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Summary

The consequences of soils exposed to hydraulic frac-
turing (HF) return fluid, often collectively termed
flowback and produced water (FPW), are poorly
understood, even though soils are a common recep-
tor of FPW spills. Here, we investigate the impacts on
soil microbiota exposed to FPW collected from the
Montney Formation of western Canada. We measured
soil respiration, microbial community structure and
functional potentials under FPW exposure across a
range of concentrations, exposure time and soil
types (luvisol and chernozem). We find that soil type
governs microbial community response upon FPW
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exposure. Within each soil, FPW exposure led to
reduced biotic soil respiration, and shifted microbial
community structure and functional potentials. We
detect substantially higher species richness and
more unique functional genes in FPW-exposed soils
than in FPW-unexposed soils, with metagenome-
assembled genomes (e.g. Marinobacter persicus)
from luvisol soil exposed to concentrated FPW being
most similar to genomes from HF/FPW sites. Our
data demonstrate the complex impacts of microbial
communities following FPW exposure and highlight
the site-specific effects in evaluation of spills and
agricultural reuse of FPW on the normal soil
functions.

Introduction

Hydraulic fracturing (HF) operations to extract hydrocar-
bons occur globally, in both terrestrial and marine set-
tings, despite intense debates about its sustainability and
environmental impacts (Zhong et al., 2021a; Zhong
et al., 2021b). HF generates flowback and produced
water (FPW) and is particularly water-intensive for fractur-
ing horizontal wells (Vengosh et al., 2014; Kondash
et al., 2018). FPW surface spills during handling, storage,
transport, or treatment result in the contamination of soil,
surface water bodies and shallow aquifers (U.S. Environ-
mental Protection Agency, 2015). In the United States
alone between 2005 and 2014, 6622 spills were reported
from 21 300 wells, which was drilled for unconventional
resource across Pennsylvania, Colorado, North Dakota
and New Mexico (Maloney et al., 2017). For the same
regions and time period, another study reported annual
spillage rates of 2%—16% for 31 481 wells for unconven-
tional resource (Patterson et al., 2017).

FPW chemistry is complex, including a wide range of
inorganic elements, hydrocarbons, chemical additives
and radioactive compounds (Warner et al., 2013, 2014;
Maguire-Boyle and Barron, 2014; Orem et al., 2014;
Akob et al., 2015; Ferrer and Thurman, 2015; Harkness
et al., 2015; Nelson et al., 2015; Rowan et al., 2015;
Stewart et al., 2015; Cozzarelli et al., 2017; Luek and
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Gonsior, 2017; Shrestha et al., 2017, Tasker
et al., 2018). However, many of the components are not
well characterized (He et al., 2018; Sun et al., 2019),
thus, conducting ecotoxicological assessments is essen-
tial to understand the impact of FPW spills (McLaughlin
et al., 2020a; MclLaughlin et al., 2020b). There is cur-
rently ample evidence suggesting FPW spills have
adverse effects on aquatic ecosystems, including compo-
sitional shifts and growth reduction in microbial communi-
ties (Kekacs et al., 2015; Akob et al., 2016; Fahrenfeld
et al., 2017; Ulrich et al., 2018; Zhong et al., 2020),
impairment of development, growth, survival, behaviour,
and reproduction in invertebrate and vertebrate aquatic
species (Blewett et al., 2017; Cozzarelli et al., 2017; He
et al., 2017; Hossack et al., 2018; Wang et al., 2019;
Folkerts et al., 2020; Lu et al., 2021), as well as potential
human effects (Kassotis et al., 2015, 2016; Orem
et al., 2017). Despite these known effects, the conse-
quences of FPW spills on soils are poorly understood.
Soil health is of economic (e.g. agriculture) and ecologi-
cal (e.g. nitrogen fixation and organic matter decomposi-
tions) importance, and also influences adjacent
groundwater (e.g. pollutant migration) and the atmosphere
(e.g. biogeochemical cycling) (Hou et al., 2020). Soils are
frequently exposed to FPW contamination, receiving
approximately 64% of total spills related to HF (U.S. Envi-
ronmental Protection Agency, 2015). Microbial communi-
ties are critical for the normal functioning of soils
(Delgado-Baquerizo et al., 2016) and, depending on soil
types (e.g. forested alkaline luvisol and grassland nutrient-
rich chernozem) respond to hydrocarbon contamination
differently (Hamamura et al., 2006). Previous work by
others used synthetic FPW to mimic FPW spills on micro-
bial communities, including studies that ran experiments
with single components (Kekacs et al., 2015; McLaughlin
et al., 2016; Mumford et al., 2018; Akob et al., 2021).
These studies showed that changes to microbial commu-
nity composition may facilitate the mitigation of FPW con-
taminants by stabilizing metals and driving the
biodegradation of synthetic and natural organic com-
pounds (Chen et al., 2016; McLaughlin et al., 2016; Heyob
et al., 2017). However, synthetic FPW is not fully analo-
gous to the complex chemistry and microbiology of FPW
collected from HF wells. Furthermore, the consequences
of FPW spills across different soil types remain unstudied.
In this study, our hypothesis was that FPW exposure
disrupts normal soil functions associated with microbial
communities. We collected FPW from active HF regions
in western Canada and luvisol and chernozem soils from
the same regions. These two soil types are common in
regions with unconventional oil and gas exploitation. We
measured changes in soil respiration, microbial commu-
nity structure and functional potentials across a range of
FPW exposure concentrations and exposure time for the
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two soil types (Fig. 1). This study enables improved iden-
tification and assessment of HF-FPW environmental foot-
prints on soils.

Results
Geochemistry of FPW and soil samples

FPW and soil characterization data were used to identify
potential disturbances when the soil was exposed to FPW.
The FPW wused is characterized by high salinity
(109 +4 gL' TDS), enriched metals, organic com-
pounds, nitrogen, sulfur and in relatively reduced form
(Table 1; for additional profiling, see Table S1; for detailed
results, see Supporting Information). Notably, an important
observation was that a visible oil layer on top of our FPW
sample, which is in stark contrast to many FPW of little
condensate from the U.S. shale gas system. Polyethylene
glycols (PEGs) and alkyl ethoxylates (AEOs) were
detected as major chemical additives in the FPW sample
(Fig. S1). However, many organic compounds remain uni-
dentified. Comparing the composition of FPW with that of
the soil, as well as soil quality guidelines (Canada Council
of Ministers of the Environment, 2007), high salinity, car-
bon and nitrogen contents, and trace metals such as As
(30.81mgL™") and Mo (46.24 mgL™"), depending on
exposure levels, were more likely to have effects on the
soil quality.

