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A high concentration of vanadium [V(v)] in groundwater is extremely harmful for humans. Weak movability
and low toxicity after microbial V(v) reduction have attracted remarkable attention, especially for using solid
carbon sources. However, the influencing factors remain unclear. In this study, the initial V(v) concentration,
inocula amount and straw dosage were examined to ascertain the mechanisms behind them. Increasing the
initial V(v) concentration led to the decrease of the V(v) removal efficiency, which was also positively
correlated with the straw dosage within a certain range. The initial sludge amount was not a main factor
affecting microbial V(v) removal in this study. With the initial amount of 10 mg L™ V(v), 25 mL initial
inocula and 5 g straw, 88.2% of V(v) was removed. According to the dissolved organic matter (DOM)
analysis results, microbial activity prevailed in groups with higher V(v) removal efficiency, indicating that
the V(v) bio-reduction was attributed to the microbial activity, which was considered a major factor.
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1 Introduction

The quality of groundwater resources varies with the concen-
trations of pollutants, especially for trace elements.! Over 50
types of identified trace elements in nature can pertain to the
classification of heavy metals, and vanadium(v) is the most
representative one.” V is especially significant for geochemistry
since it can serve as an ideal tracer of oxygen fugacity,>* and may
have been critical to biological electron transfer in the early
history of the earth.” However, it should be noted that V is
considered as one of the most dangerous heavy metals in water,
together with lead, mercury, arsenic and cadmium, for its long-
term migration.® Although V is essential in trace amounts (0.05
uM), over 10 uM can cause a range of pathologies and irre-
versible damage.” For instance, approximately 14.2 pug V per L
contained in human urine has shown a reduction in neuro-
behavioral abilities.® Indeed, up to 58.6 mg V per L in ground-
water has been found near the fly ash pits in Chisman Creek.® In
China, the concentration of V in shallow groundwater near the
slag field of Panzhihua is as high as 13.98 mg L™".1° Meanwhile,
due to the leaching from contaminated soil/V tailings, the V
concentration of groundwater near Chaobei River of Hebei
Province has reached 11 mg L™

Regarding its immigration and transformation, there are
many factors impacting the V(v) changes in groundwater; even
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unclassified_f_Enterobacteriaceae presumably contributed to

the V(v)

bioreduction, with upregulated ABC transporter genes and enzymes.

climate changes due to sea level rising would have a major
impact on the coastal groundwater quality via flooding and
accelerated seawater intrusion. Compared to natural reasons,
anthropic factors are clearly significant.”” Heavy V contamina-
tion has become one of the spotlights of research studies
around the world. In China, the drinking water standards
(GB3838-2002) have ruled V at 0.05 mg L™, while California has
regulated its V standard at 15 pg L™ .3 For the above reasons, it
is of importance to urgently remediate the V-contaminated
groundwater.

Usually, V exists in four forms: V(v), V(v), V(ur) and V(u).” The
toxicity of oxidized V compounds (mainly V(v)) is much higher
than that of other species. Typically, chemical reduction,
physical adsorption, and biological reduction are widely applied
for V(v) removal.'*"” Bioremediation technology is capable of
converting the moderate and highly toxic V(v) to the less toxic
V(w), in which the recoverability could be further enhanced by
centrifugation or filtration.® The V(v) bioremediation process
could be mediated by microbes in the presence of added elec-
tron donors," such as solid carbon sources that can act as
carriers with the high-quality slow-release ability. In our
previous study, the application of agricultural biomass
(sawdust) could efficiently enhance the microbial V(v) removal
efficiency up to 90.3%."* However, a comprehensive investiga-
tion on factors affecting V(v) bio-reduction during application
processes has not been conducted yet.

With this study, straw (agricultural biomass) was selected as
an electron donor and carbon source. Some key factors
controlling the V(v) bio-reduction were investigated to demon-
strate the practical engineering applicability, including the
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initial V(v) concentration, inocula amount, and straw dosage.
Also, the evolution and stabilization process of dissolved
organic matters were discussed. The microbial community
structure and functional species with related genes and
enzymes were also analyzed to develop the interpretation of the
V(v) reduction mechanisms.

