., 2009). However, the altered EVO
quantity does restrict us from drawing major conclusions about the
magnitude of geochemical change related to injection quantity — it is
unclear whether we would have observed the long-term decrease in U
concentrations with the same EVO amount, and the ways in which
different quantities of EVO may alter the dispersal in the subsurface
likely also impacted our results in indeterminate ways.

4.2. Reproducible patterns of microbial responses to EVO injections

At coarse phylogenetic resolution, the microbial community
response to both EVO injections is very similar (Fig. 4), verifying hy-
pothesis ii. Broadly, EVO injection stimulates Firmicutes, particularly
the NK4A214 group of class Clostridia, first, followed by Desulfo-
bacterota and then various nitrate, iron, or sulfate reducers, some of
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divided into geochemical and microbial successions. Geochemically, EVO degradation was coupled to the reduction of terminal electron acceptors including uranium.
Microbially, we saw similar trends in microbial successions, primarily in the form of stimulation of specific taxa which degrade EVO, which was reflected in the
homogeneous selection we observed, some of which ultimately reduce uranium. In terms of differences, the geochemical response in 2017 was more transient, and
the communities did not diverge as much following the injection. Moreover, we observed stimulation of different taxa at the ASV level, likely driven by stochastic

processes within those lineages. Created with BioRender.com.

which can also reduce uranium. Eventually, methanogens become
prevalent. This broadens but still agrees with the conceptual model
posited by Gihring et al., 2011 regarding the 2009 EVO injection.
However, the fine patterns of microbial community stimulation differed
between years. Of the 602 zOTUs stimulated in 2009 and 408 in 2017,
only 235 were shared (39 % from 2009, 58 % from 2017). For example, a
member of genus Pelosinus, a putative lipid hydrolyzer affiliated with the
Firmicutes phylum (Gihring et al., 2011), was highly stimulated by the
2009 injection, peaking at over 30 % in some wells. In 2017, the
response of the same zOTU of Pelosinus differs from 2009, peaking at 11
% (Fig. 4, Table S2). However, Firmicutes behaved similarly between
2009 and 2017, peaking around 35 % relative abundance at the early
time points of the injection (Fig. 4, Table S2), possibly due to a rapid
growth response to the new availability of nutrients (Wu et al., 2017).
Similarly, the genus Desulforegula, belonging to the order Geobacterales
was identified in 2009 as a likely mediator of long chain fatty acid
(LCFA) oxidation (Gihring et al., 2011), but peaked at approximately 5
% relative abundance in 2017 compared to 20 % in 2009. However,
Geobacterales responds consistently between the two years, peaking at
roughly 25-30 % in both years, indicating that this activity could be
conserved at this coarser taxonomic level (Fig. 4, Table S2). More
broadly, both the stimulation and maximum relative abundances in
2017 were less than in 2009, demonstrating a weaker stimulation, which
is expected given the substantial decrease in oil injected (Fig. 4).
Without EVO injections, the Oak Ridge field site has a variety of abun-
dant phyla including Proteobacteria, Nitrospirae, and Firmicutes, which
were of high temporal variability (King et al., 2017). It is possible that
the largely reproducible patterns of microbial responses to EVO injec-
tion arose from the ‘microbial seed bank’, which confers an advantage in
response to environmental changes (Long et al., 2016). Thus, the seed

bank of the Oak Ridge field site likely contained organisms capable of
rapidly responding to EVO injection. To understand resiliency, infor-
mation about rare organisms is critical to predicting community tra-
jectories. For example, Geobacter was low in abundance at our study site
(Table S2), yet acetate addition caused it to bloom and dominate the
active microbial community (Anderson et al., 2003). Geobacter, Desul-
fovibrio, and members of the family Comamonadaceae consumed acetate
while reducing nitrate, uranium, sulfate, and iron (Adav et al., 2010;
Wall and Krumholz, 2006). The resulting carbon dioxide could be used
by Methanobacteria and Methanomicrobia for methanogenesis, which
has broader implications for the overall ecosystem function. Bicarbonate
and acetate also stimulated the release of uranium adsorbed to ferric
iron oxyhydroxide mineral surfaces, leading to a higher U (VI) reduction
rate by Geobacter and other species (Long et al., 2015).

The dynamic succession of microbial community could be explained
by the analogous r/K-strategy, which described the fast-growing r-
strategists and slow-growing K-strategists (Wu et al., 2017). Nutrient
addition shifts K-strategists toward r-strategists, as evidenced by
increased community-averaged 16S rrn (Dai et al., 2022; Wu et al.,
2017), which was also documented in this study (Fig. S3). At the end of
the monitoring period, microbial communities returned to higher rich-
ness and biodiversity, showing a sign of K-strategy dominance (Fig. 2)
(Cycon et al., 2013).