The high amount of total C, N, S and P in the cherno-
zem soil suggests that more nutrients are available in
chernozem than luvisol for use by microbial communities.
The high nutrient content and biodegradation potentials
represent typical features of chernozem and are consid-
ered among the best soil types for agriculture (Altermann
et al., 2005). Chernozem also contained greater silt and
clay fractions, a lower fraction of sand, higher moisture
and higher abundances of Al, K, S and Fe, and the trace
elements Se, Rb, Cd and Cs. In contrast, luvisol con-
tained more Ca and Zn. The pH of luvisol was 7.9, while
the chernozem had a pH of 6.1. Using TOC and Cl as
markers to estimate relative organic and salinity distur-
bances in luvisol and chernozem soils, undiluted FPW
exposure constitutes the addition of 4% organic carbon
to luvisol and only 0.6% to chernozem, while ClI inputs to
luvisol and chernozem represent greater than 100-fold
and 20-fold increases respectively.

Temporal changes in soil respiration activity

We measured total headspace CO-—O, concentrations
with corresponding abiotic controls in parrel to estimate
biotic respiration, including FPW-unexposed soils
(i.e. soil exposed to only sterile deionized water), and
soils exposed to 5% and 50% FPW. Overall, exposure to
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Fig. 1. lllustration of experimental design from sample preparation, characterization, exposure incubation and data analyses. Soil and FPW sam-
ples were all collected from the unconventional oil and gas development region in western Canada to best mimic the actual exposure scenario.
Microbiol response to FPW exposure was investigated using time-series data of respiration, community structure and functional potentials, which
are all important aspects of microbial communities and allow to confirm the conjectures induced from one to the other. Motivated by improved
management in FPW spills, inadequate discharge and reuse of FPW in the soil environments, any shifts in measured parameters related to soil
health and normal functions, resistance and resilience, and contamination indicators were of particular interest.

any tested concentration of FPW significantly (ANOVA,
P < 0.001) inhibited both biotic CO, release and O, con-
sumption for both soil types over the course of 35 incuba-
tion days (Fig. 2, Table S2). At day 35, the biotic CO,
released from luvisol exposed to 5% FPW was 1.5-fold
less than in the unexposed soil (6.35 = 0.34 mg L™"), and
for chernozem, it was twofold less when exposed to FPW
compared to the unexposed soil (12.41 +0.98 mgL ).
The biotic CO, releases were near threefold lower in both
luvisol and chernozem exposed to 50% FPW than in the
unexposed soils. Compared to the FPW-unexposed sam-
ples, the biotc O, consumptions from luvisol
(2.30 + 0.35 mg L~ ") and chemozem (2.33 + 0.22 mg L")
exposed to 5% FPW were 1.2-fold and 2.3-fold less
respectively; from luvisol and chernozem exposed to 50%
FPW were 3.4-fold and 10.6-fold less respectively. Com-
pared to soil not exposed to FPW, the reduction of the bio-
logical conversion rates from TOC to CO, for chernozem
and luvisol at 5% FPW exposure were 50% and 33%
respectively, and at 50% FPW exposure were 64% in both
soils. Moreover, CO, and O, respiration rates in both soils
exposed to either 5% or 50% FPW treatment did not
recover to the respiration levels observed in soils not
exposed to FPW during 35 days of incubation.
Interestingly, intense abiotic CO, release and O, con-
sumption were identified in chernozem at all exposure

levels in the 0-7 days of incubations (for abiotic data,
see Fig. S2); the higher the exposure levels, the higher
abiotic O, consumption was observed. The abiotic CO,
release and O, consumption dramatically reduced to
approximately zero in chernozem at any exposure levels
following the rest of the incubation time. In contrast, no
abiotic process was found for luvisol throughout 35 days
of incubation. For chernozem exposed to 50% FPW, the
abiotic O, consumption contributed almost all of the total
O, consumption throughout the course of incubation,
despite considerably biotic CO, release was observed.
The CO.—0, data demonstrate that the soil could be
influenced through biotic and soil-dependent abiotic pro-
cesses (e.g. chemical reactions) following FPW
exposure.

Shifts in microbial community structure

Changes in microbial communities at 0 (FPW-unexposed
soils)-100% FPW exposure were also investigated to
fully identify the threshold for microbial communities to
respond to FPW exposure, and provide insights into the
community changes leading to soil respiration changes.
The pristine soils (raw soils collected from the sites) were
present to estimate the potential difference of microbial
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Table 1. Selected geochemistry properties of FPW and the luvisol and chernozem soil samples.