2 Materials and methods
2.1 Microbes' cultivation and materials

Sludge containing little or no metal ions was cultivated ina 6 L
fermentation tank, as described previously.” Afterwards, it was
cultured in a 1 L anaerobic bottle under mesophilic conditions
(35 °C, 160 rpm), and the supernatant was replaced every other
three days by a liquid medium with 1.6 g L~' CH;COONa and
0.17942 g L' NaVvOs;. After the cultivation for 3 months, the
sludge was centrifuged at 3000 rpm for 30 min, and the
precipitated sludge was prepared as inocula. Straw was pre-
treated simply prior to use. It was sieved into particles with
a diameter between 1 and 3 mm, and then washed by deionized
water three times. Finally, the collected samples were dried in
a constant-temperature oven at 40 °C for 72 h prior to use.

2.2 Experimental procedure

Sixteen fermentation flasks with a 500 mL volume were
employed as reactors and duplicates. Each reactor was filled
with 500 mL of real groundwater from a well (Beijing, China).
V(v) was introduced in the form of NavOj; at a given concen-
tration of 75 mg L™". The specific factors of microbial V(v)
removal performance were separately examined, including the
initial V(v) concentrations (10, 75 and 150 mg L™'), straw
dosages (1, 5 and 10 g), and inocula (10, 25 and 50 mL). A single
factor was studied with the other parameters fixed, including
the 75 mg L' initial V(v), 5 g straw dosages (1-3 mm) and
sludge amount of 25 mL. Two reactors without straw but inoc-
ulated with precipitated sludge (25 mL) and 75 mg L™ V(v) were
classified as the control groups, which were operated under the
same conditions as the other reactors.

2.3 Chemical and microbial analyses

Supernatant samples were collected periodically from the
reactors, and then filtered by 0.45 pm membranes. The total V(v)
in the solutions was measured by ICP-OES (ICAP7200, Thermo
Fisher Scientific, USA), and V(v) was analyzed with spectro-
photometry at 601 nm. The wheat straw before use and after V(v)
adsorption and bio-reduction were analysed by Fourier trans-
form infrared spectroscopy (FTIR) (Nicolet Is5, Thermo Fisher
Scientific, USA) and scanning electron microscope (SEM,
Gemini 300, ZEISS, Germany). To reveal the changes of dis-
solved organic matter (DOM) in the microbial V(v) reduction
processes, a fluorescence spectrophotometer (Lumina, Thermo
Fisher Scientific, USA) was adopted to record the three-
dimensional fluorescence excitation emission matrix (EEM).
Afterwards, the three-dimensional fluorescence spectral data
were pre-processed to eliminate the effects of Raman scattering
and Rayleigh scattering.”® The fluorescence region integral
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method (FRI) was employed for the analysis. Parallel factor
analysis (PARAFAC), which is capable of decomposing dissolved
EEM organic matters and converting them into independent
components available for qualitative and quantitative charac-
terization of organic compounds,* was also utilized in this
study.

The microbial community was investigated in the original
inoculated sludge (C), the control group (J) without straw added,
as well as the experimental groups with the initial V(v)
concentration of 75 mg L' (A) and 10 mg L™ (H). Furthermore,
DNA was extracted, pooled, amplified by PCR with primers
515FmodF (5'-GTGYCAGCMGCCGCGGTAA-3’) and 806RmodR
(5-GGACTACNVGGGTWTCTAAT-3'). Samples were sent to
Shanghai Majorbio Bio-pharm Technology Co., Ltd. with the
obtained sequences submitted to the NCBI Sequence Read
Archive (no. PRJNA715723).

3 Results and discussion
3.1 Optimization of operation factors

3.1.1 Initial V(v) concentration. With the initial straw
dosage of 5 g, 25 mL sludge was centrifuged as inocula, and
three levels of initial V(v) concentrations (10, 75 and 150 mg L)
were dosed. The majority of V(v) was gradually removed within
144 h. Results suggested that straw was feasible as a solid
carbon source for bioremediating V(v).