4.3. Taxonomic resolution-dependent detection of community assembly
processes

Determining the drivers of community structure and succession in
response to environmental change is a central topic in ecology.
Numerous previous studies demonstrated that both stochastic and
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deterministic processes are important in controlling microbial commu-
nity composition and structure, but their relative importance depends
on individual ecosystems and environmental conditions (Zhou and Ning,
2017). In this study, we identified a transition to more deterministic
community assembly following EVO amendment using the 16S rRNA
gene and phylogenetic binning-based null model analysis. This is in
direct contradiction to the pattern observed based on the functional gene
composition and structure as detected by functional gene arrays and
taxonomic null model analysis (and as such our hypothesis iii), which
showed that the responses of microbial community functional gene
structure to EVO injection were more stochastic (Zhou et al., 2014). We
suspect that the apparent contradiction is most likely due to the differ-
ences in the taxonomic resolutions of the molecular markers used for
analyzing community structure. Functional genes present on the arrays
can have higher taxonomic resolution (e.g., strains, species) than the
16S rRNA gene-based approaches (e.g., genera, families) (Escalas et al.,
2019; Louca et al., 2018; Martiny et al., 2015; Zhou et al., 2015). It
seems that EVO injection selected for different phylogenetic lineages
which are capable of rapidly using the injected EVO or its degradation
products (e.g. within phylum Firmicutes during the initial oil degrada-
tion phase or within order Geobacterales during LCFA oxidation), which
became overwhelmingly dominant compared to other community
members. Thus, the measurable diversity of the microbial communities
decreased, and the microbial community was largely deterministic
based on 16S rRNA gene analysis. However, since more carbon sub-
strates became available after EVO injection, more species/strains
within the selected lineages could grow and coexist. Consequently,
within those lineages stochastic birth and death would become very
important and the diversity of the microbial communities based on
functional genes increased after EVO injection (Zhou et al., 2014), all of
which would result in the high importance of stochastic processes in
shaping microbial community functional gene structure and succession
following in EVO injection. However, with either of these markers we
are unable to identify genomic features that could be responsible for the
reproducibility we observed, including horizontal gene transfer of, for
example, oil degradation genes, that may have been important to
conferring redundant functionality to other members of subsurface
communities. This could alter rates of EVO degradation or result in
alternative lineages capable of degrading oil, leading to some of the
differences in community structure that existed between the injections.

5. Conclusion

In this study, we compared the impacts of two EVO injections into
the same groundwater wells separated by an 8-year gap at Oak Ridge,
TN, USA, which was one of the largest nuclear waste disposal sites in the
world. Despite a lower EVO dosage in 2017 compared to 2009, the in-
jections promoted similar geochemical changes and microbial commu-
nity successions governed by the shift from stochastic to deterministic
community assembly based on 16S rRNA gene analysis. The microbial
responses were conserved at a coarse phylogeny, but only approximately
50 % of responding zOTUs overlapped.

Our study empowers the merit of repeated longitudinal studies,
which provide additional robust, reliable data than snapshots derived
from single time points for testing theories about microbial community
assembly and their responses to external perturbations. Future work can
build upon the present results and investigate the rates of metabolite
turnover and individual microorganisms more thoroughly. By address-
ing the challenge of validating the consistency and predictability of
microbial responses, our study will be important for industrial applica-
tions of groundwater biostimulation by further constraining how the
targeted microbial community will respond to nutrient injections.

Figure S1: The log (2) fold change in abundance from the pre-
injection time point in 2009 measured by qPCR of 16S rRNA genes (a)
and in 2017 measured by Acridine Orange direct count (b).

Figure S2: Richness and Allen’s Entropy indices for 2009 (a and c)
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and 2017 (b and d). Red circles represent control measurements,
different letters represent significantly different groups (p < 0.05).

Figure S3: Community average 16S rRNA gene copy number (rrn) in
2009 (a) and 2017 (b). Control points are represented by red dots.

Figure S4: Null model analysis for the 2009 injection (a) and the
2017 injection (b). Colors represent NST procedure; pNST used phy-
loshuffle (red), while tNST model PF (blue). Groups represent phases of
the injection. Group 1 consists of day —28 in 2009 and days —6 and 1 in
2017. Group 2 consists of days 4, 17, 31, and 80 in 2009 and days 8, 15,
22, and 50 in 2017. Group 3 consists of days 140 and 269 in 2009 and
days 78, 106, and 134 in 2017. The control group consists of all control
well measurements.

Table S1: all geochemistries measured during the 2017 injections.
The 2009 geochemistries were also shown in the supplemental material
of Gihring et al., 2011.

Table S2: Stimulation coefficients and peak relative abundances for
stimulated zOTUs. Coefficients are approximately In-fold change. Blank
entries indicate that the zOTU of interest was not stimulated in that year.
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