Soils
Profile FPW Luvisol Chernozem
Conductivity (uS cm™") NM 56 + 11 44 + 11
TDS 109 +4gL~" NM NM
Clay (%) NM 11.19 + 0.46 17.77 + 1.00**
Silt (%) NM 17.47 + 3.20 33.97 + 0.71*
Sand (%) NM 71.34 +2.82 48.26 + 1.37**
pH 6.14 £ 0.02 7.89 + 0.14 6.06 + 0.07***
Moisture (%) NM 147 £ 04 29.7 £ 0.7
Na 30900 + 290 mg L™ 135 mg kg™’ 209 mg kg™
cl- 63100 + 261 mg L™ 5.72 + 0.63 mg kg™ 29.70 + 15.78 mg kg~
Fe 2497 +157mgL™"’ 18 500 mg kg™’ 25 100 mg kg™
Pb 12.23 +1.90mg L™ 4.55mg kg™’ 13.6 mg kg™’
Ca 6340.82 + 64.76 mg L~ 9340 mg kg™’ 4390 mg kg™’
As 30.81+2.03mgL"’ 4.34 mg kg™’ 6.22 mg kg™
P ND 420 mg kg~ 947 mg kg™
S 311.64 +£10.45mg L™ 130 mg kg™’ 650 mg kg™
Al ND 9830 mg kg™’ 21,800 mg kg~
Cd ND 0.0826 mg kg~ 0.278 mg kg™
\Y ND 39.2 mg kg™’ 722 mg kg’
Cs NM 0.83 mg kg™’ 211 mg kg™’
Se NM 0.08 mg kg™’ 0.65 mg kg™
Rb NM 7.95 mg kg™’ 30.5 mg kg™’
Mg 843.51 +19.54 mg L™ 5260 mg kg’ 4610 mg kg™
K 1208.28 + 8.47 mg L™’ 1190 mg kg™’ 3780 mg kg~
Mn 456 +0.10mg L™ 201 mg kg™ 257 mg kg™
B 30.44 £ 259 mg L’ <209 mg kg~ <212mgkg™’
Mo 46.24 +589mg L’ 0.53 mg kg’ 0.877 mg kg™
NH,* 412.72 £ 1043 mg L™ 0.43 + 0.05 mg kg™ 0.65 + 0.16 mg kg™
S0,.2~ 58.73+0.92mgL"’ 2.19 + 0.28 mg kg™ 33.58 + 0.94 mg kg~ "***
PO~ 0.08 +0.00mgL™" 0.18 + 0.01 mg kg™ 0.52 + 0.02 mg kg~ ™*
NO3~ 0.03 +0.00mgL™" 0.36 + 0.15mg kg™ 5.42 + 0.02 mg kg~
TOC 344,57 +50.93mg L 0.84 + 0.02 wt./wt.% 5.48 + 0.05 wt./wt.%***
TN 366.07 + 8.47 mg L™’ 0.07 + 0.00 wt./wt.% 0.50 + 0.01 wt./wt.%***

pH and conductivity were measured on site (soils at two sites were randomly selected into four parts for measurement; n = 4). The remaining
analyses were conducted under laboratory conditions (bulk soil collected from sampling sites was subdivided into three parts for measurements:
n = 3). Data shown as average + standard deviation. Asterisk represents a significant difference between luvisol and chernozem soils
(*P <0.05, **P < 0.01, *™*P < 0.001). Significance tests were not applicable to data without replicates. This table only shows differing chemistry
between luvisol and chernozem and a full chemistry profile for FPW and both soil types are provided in Table S1.

ND: not detected; NM: not measured; TDS: total dissolved solids; TOC: total organic carbon; TN: total nitrogen.

communities from FPW-unexposed soils. We found a sig-
nificant (P = 0.001) reduction of diversity (Shannon
Diversity and Inverse Simpson indices) in luvisol exposed
to =50% FPW, but no influence of FPW on chernozem
microbial diversity at any exposure (Fig. 3A). A notable
change in taxonomic compositions was identified in
>50% FPW exposure in luvisol and 100% FPW exposure
in chernozem, and their shift trajectories were distinct
from each other (Fig. 3B). The soil type explained 56.4%
(Axis 1) of the shifts in microbial community compositions
on the PCoA ordination (R® = 0.48, P = 0.001). Within a
soil type, the FPW exposure explained 5.1% (Axis 2) of
the shifts in microbial community compositions (for addi-
tional discussion, see Supporting Information). The sam-
ple dissimilarity distance within each soil (Fig. 3B)
suggested that FPW exposure effect was stronger in the
luvisol than in the chernozem. Incubation time had no
influence (R® =0.02, P = 0.128) on the dissimilarity of

community compositions between samples. Microbial
community compositions in the two soils exposed to
>25% FPW at day 0 (sampled immediately after adding
FPW) had relatively small shifts in relationship to Axis
2. The rapid shifts in microbial community composition
were likely caused by the input of non-sterile FPW, the
original community compositions of the soils may have
been altered by the addition of concentrated FPW, and
possible sampling/sequencing variation. Envfit analysis
presented the top 10 abundant genera that significantly
(P < 0.05) correlated to the PCoA dissimilarity (Fig. 3B).
Most of the genera were common soil microbes, except
for Marinobacter, which was explicitly found in luvisol
exposed to FPW.

Evidence of the impacted soil microbiota following
FPW exposure can also be found in the taxonomic pro-
files based on 16S rRNA gene amplicons (Fig. 4A). Com-
pared to FPW-unexposed soils, there was a reduction of

© 2022 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 24, 4108—4123
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Fig. 2. Soil respiration changes under FPW exposure. Biotic CO, release under exposure to 0%, 5% and 50% FPW in (A) luvisol and
(B) chernozem, and biotic O, release (*-” represents consumption) in (C) luvisol and (D) chernozem. For each soil and each gas, the increase/
decrease of total concentration is shown as well as the daily rate of change (biological triplicates in incubation; n = 3). Data for abiotic control
groups (the same mixing ratios of FPW with pre-sterilization processes before incubation) are presented in Fig. S2.

relative abundance of Acidobacteria for both luvisol
(by 9.85%) and chernozem (by 10.45%) exposed to
100% FPW at day 27, and a reduction was observed for
Proteobacteria in chernozem (by 11.72%) exposed to
100% FPW at 9 and 27 days of incubation. At day
27, exposure to 100% FPW caused the bacterial phylum
Firmicutes to increase in luvisol, and that increase was
more profound in chernozem. The relative abundance of
Firmicutes in chernozem exposed to 100% FPW was
37% higher than unexposed chernozem at day 27. The
anaerobic bacterial phylum Deferribacteres, not detected
in FPW-unexposed or pristine luvisol and chernozem,
was also enriched in both soils following FPW exposure
(maximum 3% in luvisol exposed to 100% FPW at day
9). The other investigation was the FPW exposure on the
selected microbial taxa associated with the nitrogen turn-
over, including all genera within the typical nitrogen-
associated phyla Nitrospirae and Thaumarchaeota, as
well as the reported genera markers across the microbial
phyla (Pajares and Bohannan, 2016). No evidence
showed that FPW exposure causes the change of the
abundance of nitrogen-associated microbes. The differ-
ence between the two soil types was that chernozem had

a substantially higher relative abundance of nitrogen-
associated microbes than luvisol throughout incubation
(Fig. S3).