Our previous study also proved that sawdust could support
the V(v) bio-removal within 10 d (90.3%).** For the initial 10
mg V per L (Fig. 1a) in this study, the V(v) concentration in the
effluent was close to the requirement (1.0 mg V per L) of the
discharge standard of pollutants for the vanadium industry in
China (GB 26452-2011). The V(v) removal efficiency in the
reactors with the initial V(v) concentrations of 10, 75, and
150 mg L' were around 88.2%, 71.7% and 68.7%, with the
corresponding removal rate of 0.06, 0.37,and 0.72 mg (L' h™%),
respectively. As revealed from the results, both V(v) removal
efficiency and rate were negatively correlated with the initial
V(v) concentration, which was also demonstrated in a study on
the V(v) removal by S and Fe autotrophic organisms.'” Moreover,
the removal efficiency of microbial V(v) reduction with hydrogen
being an electron donor in groundwater also decreased with
increasing V(v).**

With the initial V(v) concentration increased, the V(v)
removal amount was also increased. However, the removal
efficiency decreased, which should be attributed to the inhibi-
tion of the anaerobic microorganisms’ activity at the extrava-
gant initial concentrations of V(v). The colony/cell counts of
bacterial species would decrease with a gradual increase of V(v)
concentration.? In addition, it could be found that microbes in
the reactors could adapt to V(v) with its wide range of concen-
trations. Moreover, the total V removal efficiency in the reactors
with the initial concentrations of 10, 75 and 150 mg L™ " V(v)
were at 56.0%, 66.8% and 35.8%, respectively. The total V
decreased amount indicated the precipitation of the V(v)
reduction product. The removal efficiency of the total V was
lower than that of V(v) due to the fact that the total V includes
V(v) and other low-valent V (reduction product), such as V().

RSC Adv, 2021, N, 27246-27256 | 27247



RSC Advances

Paper
160 80
—&—Total V. (10 mg/L)
—=—Total V (75 mg/L)
140 —A—Total V (150 mg/L) 70
——V(V)  (10mg/L)
~ 120 —¥—V(V)  (75mg/L) —~ 60
5‘0 —4—V(V) (150 mg/L) gﬂ
E 100 g0
g g
-2 = 40
o <
@ £ b 2
g S0t
g g —o—Total V (1 g)
O O g = Total V (5¢)
—&— Total V (10 g)
——V(V) (g
0r——vv) g
—<—V(V) (10
0 .<|§? $ $ $ $ - $ 2 9 0 | (|) (I 0 L 1 ! 1 ! 1 ! 1 1
0 12 24 36 48 60 72 84 96 108 120 132 144 0 12 24 36 48 o0 72 B% 96 M8 120 132 Q44
Time (h) Time (h)

—&— Total V (10 mL)
—=&— Total V (25 mL)
—&— Total V (50 mL)
——V(V) (10mL)
—v—V(V) (25mL)
—<—V(V) (50 mL)

v
S
T

(c)

Concentration (mg/L)
g 8
T T

1)
S
T

o
T

0 1 Il 1 L L 1 L L 1 L L 1

0 12 24 36 48 60 72 84 96 108 120 132 144
Time (h)

Fig. 1 Total V and V(v) concentrations with various initial V(v) concentrations (a); initial straw dosage (b); initial inocula amount (c).

3.1.2 Initial straw dosage. As the activities of microbes were the initial V(v) concentration of 75 mg L™" and 25 mL sludge
affected by the amount of electron donors and carbon sources, centrifuged as inocula. The V(v) removal efficiency was signifi-
different initial straw dosages (1, 5 and 10 g) were studied, with ~ cantly elevated by the increased amount of straw (Fig. 1b). For 1,
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Fig. 2 SEM images of wheat straw before use (a), wheat straw after V(v) adsorption (b) and bio-reduction (c); FTIR spectrum of wheat straw
before and after adsorption (d).
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Fig. 3 Fluorescent components identified by EEM-PARAFAC (component 1 (a); component 2 (b); component 3 (c); component 4 (d)).

