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Abstract

Perchlorate is a widespread drinking water contaminant with regulatory standards ranging from 2 to 18 pg/L. The hydrogen-
based membrane-biofilm reactor (MBfR) can effectively reduce perchlorate, but it is challenging to achieve low-pg/L levels.
We explored chlorate addition to increase the abundance of perchlorate-reducing bacteria (PRB) and improve removals.
MBH{R reactors were operated with and without chlorate addition. Results show that chlorate doubled the abundance of
putative PRB (e.g., Rhodocyclales) and improved perchlorate reduction to 23 + 17 pg/L, compared to 53 +37 ug/L in the
control. Sulfate reduction was substantially inhibited during chlorate addition, but quickly recovered once suspended. Our
results suggest that chlorate addition can enhance perchlorate reduction by providing a selective pressure for PRB. It also

decreases net sulfate reduction.

Key points

e Chlorate increased the abundance of perchlorate-reducing bacteria

e Chlorate addition improved perchlorate removal
e Chlorate appeared to suppress sulfate reduction

Keywords Chlorate - Perchlorate-reducing bacteria - Sulfate-reducing bacteria - MBfR

Introduction

Perchlorate (C10,7) is a ubiquitous water contaminant that
is highly soluble and stable. It can inhibit thyroid function
(Srinivasan and Sorial 2009), and European and US state-
level standards for C1O,™ in drinking water range from 2 to
15 pg/L (ANSES 2012; CA DEP 2007; EFSA CONTAM
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Panel 2014; MA DEP 2006). Reverse osmosis (RO) and ion
exchange (IX) can remove ClO,", but produce high-strength
CIO,™ concentrates that requires further treatment or dis-
posal. Microbial reduction of C10,~ by perchlorate-reducing
bacteria (PRB) is a more promising strategy, as it reduces
ClO, to innocuous chloride (CI7).

PRB sequentially reduce C1O,™ to chlorate (C105™) and
chlorite (C10,7) via the perchlorate reductase (pcr) enzyme.
Then ClO,™ is transformed into chloride (CI™) and oxygen
(O,) by the chlorite dismutase (cld) enzyme. The produced
O, is further utilized by PRB as an electron acceptor (Coates
and Achenbach 2004; Ma et al. 2016; Sijimol et al. 2015;
Srinivasan and Sorial 2009; Ye et al. 2012). Many PRB
use organic electron donors, such as acetate and lactate,
but some also use and inorganic electron donors, such as
hydrogen and reduced sulfur compounds. Inorganic electron
donors are often considered more environmentally friendly,
due to their low carbon footprint (Choe et al. 2013).

Biofilm processes are ideal for biological water treat-
ment, as they retain high amounts of biomass in the reac-
tor and minimize downstream treatment. In particular, the
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hydrogen-based membrane-biofilm reactor (H,-MBfR) has
been successfully applied for denitrification (Martin and
Nerenberg 2012) and ClO,~ reduction (Nerenberg et al.
2008; Ontiveros-Valencia et al. 2013, 2014a). In this type
of biofilm reactor, the control of the biomass accumulation
and management of the microbial community is necessary
to achieve successful C1O,~ reduction (Ma et al. 2016).

PRB are ubiquitous in the natural environment, even
in pristine areas without anthropogenic perchlorate con-
tamination (Coates et al. 1999). This is probably because
PRB have a versatile metabolism, using oxygen, nitrate,
perchlorate, and chlorate as electron acceptors, which are
widespread compounds. Also, perchlorate and chlorate
occur naturally and are ubiquitous in the environment at
trace concentrations (Dasgupta et al. 2005; Zhang et al.
2021). However, C10,~ is a highly energetic electron
acceptor and can provide a strong selective pressure for
PRB. For example, Nerenberg et al. (2008) found that the
relative abundance of PRB in a denitrifying H,-MBfR
was around 13% when the bulk C10,~ was approximately
10 pg/L. However, the relative abundance increased to
nearly 50% when the bulk C1O,~ concentration was around
5 mg/L.

Biological perchlorate reduction has several challenges.
Since the influent C10,~ concentrations are low, typically
less than 100 pg/L, and usually need to be removed to below
15 pg/L, there is a weak selective pressure for PRB. In part,
this is because the C10,~ reduction rates are significantly
lower at such low concentrations (Nerenberg et al. 2006).
Also, O,, nitrate (NO5 "), and sulfate (SO42_) are commonly
present along with perchlorate. O, and NO;™ are preferred
acceptors and inhibit microbial ClO,~ reduction by PRB;
thus, low NO;™ and O, levels are needed (Bardiya and Bae
2011; Tang et al. 2012). However, low levels of O, and
NO;™ favor sulfate-reducing bacteria (SRB) (Ontiveros-
Valencia et al. 2013, 2014a). Reduction of SO42_ is undesir-
able, since SRB do not reduce perchlorate, and also produce
H,S—a toxic, corrosive, and malodorous compound.