We reported the taxonomic compositions at the
amplicon sequence variant (ASV) level to give a high res-
olution of the shifted microbial community structure.
Based on the diversity analyses, we regrouped our sam-
ples into untreated (unexposed soils plus pristine soils;
n = 5), low (0.5-5% FPW; n = 8) and high exposure
levels (50-100% FPW; n = 8) for each soil, independent
of incubation time. The 25% FPW series samples were
not used for grouping because their ambiguous positions
in the PCoA plots were at the boundary between low and
high exposure levels. The ASV distribution across differ-
ent exposure levels for both soils is shown in the Venn
diagrams (Fig. 4B). The core ASVs (i.e. ASVs observed
in every group) derived from soils made up 20%—-30% of
the total community for both soils upon FPW exposure.
The ASVs unique to the untreated group for both soils
were 4%—-9% of total ASVs, 10%—20% were unique to
low-exposure levels, and 22%—23% were unique to high-
exposure levels. The unique ASVs may be derived from
FPW itself or could have been present at low abundance

© 2022 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 24, 4108-4123
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Fig. 3. 16S rRNA gene ASV analyses showing the temporal change in microbial community alpha- and beta-diversity to exposure of FPW con-

centrations (0%—100%) over the course of 27 days.

A. Analysis of alpha diversity across exposure levels. Observations at different time points were pooled for each exposure level. Only Shannon
and Inverse Simpson diversity significantly decreased in luvisol exposed to 50% and 100% FPW. ***P < 0.001, **P < 0.01 ANOVA test (Tukey
HSD test after ANOVA test to confirm differences across each group are significant).

B. PCoA ordination of Bray—Curtis distance based on relative abundance of ASV in the soils at different FPW exposure levels across luvisol and
chernozem, and PCoA ordinations of the two soils separately. Vectors indicate the influence of the 10 most abundant ASVs on the compositions
in the main ordination. These analyses were performed using ASVs normalized to 5000 sequences per sample, resulting in eight chernozem

samples not having enough reads to be included (see Methods).

in the soil before FPW exposure. Through the investiga-
tion of the changes of the top 100 abundant ASVs across
both soil types (Fig. S4), we found the relative abun-
dance of the bacterial genus Marinobacter substantially
increased (up to 21% of the total community) upon expo-
sure of the luvisol to 50% and 100% FPW following
27 days of incubation (Fig. S5). The relative abundance
of Halanaerobium increased from 0.2% to 1.7% of the
total community in luvisol exposed to =50% FPW. In
comparison, there was no increase in either
Marinobacter sp. or Halanaerobium sp. in chernozem
upon 50% or 100% FPW exposure, but unclassified
Bacillaceae species (ASV1115 in the Fig. S4) were con-
siderably enriched (up to 10% of the total community)

following 100% FPW exposure. Additionally, the ASVs
lost in the high exposure level compared to the untreated
level were identified, which could be the taxa sensitive to
FPW exposure. The results showed that 181 ASVs in the
untreated level of luvisol (making up 7.85% of the total
sequences) and 69 ASVs in the untreated level of cher-
nozem (making up 6.13% of the total sequences) dis-
appeared in their soils at high exposure levels. The lost
ASVs in luvisol were mainly Proteobacteria (3.56% of the
total sequences). However, lost ASVs were mainly asso-
ciated with the Proteobacteria (1.96% of the total
sequences) and Acidobacteria (1.59% of the total
sequences) for chernozem. Although some ASVs lost in
the soils exposed to concentrated FPW, the subsequent
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Fig. 4. Taxonomic analysis of pristine soil and soil exposed to FPW (0%, 0.5%, 5%, 25%, 50% and 100%) across two soil types, luvisol and cher-

nozem, at multiple exposure levels and time.

A. Phylum-level taxonomic distribution of 16S rRNA ASVs at all FPW exposure levels and time point.

B. Phylum-level taxonomic distribution of the full-length 16S rRNA genes of the soil samples with shotgun metagenomic sequencing.

C. 16S rRNA gene ASV Venn diagram showing the distribution of ASV across groups of untreated, low-exposure level (0.5%—5% FPW) and
high-exposure level 50%—100% FPW) for both luvisol and chernozem soils. The exposure levels are listed in the bottom x-axis and asterisk rep-
resents the pristine soils. The exposure time and its order within each exposure level are listed in the upper part of x-axis.

influence on soil functions remains investigated, as most
of the lineages associated with the disappeared ASVs in
both soils were previously less studied.

The analysis of full-length 16S rRNA gene from the
metagenomes was used to support the observation from
ASV analysis and provide additional results of the shifted
microbial community compositions following FPW exposure.
Overall, increases in relative abundance of Gram-positive
Actinobacteria in both soils (e.g. Propionibacteriales in luvisol
and Gaiellales in chemozem were enriched after concen-
trated FPW exposure), and Firmicutes in chermozem
(Fig. 4C). We confirmed increases in the relative abundance
of Marinobacter in luvisol using the full-length 16S rRNA
gene (for a comparison of phylum-level taxonomic profiles
between 16S rRNA gene ASV and the fulllength 16S rRNA
gene datasets, see Fig. S6). In the full-length 16S rRNA
gene-based dataset, sequences associated  with
Marinobacter increased from 0.7% to 3.7% in the luvisol
exposed to 50% FPW after 27 days, while no Marinobacter
sequences were detected for the luvisol without FPW expo-
sure. Similar increases were also observed for Hal-
anaerobium and Bacillaceae in luvisol and chernozem
respectively.

Shifts in gene diversity and abundance

FPW exposure may affect normal soil functions as
changes are observed in respiration activites and

microbial community structure. To examine the changes
in functional potentials of the soil microbial communities,
the same DNA used for 16S rRNA gene ASV-based ana-
lyses for both unexposed soils and soil exposed to 50%
FPW at day 0 and day 27 were selected for shotgun
metagenomic sequencing. The cluster analyses showed
that overall functional potentials (KO functions by normal-
ized gene counts) were primarily clustered by soil type,
and FPW exposed soil and unexposed soil formed sub-
clusters for each soil type (Fig. 5A). Furthermore, the
functional gene count and estimated copy number
diverged between FPW exposed and unexposed soils
(Fig. S7A).