5 and 10 g dosages of straw, the V(v) removal efficiencies were
around 20.4%, 71.7% and 75.7%, respectively, with the corre-
sponding rates of 0.11, 0.37 and 0.39 mg (L' h™"). The total V(v)
removal efficiencies were at 9.0% (1 g), 66.8% (5 g) and 63.3%
(10 g). Different amounts of the initial ethanol carbon source
were reported to exert similar effects on the V(v) removal** since
the carbon source would obviously affect the biological reduc-
tion processes.* Increasing the amount of straw from 1 gto 5 g
resulted in a significant enhancement of the total V and V(v)
removal, but their efficiencies decreased or were slightly
improved with further increasing the dosage to 10 g. Our
previous study indicated that too high or too low initial chem-
ical oxygen demand concentrations would suppress the V(v)
reduction.” There would be not enough electron donors or
carbon sources with 1 g straw; when carbon sources increased
to 10 g, the anaerobic fermentation process might compete for
electrons with the dissimilatory metal reduction process and
decrease microbial V(v) reduction.”® Meanwhile, the adsorption
process by straw also contributed to the phenomena of the V(v)
concentration change. Thus, increasing the amount of straw
from 5 g to 10 g resulted in the improvement of V(v) removal to
an extent.

3.1.3 Initial inocula amount. Different initial sludge
dosages (10, 25 and 50 mL) centrifuged as inocula were also
performed with initial 75 mg L™" V(v) and 5 g straw. Fig. 1c
illustrates the effects of the microbial amount on the V(v)
reduction. Within 144 h, 69.2% (10 mL), 71.7% (25 mL) and
73.8% (50 mL) of the V(v) removal efficiencies were achieved,

© 2021 The Author(s). Published by the Royal Society of Chemistry

and the removal rates were 0.36, 0.37 and 0.38 mg (L™ " h™"),
respectively. As revealed from the comparison, no significant
difference was observed in the V(v) removal among the groups
with the chosen sludge amount for inoculation, indicating that
the initial sludge amount was not a main factor affecting the
microbial V(v) removal. It also revealed that the effective V(v)
bioremediation could occur by functional microbial species
even without a large amount of inoculation into groundwater.
The total V removal efficiencies were at 58.0%, 66.8% and
62.9%, corresponding to the sludge amount of 10, 25 and 50
mL, respectively. For this reason, 25 mL sludge centrifuged as
inocula was selected for the other experiments in the study.

3.2 Wheat straw utilization and processes

Fig. 2a-c showed the SEM images of wheat straw before utili-
zation, and after V(v) adsorption and bio-reduction. The surface
of wheat straw before use was clean and smooth, whereas the
wheat straw after adsorption showed signs of rupture and
disorder utilization. Meanwhile, wheat straw after bio-reduction
were seriously damaged, with the phenomena of fibres shed-
ding and breaking. Obviously, a small amount of biofilm-like
substances attached to wheat straw after bio-reduction.

FTIR analysis was applied to identify the possible adsorption
mechanisms of V(v) (Fig. 2d). The absorption bands near 1736
and 1630 cm™ " corresponded to C=O for acetyl groups in
hemicellulose and for aldehyde group in lignin, respectively.”
The peak at 1510 cm™ " was characterized as the C=C stretching
of the aromatic ring of lignin.?® The bands at 1000-1200 cm ™"

RSC Adv, 2021, N, 27246-27256 | 27249
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Fig. 4 Characterization of dissolved organic matter by fluorescence regional integration with various initial V(v) concentrations (a); initial straw

dosages (b); initial inocula amounts (c).

Table 1 Alpha diversity index of microbial communities in samples (C, J, A and H)

Sample\estimators Sobs Shannon Simpson Ace Chao Coverage
C 522 3.382121 0.103184 561.6939 557 0.998369
] 538 3.415746 0.111113 597.2981 598.6818 0.997903
A 214 1.741855 0.421638 417.8433 301.2564 0.998066
H 213 2.859821 0.096185 404.9982 297.4063 0.998275

indicated C-O-C stretching, C-O covalent bonds, and O-H
bonds prevalent in cellulose, hemicellulose, and lignin.> The
relative intensities significantly changed after V(v) sorption,
which indicated that the functional groups might be predomi-
nant functional groups for the removal of V(v).