Owing to the dramatic difference between soil types,
we only compared the distribution of KO functional genes
across samples within each soil and the result is shown
in Fig. 5B. The number of core functional genes that were
independent of exposure levels was consistent between
soil types. Exposure to FPW increased the number of
unique functional genes (i.e. functional genes exclusively
detected in one group) in luvisol at day 0 incubation, and
unique functional genes further increased for both soil
types after 27 days of incubation. After 27 days, a 22-fold
increase in unique functional genes in FPW exposed
chernozem and a 14-fold increase in unique functional
genes in exposed luvisol was observed.

Gene counts related to xenobiotic biodegradation and
metabolism, lipid metabolism, and carbohydrate metabolism
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Fig. 5. Endpoint-based comparative functional analysis of selected soil samples with no FPW added and soil exposed to 50% FPW across both

soil types.

A. Cluster analyses of KO functional gene matrix (gene counts) revealing a three-layer structure in the community with soil types being most
important followed by FPW exposure levels and incubation time. Sample labels: soil type_FPW fraction of the total fluid (vol./vol.%)

incubation days.

B. Venn diagram showing the distribution of KO functional genes and core KO functional genes across selected samples within luvisol and cher-

nozem soils.

C. Temporal changes of normalized gene count relative to their original counts (reads per million, %) that classified to KEGG categories across
soil types for soil groups exposed to 50% FPW and unexposed to FPW. Temporal changes of gene counts in cell motility (triangle) in chernozem
are substantially beyond the x-axis limits (1303% in 50% FPW exposure level and 146% in 0% FPW exposure level). In the barplot, the colour

legends for samples are labelled in the cluster analyses shown in Fig. 5A.

were higher in unexposed chermozem than luvisol
(Fig. S7B). We found that gene counts related to these
broader pathways increased in luvisol soils exposed to
50% FPW, but decreased in chernozem under the same
conditions (Fig. 5C). However, gene counts of signal trans-
duction, membrane transport and cell motility increased in
chernozem exposed to 50% FPW.

At the gene level, increased gene counts and esti-
mated copies of alcohol dehydrogenase and alkane
1-monooxygenase (alkB1_2), genes involved in biodeg-
radation and detoxification of organic compounds, were
found at higher abundance in luvisol exposed to 50%
FPW relative to luvisol unexposed to FPW (Fig. S7C
and Fig. S7D). Cytochrome p450 and various mono-
oxygenases and dioxygenases for hydrocarbon degra-
dation were present, but only at low abundance and
their abundance did not change after exposure to FPW
for both soils (Fig. S8). Increased counts of multidrug
efflux pump genes (mexY, amrB, mexF, mdtC) were
found in chernozem exposed to 50% FPW relative to
the FPW-unexposed chernozem. Importantly, key genes
(narB, narG, narl, nirB, nirD, nirK) involved in nitrogen
cycle (Li et al., 2018) were enriched in both soils
exposed to 50% FPW relative to FPW-unexposed soils
(Fig. S8).

Distinct clades of FPW genomes and MAG functions

We analysed metagenome-assembled genomes (MAGs)
recovered from the shotgun metagenomic datasets to fur-
ther understand the phylogenetic relationships and func-
tional potentials of microbial species exposed to FPW
stress. Four medium- to high-quality MAGs (complete-
ness >50%, contamination <10%), MAGs 1-3 were
recovered from the luvisol sample exposed to 50% FPW
at day 27 and MAG 4 was recovered from the luvisol
sample exposed to 50% FPW at day O (for each MAG’s
quality and abundance, see Table S3). Coverage data
based on mapping metagenome reads from their
corresponding samples to the MAGs showed that only
make up 4.9% and 1.5% of the total microbial
populations were covered (metagenomes mapping at
>95% sequence identity and >75% alignment). We were
unable to obtain MAGs above the medium quality
(Bowers et al.,, 2017) from any chernozem or luvisol
exposed to 0% FPW at any incubation time.

MAG 1, classified as Marinobacter persicus, was most
closely related (ANl = 95%) to a MAG detected in the
FPW obtained from fractured shale formations (Fig. 6A)
(Daly et al., 2016). Other phylogenetically close
genomes, such as Marinobacter hydrocarbonoclasticus,
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Fig. 6. Phylogenomic trees and functional annotation for metagenome-assembled genomes (MAGs) in this study (classified to the species
Marinobacter persicus, genera Erythrobacter and Salegentibacter).

A. Phylogenomic tree of MAG 1 associated with Marinobacteria, MAG 2 associated with Salegentibacter, MAG 3 associated with Erythrobacter,
and their respective representative counterparts download from the NCBI database. Black dots indicate FastTree support values >95%.
Phylogenomic trees were computed using a concatenated alignment of 172 Gammaproteobacteria.hmm genes for MAG 1, 90 Bacteroidetes.
hmm genes for MAG 2 and 117 Alphaproteobacteria.nmm genes for MAG 3, using the GtoTree pipeline (Lee and Ponty, 2019). Identification
sources from HF/FPW impacted sites shaded in orange and from oil spill sites shaded in green.

B. Binary heatmap of the essential genes in MAG 1 and MAG 2 that may be involved in degradation of HF chemicals, i.e. PEGs, AEOs, hydrocar-
bon degradation, and their derivative compounds, and essential genes that may be involved in resistance to FPW salt effects. There are no avail-
able genomes of MAG 3 relatives derived from FPW associated environments. Full annotation tables including full names and gene access
(e.g. KO ids) of the genes in (B) are provided in Table S4.

were widely detected in the Deepwater Horizon oil spill in and high contig numbers, this MAG was not analysed in
2010 (Dombrowski et al., 2016). Genomes related to detail.

MAG 2 and MAG 3 were classified as Salegentibacter
§p004362395 and Erythrobacter respectively. Their clos-
est relatives were previously detected in FPW from shale
formations (Lipus, 2017). The closest (ANl = 98%)
known relative to MAG 2 is Salegentibacter sp. 24,
detected in HF-impacted freshwater and sediment (IMG
Submission ID, 182861). The phylogenomic positions of
MAGs 1 and 2 formed unique clades only with other
FPW associated sequences. MAG 4 was classified into
Pseudomonas_E sp900580865. Owing to the universal
of Pseudomonas_E sp900580865 in soil environments

The presence of genes in the MAGs 1-3 related to bio-
degradation and salinity resistance is presented in
Fig. 6B (for additional annotation, see Table S4). They
contain key genes (e.g. trk series genes) involved in K*
uptake and with glycine betaine pathways (e.g. choline
dehydrogenase and betaine aldehyde dehydrogenase)
for potential salinity adaptation to maintain their functions
after exposure to FPW (for detailed results, see
Supporting Information) (Daly et al.,, 2016; Borton
et al., 2018b). General dehydrogenase genes (e.g. alde-
hyde and alcohol dehydrogenase) and hydrocarbon
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degradation genes such as those classified into the beta-
oxidation pathway were present in all three MAGs. Spe-
cific genes for surfactant chain shortening (pduCDE) or
initiating biodegradation (e.g. alkB71_2, dmpK, nahAc,
NidA) were not detected in all MAGs, but these genes
were housed in their close relatives from other environ-
ments (Fig. 6B).

Discussion

Microbial communities have central roles in soil health and
functions. Soil microbial communities are commonly domi-
nated by Acidobacteria, followed by Verrucomicrobia, Bac-
teroidetes and Proteobacteria; important functional
potentials of the soil microbiota are related to elemental
and nutrient cycling, acidity, redox conditions and water
availability in the soil matrix (Fierer, 2017). From the micro-
bial community perspective, the shifted community struc-
ture (e.g. substantial reduction of Acidobacteria),
functional potentials and biotic respiration suggest that
FPW exposure could influence normal soil functions.
Reduced carbon—oxygen turnover, due to changes in cell
viability, microbial community and metabolism capacities
for either specific taxa or across all taxa within soil micro-
biota, may lead to changes in nutrient supply of the food
web chain for the higher forms of animals and plants (for a
detailed explanation of declined biotic respiration, see
Supporting Information). Microbial diversity, the other
important indicator for normal soil functions (Delgado-
Baquerizo et al., 2016), could also be influenced by FPW
exposure but was highly soil type dependent. Additionally,
changes in functional potentials such as increased
multidrug efflux pump genes in the metagenome assem-
blies of FPW-exposed chemozem probably indicate
increased soil disturbance under FPW exposure (for addi-
tional discussion, see Supporting Information). Possibly
due to the functional redundancy of the diverse soil micro-
bial communities, no function was lost in soils exposed to
FPW was observed.

Soil type is the primary factor differentiating the change
of microbial community structure and functional potentials
in response to FPW, substantially more than FPW con-
centration or exposure time. Geochemically distinct
luvisol and chernozem house different microbial mem-
bers. Our results indicate that luvisol and chernozem
may have different ecological resistance (i.e. the ability
for an ecosystem to remain unchanged) when subject to
FPW disturbance. The FPW exposure decreases respira-
tion more in chernozem than luvisol, but shows fewer
changes in the taxonomic distribution of its native soil
prokaryotic microbial communities. A possible explana-
tion is that luvisol lacks native biodegraders present in
chernozem. Similarly, the abundance of the microbial
taxa potentially involved in nitrogen turnover is
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substantially lower in luvisol than that in chernozem at
any exposure level and time. The characteristics of taxa
and genes potentially involved in biodegradation provide
a few insights into the ecological resilience (i.e. the ability
of an ecosystem to recover to its pre-disturbed state) of
both studied soils. In the case of an FPW spill on soil or
reuse of FPW for agriculture, it is likely that the FPW
impact and remediation strategies could be highly site/
soil specific, which highlights the need for studies to be
designed to assess those site-specific aspects.

Effects from both salinity and organic compounds may
alter microbial communities, consistent with previous stud-
ies (Kekacs et al., 2015; Daly et al., 2016; McLaughlin
et al., 2016; Lipus et al., 2017; Borton et al., 2018a; Han-
son et al., 2019; Nixon et al., 2019; Akob et al., 2021).
High salinity in FPW and a lack of indigenous hydrocarbon
degraders or key genes (additional discussion is available
in Supporting Information) may limit temporal biodegrada-
tion capacity in a soil (Kekacs et al., 2015; McLaughlin
et al., 2016; Hanson et al., 2019; Akob et al., 2021). The
FPW characterization shows an intermediate level of
organic contents, representing the FPW in the transitional
period from early to late stages. Compared with the poten-
tial effects of high salt on microbial communities, the
organic compounds are unlikely to profoundly affect soil,
even in a severe spill, unless FPW contains particularly
toxic organic compounds.

Interestingly, FPW may contain microbes that could help
degrade organic compounds in FPW since data indicate
that Marinobacter originated derived from the FPW, and
Marinobacter was suggested that can degrade hydrocar-
bons in the FPW associated with shale gas development
(Daly et al., 2016; Dombrowski et al., 2016). The
increased relative abundance of genera such as Hal-
anaerobium and Marinobacter, and dehydrogenase in
metagenome assemblies of soil exposed to FPW may be
potential markers for soil microbial responses to FPW
organic compounds (Chen et al., 2016; Daly et al., 2016;
Chen et al., 2017b; Borton et al., 2018b; Rogers
et al., 2019; Zhong et al., 2019). The phylogenomic clade
of FPW MAGs (e.g. Marinobacter persicus) implies
unique chemical and microbiological impacts of FPW
to soil ecosystems (Fig. 6A). Thus, high-resolution
phylogenomic relationships of involved microorganisms
may be used to accurately detect FPW contamination.
However, owing to microbial memberships change across
geographically distinct formations (Mouser et al., 2016),
the biomarkers remain further understanding of the indige-
nous microbes in the Montney FPW, in which DNA was
below the detectable level in this study and elsewhere
(Elliott, 2015).

This study sheds light on complex effects of field-
collected FPW on soil microbiota, and warrants further
investigation. The chemistry of the FPW is varied
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substantially by sampling time and geological formation.
In contrast to our sample, low salinity FPW can be found
in the early stage of flowback or certain regions (e.g. as
the Sichuan Basin, China and the Denver Basin, USA),
and the variance of the organic compound could be more
profound (Zhong et al., 2021b). An another important
consideration is the influence of the age of the FPW on
biomarker identification. The microbial community may
change over time in downhole conditions or from collec-
tion to soil exposure (Mouser et al., 2016). Spill and
reuse may occur for FPW at any age, and thus bio-
markers at exposed soils at different ages of FPW may
vary. Despite that our MAG analyses provide new
insights into the microbial memberships in soil exposed
to FPW, we do not have genomic data from most of the
microbial population. The low MAG recovery herein is
likely due to insufficient sequencing depth of the high soil
biodiversity. More studies on real FPW at different loca-
tions and ages of flowback and surface storage must be
conducted to fully understand the FPW ecotoxicity and
corresponding biomarkers. Deep sequencing technolo-
gies are essential to better link microbial community
structure to the functional potential of individual microbial
membership.