3.3 Changes in dissolved organic matter

Based on the fluorescence spectrum and PARAFAC modeling,*
the four fluorescence components in the water sample were
analyzed (Fig. 3): C1 (Ex/Em = 340/440 nm) was identified as
humic acid-like substances,** and C2 (Ex/Em = 270/340 nm) was
tryptophan.*” C3 and C4 (Ex/Em = 360 (270)/420 and Ex/Em =
375 (270)/485 nm) were also related to humic-like organics.*>**
According to the results observed at 0, 60 and 144 h (Fig. 4 and
5), humic acid-like substances (region V) decreased, whereas
the proportion of soluble microbial products (region IV)
increased in all of the V(v) removal systems. Tryptophan (region
I) and tyrosine (region II) were correlated with protein-like
substances, which showed a slight increase in proportion.

The experiment detected considerable humic acid-like
substances, which might be converted by the hydrolyzates of
wheat straw. In other studies, the carbon source released by
banana peel was humic acid-like

also considered as

27250 | RSC Adv, 2021, N, 27246-27256

substances.** Furthermore, lignocellulose was not completely
hydrolyzed. It may be converted to some intermediate products
that are still difficult to biodegrade, such as phenolics and
polyphenols, which can then be polymerized to form humic
substances.’®*” Notably, at the end of the experiment, the
fluorescence intensity of the humus-like area with a high initial
V(v) concentration (150 mg L™") was higher than that of the
humus-like area with low initial V(v) concentration (10 mg L™ 1),
which was consistent with the change rule of DOM reported in
the cadmium contaminated soil with added wheat straw.>
Since soluble microbial byproduct-like substances (region
IV) also showed a relationship with cellular material and its
secretions, the microbial activity could be represented by it.** As
a high concentration was capable of inhibiting bacterial
activity,* relatively less microbial metabolites were identified at
a high concentration of V(v). The amount of initial inoculated
sludge was correlated with the microbial biomass. Thus, with
the increase in the amount of inoculated sludge at the end of
the cycle, the proportion of microbial metabolites in the
experimental group would be elevated. The proportion of
microbial metabolites in the experimental group varied with
different wheat straw dosages. For instance, the proportion of
region IV in the reactor with 10 g added wheat straw was rela-
tively higher than that with 1 g added, demonstrating that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The fluorescence spectra of dissolved organic matters in V(v) reduction processes (initial straw dosage (a); initial inocula amount (b); initial
V(v) concentration (c)).

a higher rate of substrate utilization occurred with larger carbon 3.4 Evolution of microbial communities
source dosage. In this way, a strong microbial activity was
achieved, which could be verified laterally by a high removal
efficiency V(v).

Microbial communities were analyzed for samples C (the orig-
inal inoculated sludge), J (the control group without straw

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 27246-27256 | 27251
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(a)

(b)

Fig. 6 Venn diagram of samples (a) and percent of community
abundance (b) on the phylum level.

addition), A (the experimental groups with initial 75 mg L™ "
V(v)) and H (the experimental groups with initial 10 mg L™*
V(v)). The coverages of all samples were higher than 99.79%,
suggesting that these results could represent an almost overall
microbial diversity and reflect the real situation of microbial
communities. Compared with C and J, the samples added with
straw (A and H) showed the declined abundance and biodiver-
sity (Table 1). Straw, as effective solid carbon sources, seemed
not so “friendly” for microbes to some extent as liquid ones.
Compared to A, H had a more diverse microbial community
reflected by the higher Shannon and lower Simpson indices,
giving credit to lower inhibition of microbial activity by the low
V(v) concentration.