Experimental procedures
Field sampling

The FPW sample was collected in July 2019 from a hori-
zontally oriented HF well from the Montney Formation of
the Western Canadian Sedimentary Basin near Dawson
Creek, British Columbia, Canada. The FPW sample was
collected at the gas and water separators 12 days after
the initial flowback (June 2, 2019). The FPW sample was
stored in sealed 20 L pails without headspace at room
temperature for 2 months before the experiment began.
Soil samples were collected in August 2019 in Alberta,
Canada. Luvisol soils were taken from the Ah horizon (0—
10 cm organic-rich soil) near the town of Fox Creek, Alberta
(elevation: 870 m, 54°34'55"N, 116° 85'96"W) and cherno-
zem soils were taken from the Ap horizon (1-29 cm,
organic-rich soil) near the city of Grande Prairie, Alberta (ele-
vation: 682 m, N: 55°21'418"N, 118° 93'912"W) (Fig. S9).
The pH and conductivity of the soil slurry (1:2 ratio milli-Q
water) were measured on-site using portable meters. More
details on the FPW sampling well, FPW and soil sampling
processes, and descriptions of the surrounding vegetation at
the soil sampling sites are given in Supporting Information.

Soil and FPW characterization

For soils, the particle sizes, soil moisture, the total
organic carbon (TOC) and total nitrogen (TN), common

metals and anions were analysed. For FPW, TOC, TN,
common metals and anions were analysed. The inor-
ganic chemistry analyses of laboratory measurement
were conducted in triplicate (FPW and soil samples were
subsampled into three replicates from the bulk samples)
except for the soil elemental analyses. These experi-
ments followed standard methods and the detailed
methods and instruments for these experiments are pres-
ented in the Supporting Information section. Non-target
analysis of the aqueous phase organic compounds in the
FPW sample and source water sample (see Supporting
Information) were conducted using high-performance lig-
uid chromatography with Orbitrap Mass Spectrophotome-
try (HPLC/Orbitrap MS) (Thermo Fisher Scientific, CA,
USA). Detailed instrument methods and characterization
of the various organic compound groups are described in
Sun et al. (2019). We estimated the chemical disturbance
to soils from FPW by calculating the fraction of TOC and
salinity (measured by Cl concentrations) in undiluted
FPW relative to those initially present in luvisol and cher-
nozem soils.

Soil respiration assays

Treatment groups consisted of biological triplicate micro-
cosms of soil slurries, comprising one part soil to one part
FPW (10 g soil + 10 g FPW, the volume of 10 g of 100%
FPW was 9.737 ml) at the different FPW concentrations.
The soil slurry samples were incubated in 100 ml pre-
sterilized borosilicate glass serum bottles sealed with butyl
rubber stoppers. Soil samples were incubated in sealed
serum bottles with 0% (water only), 5% and 50% FPW
(diluted with 18.2 MQ cm water) at room temperature for
30 days. Abiotic controls were prepared by autoclaving the
soil twice, and then adding 2.5 g L' NaNj, followed by
the addition of FPW (0, 5% and 50% FPW) to the mixed
systems. The abiotic controls were included to determine
the fraction of CO. production and O, consumption
derived from biological processes versus abiotic pro-
cesses. O, and CO, concentrations were measured at
days 0, 2, 3, 5, 9, 18 and 27. Note that day O represents
the start time for sample processing immediately after
FPW exposure (the same for our amplicon and meta-
genomic studies). O, concentrations were analysed using
an Oxygen Sensor Spot SP-PSt3-NAU (Regensburg,
Germany). The concentration of produced CO, was deter-
mined by manual injection of a sample of the microcosm
headspace into a Thermo Fisher Scientific Trace 1300
Gas Chromatograph equipped with a Thermal Conductiv-
ity Detector (Massachusetts, United States) and fitted with
a capillary column (TG-BOND Q) of 30 m length, 0.32 mm
internal diameter and 0.10 pm film thickness, following
standard procedures in the instrument manual. The down-
stream statistical analyses for the soil respiration influence
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(e.g. reduced conversion rate from TOC to CO,) are given
in Supporting Information.

Soils exposure to FPW for sequencing

Separate bottles were set up in for DNA isolation and
sequencing. These bottles were set up and sampled on
the same days as the bottles for the respiration tests in
order to minimize the microbial community shift in the soil
over time. FPW was diluted with sterile deionized water
to 100%, 50%, 25%, 5%, 0.5% and 0% FPW (vol./vol.).
Soil slurry preparation and consequent exposure incuba-
tions were in the same conditions as the respiration anal-
ysis (for detailed methods, see Soil respiration assays
section). Three bottles from each FPW and soil combina-
tion were sacrificed for DNA extracts at days 0, 3,
9 and 27.

DNA extraction, 16S rRNA gene sequencing and
shotgun metagenomic sequencing

DNA was extracted using the FastDNA SPIN Kit for Soil
(MP Biomedicals, Ohio, USA). Triplicate DNA extractions
from each of the three biological replicate microcosms
were pooled before performing PCR to minimize extrac-
tion bias. Microbial community 16S rRNA genes were
PCR-amplified with dual-barcoded primers (515F/806R)
targeting the V4 region (Thompson et al., 2017). PCR
amplicons were not successfully obtained from the pure
FPW sample. Amplicons were sequenced with an
lllumina MiSeq using the 300-bp paired-end kit v.3. The
sequence data were processed in QIIME2 v 2020.02
(Bolyen et al., 2019). Detailed information on DNA extrac-
tion, PCR and data processing is presented in Supporting
Information.

Since the 16S rRNA gene ASV results showing pro-
found differences in taxonomic compositions in the two
soil types, paired-end shotgun metagenomic sequencing
(Ilumina NextSeq 500 Platform using lllumina Nextera
library; lllumina, San Diego, CA, USA) was performed on
both types of soil samples exposed to 0% and 50% FPW
at days 0 and 27. The sequencing generated between
9 020926 and 19531340 raw reads per sample
(Fig. S10). The data size is moderate for soils and is
within the range of a typical shotgun metagenomic
sequencing experiment (Quince et al., 2017). The eight
metagenome assemblies were annotated at Integrated
Microbial Genomes & Microbiome (IMG) for functional
analysis (Chen et al., 2017a; Chen et al., 2019). Gene
counts (i.e. diversity) and estimated gene copy numbers
(i.e. abundance) were normalized according to the
metagenome size of a sample before comparative ana-
lyses (Chen et al., 2019). Estimated gene copies were
calculated by multiplying with average read depth of the
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scaffold the gene resides on (Chen et al., 2019). The nor-
malized KO gene counts were classified into KEGG cate-
gories to measure broader differences in metabolisms
between soils exposed to 0% and 50% FPW. The differ-
ences were quantified by calculating the percentage of
changed values in soil exposed to FPW and 50% FPW
relative to their original counts.

Quality-filtered sequences were assembled and further
binned to MAGs using metaWRAP v1.3, which integrates
metaBAT2, CONCOCT and MaxBin2 methods for bin-
ning (Langmead and Salzberg, 2012). Contigs >2500 bp
were retained for binning. MAGs with >90% complete-
ness and <10% contamination scores were selected for
manual refinement. Ultimately, all medium- and high-
quality MAGs with >50% completeness, <10% contami-
nation and <100 contigs after manual refinement were
retained for downstream analyses (Bowers et al., 2017).
Relative abundances of the MAG representatives in the
metagenomes were calculated by mapping the lllumina
data for corresponding metagenomic data using CoverM
v0.3.2 (https://github.com/wwood/CoverM) with default
settings, except the following arguments: coverm genome
-m relative abundance --min-read-aligned-percent 0.75
--min-read-percent-identity 0.95 --min-covered-fraction
0. The MAGs with >90% completeness were primarily
annotated at IMG, while, MAGs with <90% completeness
were annotated using MetaErg v1.2.3 (Dong and
Strous, 2019) due to insufficient quality required for IMG
annotation. The taxonomic classification of MAGs was
done using GTDB-Tk v0.2.2 comprising 122 archaeal
and 120 bacterial marker genes (Chaumeil et al., 2019).
Phylogenomic trees of MAGs were reconstructed based
on 25 bacterial and archaeal single-copy conserved
genes using the GToTree v1.6.11 pipeline (Lee and
Ponty, 2019). Based on the phylogenomic relationship,
we compared the functional gene pathways of our MAGs
to those of their relatives deposited in IMG. The detailed
methods and pipelines used to quality trim and assemble
reads and bin contigs into MAGs, and additional detailed
process for quality check, dereplication and refinement of
recovered MAGs are presented in the Supporting Infor-
mation, including the statistics of the metagenome
assembly in Table S5.

Statistical analyses

All geochemical and respiration data were expressed as
mean =+ standard deviation if applicable. The ANOVA
was used to test for differences in soil geochemistry,
including particle size, conductivity, pH, anions, organic
carbon and nitrogen contents, and soil respiration,
i.e. CO, production and O, consumption.

We constructed taxonomic profiling using both 16S
rRNA gene ASVs and the classification of full-length 16S
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rRNA genes extracted from shotgun metagenomic
sequencing because bias may exist during amplification
of 16S rRNA genes (Suzuki and Giovannoni, 1996).
Sequences were normalized to the relative percentage of
each sample’s total sequences to construct both 16S
rRNA gene ASVs- and full 16S rRNA gene-based taxo-
nomic profiles.

Alpha- and beta-diversity of 16S rRNA gene ASV data
were subsampled to an even read depth of 5000
sequences (classified to ASVs) per sample. Bray—Curtis
dissimilarity metric based PCoA analysis was used to
analyse the dissimilarity of microbial community composi-
tions between samples. Envfit, as implemented in the
vegan v2.4-2, was used to correlate ASVs to sample dis-
similarities in the PCoA analysis (Oksanen et al., 2020).
The taxonomic profiling, alpha-diversity and beta-diversity
analyses for the 16S rRNA gene ASV dataset were con-
ducted in Phyloseq v3.14 (McMurdie and Holmes, 2013).

For 16S rRNA gene ASV analysis, the minimal
sequence number per sample after quality filtration was
1515, and low sequences may result in unreliable results
(Table S6). Thus, we compared the rarefaction curves
(Fig. S11) and community composition dissimilarity
(Fig. S12) between methods using 1515 sequences (min-
imal sequences per sample) and 5000 sequences (for
additional methods and results, see Supporting Informa-
tion). After comparisons, 5000 sequences per sample
were chosen for downstream analyses. The cut of 5000
sequences resulted in the discarding of eight chernozem
samples due to insufficient sequences numbers, includ-
ing pristine chernozem soil, 0_0, 0_3, 0_9, 5.0, 5_3,
5_27, 50_0 (FPW ratio_incubataion day). Figure S12
gives an example of the dissimilarity of results between
1515 and 5000 sequences. The full ASV tables for 1515
and 5000 sequences are available in supplementary
table.

We conducted cluster analyses based on Euclidean
distance and Ward's method on eight metagenomic
sequencing samples based on functional potentials (gene
counts of KO genes of the KEGG database). The dissimi-
larity of microbial community functional potentials was
quantified between samples using Bray—Curtis PCoA
ordination based on major functional categories of the
KEGG database. PERMANOVA was used to validate the
effective separation of the clusters in ordination analyses.
Data processing, statistics and visualization were con-
ducted using R v4.0.1 (Wickham, 2009; R Core
Team, 2018). P = 0.05 was used as a cut-off value in all
significant tests.

Data Availability

Raw 16S rRNA gene sequences are available on the
National Center for Biotechnology Information (NCBI)

GenBank database under BioProject PRJNA640927.
Shotgun metagenome assemblies (Taxon Object ID:
3300041026—-3300041031, 3300041038, 3300041039)
and MAGs (Taxon ID: 2886275984 and 2,886,272,890)
were deposited in the IMG.
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