Evolutions of communities were observed in all samples on
the phylum level (Fig. 6). There were a total of 17 phyla detected
in all samples, accounting for 48.6%, 47.2%, 73.9%, and 81.0%
of the total phyla in the C, J, A and H samples, respectively
(Fig. 6a). V(v) may be one of the reasons for the shared phyla
above, while the proportion of phyla showed greatly varied
trends (Fig. 6b). Proteobacteria, Firmicutes, Chloroflexi, Thermo-
togota and Bacteroidota dominated the communities of
samples, which were basically identical to the main phyla of
microbes detected in the V(v)-contaminated soil.** Proteobac-
teria was dominant in the A sample with the abundance of
72.6%. Although Proteobacteria was increased in the H samples,
Firmicutes took the majority of abundance (62.8%) in the H

27252 | RSC Adv, 2021, N, 27246-27256
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sample, with only 1.1% in the inocula (C). The phyla abundance
of Chloroflexi, Euryarchaeota and Thermotogae were shifted
significantly in the A and H samples. Results revealed that the
additional V(v) and straw had a vital impact on the development
of microbial communities.

3.5 Identification of functional microbes

Fig. 7a suggests the various microbial communities in each
group on the genus level. Functional bacteria might be involved
in the cellulose degradation and microbial V(v) reduction in
samples A and H. Unclassified_f Enterobacteriaceae largely
accounted for the communities of A and H at 70.7% and 34.0%,
respectively. Enterobacteriaceae was reported to produce extra-
cellular cellulolytic enzymes*' and degrade cellulose,*” which
could also participate in the reduction of Cr(vi) and V(v).**
Enhanced Caproiciproducens (3.0% in A and 3.4% in H) and
Bacillus (2.9% in A and 3.4% in H) were found in the study.
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Fig. 7 Circos diagram (a) and ternary analysis (b) of microbial
communities on the genus level.
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Caproiciproducens could promote the degradation of cellulosic
materials and significantly increased the total bioenergy yield.**
Bacillus thuringiensis was also enriched in a high-arsenic envi-
ronment, and had potential to reduce arsenic.*> Moreover, low-
content V(v) could promote the reproduction of Bacillus and
Anaerolineaceae,*® and biologically reduce V(v) to V(). In
addition, unclassified_f Sphingobacteriaceae (5.8%) was signifi-
cantly enriched in the community of the A sample with
75 mg L~ " V(v), which has shown resistance to multiple heavy
metals.*® H samples showed more diversity; thus, more possible
functional microbes were enhanced, such as unclassified f -
Clostridiaceae (18.2%), Brevibacillus (11.1%), Rummeliibacillus
(7.6%), Clostridium_sensu_stricto_1 (5.4%), Ruminiclostridium_1
(3.6%), and unclassified_f Ruminococcaceae (2.7%). Rummelii-
bacillus and Brevibacillus were reported as possible arsenic
reducers.*” Clostridium_Sensu_Stricto_1 was also one of the
dominant bacteria for Cr(vi) removal in the reactor,* with
Clostridium chromiireducens capable of anaerobic Cr(vi)-reduc-
tion.*® Ruminiclostridium and Ruminococcaceae were common as
cellulose-degrading bacteria.”** Moreover, some microbes in

(a) H

H-

RSC Advances

the communities might support decreased V(v) reduction to
some extent compared with C (inoculated sludge) and J (without
straw). For example, Anaerolineaceae was reported to be able to
lead the transformation of organic matter,* which was also
previously enriched in V(v)-containing biological systems.'?
Furthermore, Thiobacillus could not only reduce nitrate,> but
also grow in the presence of V(v), and reduce V(v) into V(v).**

In Fig. 7b, the three corners represent three samples, circles
represent microbes at the genus level, and the size of the circles
represent the average relative abundance of genera. According
to the ternary plot results, A and H harbored a high abundance
of unclassified_f Enterobacteriaceae. Genera of Brevibacillus and
Rummeliibacillus were mostly associated with the H communi-
ties, whereas Sphingobacteriaceae was associated with microbial
communities of sample A, which were associated with findings
from the results in Fig. 7a.

In conclusion, these cellulose-degrading fermentation
microbes mentioned above and V(v)-tolerant microorganisms
could coexist in the biological V(v) removal system, with
microbial V(v) reduction by the interaction. The results also
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Fig. 9 Spearman correlation heatmap on the species level.

suggested that diverse conditions could significantly affect the
composition of the microbial community, with different V(v)
reduction efficiencies accordingly. Thus, this study contributed
to providing an alternative method for subsequent microbial
remediation of V(v) in groundwater.

Other factors also structured the microbial community diver-
sities, as shown in Fig. 8a and b. The species abundance of
unclassified_f Enterobacteriaceae and unclassified_f -
Sphingobacteriaceae accounted for large proportions of commu-
nities of A. While for H, besides unclassified_f Enterobacteriaceae,
unclassified_f Clostridiaceae_1, uncultured_bacterium_g Brevi-
bacillus and unclassified_g Rummeliibacillus were also species with
high abundances. The Spearman correlation heatmap (Fig. 9)
showed that the correlation between the microbial species and
factors were different. For example, unclassified f Enterobacter-
iaceae showed a significant positive correlation with the addition
of straw, and it was reported to be able to degrade cellulose,** as
one of the important functional species in this study.

3.6 Microbial functional gene and enzyme characterization

Analyses with functional genes were summarized based on the
PICRUS 2 to indicate the microbial revolution (Fig. 10a). Genes
involved in ABC transporters and two-component system in H
were enriched compared to other samples in the study. ABC
transporters could relieve toxicities of heavy metals by sup-
porting cross membranes transportation.***® ABC transporters
were also reported to be related to V(v) bio-reduction, particu-
larly transporting vanadate into the cytoplasm for intracellular
reduction as detoxification, with releasing of reduction prod-
ucts, and they were also associated with other metal bio-
reduction processes.***” Compared with the A sample, the
relative abundance of functional genes for the biosynthesis of
amino acids and carbon metabolism was also enriched with
lower concentration of 10 mg L™" V(v).

Enrichments of enzyme in samples were also observed,
which presumably contributed to the V(v) reduction (Fig. 10b).
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Fig. 10 Heatmap of pathway level 3 (a) and enzyme (b) through the
PICRUSt 2 analysis based on the KEGG database.

Enzymes of 2.7.1.69 (protein-N(pi)-phosphohistidine-sugar
phosphotransferase), 3.5.1.28 (N-acetylmuramoyl--alanine
amidase) and 3.4.16.4 (serine-type p-Ala-p-Ala carboxypeptidase)
in H were enriched significantly compared with the other three
samples. In addition, the abundances of 2.7.13.3 (histidine
kinase) and 3.6.3.17 (monosaccharide-transporting ATPase)
were enhanced during the V(v) processes (Fig. 10b).

Straw, as the only solid carbon source, served as an electron
donor for heterotrophs to initiate V(v) reduction. A more
detailed mechanism of V(v) reduction needs to be revealed with
the use of new tools in the future. Furthermore, the presence of
co-contaminants should be explored and considered more
during bioprocessing. For practical applications of V(v) biore-
mediation, supplementation of an optimal solid carbon source
as straw and others could be taken into consideration based on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the results in this study to better avoid secondary pollution in
aquifers.

4 Conclusions

Straw was feasible as a solid carbon source for bioremediating
V(v) in polluted groundwater. The V(v) reduction efficiency was
up to 88.2% with the initial 10 mg L™ V(v), 5 g straw and
precipitated sludge (25 mL) as inocula. Increasing the initial
V(v) concentration resulted in lower V(v) removal efficiency, but
demonstrated higher removal capacity during the whole bio-
processes. The removal efficiency of V(v) illustrated a positive
correlation with the dosage of straw in an appropriate range.
Dissolved organic matter (DOM) changes demonstrated that
both amount of carbon source and initial concentration of V(v)
likely affected the microbial activity, which was also simulta-
neously verified by the corresponding V(v) removal efficiency. V-
resistant microorganisms like unclassified_f Enterobacteriaceae
were the predominant microbial species contributing to the V(v)
reduction, and functional genes based on the PICRUSt 2 anal-
ysis indicated that ABC transporters played an important role in
the bio-reduction of V(v). The relatively high V(v) removal effi-
ciency means a possibility of the V bioremediation in
groundwater.
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