Studies of H,-MB{Rs for C1O," reduction in the pres-
ence of NO;~ and SO,*>~ showed SO,*~ reduction from
10 to 80%, and also difficulties in achieving low effluent
ClO,~ concentrations in a one-stage H,-MBfR when the
influent C10,~ was above 1 mg/L (Ontiveros-Valencia
et al. 2013, 2014a). These studies, which showed incom-
plete C10, reduction, suggest that SRB have an ecological
advantage over PRB, as the higher sulfate concentrations can
fully penetrate the biofilm. This allows SRB to grow in the
inner biofilm layers, far from the detachment zone, separate
from faster growing denitrifiers, and closer to the H, source
(Ontiveros-Valencia et al. 2013).

In order to enhance ClO,” reduction, the microbial
community can be manipulated to favor PRB. Increas-
ing the abundance of PRB should reduce the effluent
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ClO,™ concentration. Adding ClO," to the reactor influent
would help select for PRB, but this would have to be done
while the reactor is off-line, and there still would be con-
cerns about adding a toxic compound that would require spe-
cial handling and control of any discharges. A better strategy
would be adding a less toxic compound that selects for PRB.

CIO;™ addition is a potential option. It is an intermedi-
ate in the C10, reduction pathway and transformed by the
per enzyme. Furthermore, PRB grow faster on ClO;~ than
on ClO,” (Bardiya and Bae 2011). For example, Nerenberg
et al. (2006) found that, for a pure culture of PRB, Dechlo-
romonas sp. PC1, the specific growth rate for C10;~ was
double that for C1O,~. Also, the half saturation constant, K,
for C105~ was below 0.014 mg/L, compared to 0.14 mg/L
for C10,~, meaning that high growth rates could be obtained
at very low ClO;™ concentrations (Nerenberg et al. 2006).
Furthermore, the recommended level for C10;™ in drinking
water is 0.7 mg/L, around two orders of magnitude higher
than that for perchlorate (WHO 2016).

Based on the above, C1O;™ may provide a strong selec-
tive pressure for PRB. In addition, CIO;™ is known as an
inhibitor of SRB (Carlson et al. 2015; Engelbrektson et al.
2014, 2018). Thus, CIO;™ could both help select for PRB
and inhibit SRB. However, the effect of C10;™ on perchlo-
rate-reducing biofilms has not been studied. Also, a potential
concern with ClO;™ is that it could select for chlorate-reduc-
ing bacteria (CRB), which are distinct from PRB and do not
reduce C10,~ (Bardiya and Bae 2011).

The goal of this study was to analyze the effects of
CIO;™ addition on the development of the microbial com-
munity during the reduction of ClO, in the presence of O,,
NO;", and SO~ at relevant drinking water concentrations.
Two types of reactors were used. One type included a bun-
dle of hollow fiber membranes, mimicking an actual MBfR
reactor. The other had a single membrane, where the efflu-
ent concentration was essentially equal to the influent. This
allowed the bulk substrate concentrations to be maintained
at a desired level.

Materials and methods
Reactor configuration and culture medium

We operated two identical H,-MB{Rs: reactors S1 and S2
(single membrane), and reactors M1 and M2 (multiple
membranes). Reactors S1 and S2 were used to determine
the effect of C1O;~ on PRB development, whereas reactors
M1 and M2 were used to determine the effect of CIO;™ on
ClO,™ reduction in a system mimicking a real treatment
system.

Reactors S1 and S2 consisted of two glass tubes with a
single membrane (Mitsubishi MHF200TL) joined together
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with Norprene tubing and connectors. One tube was consid-
ered the main membrane and the other a “coupon” for bio-
film samples. The membranes had a combined total length
of 70 cm and were connected to the H, source at one end
and open at the other. After cutting a piece for biofilm sam-
pling, the coupon membrane remained with an open end. To
prevent excessive gas venting, a solenoid valve connected
to a timer (ChronTrol) opened the H, inlet for 30 s every
29.5 min. The H, pressure was set to 1 psi for the duration
of the experiment, except from days 33 to 36, when the pres-
sure increased to 6 psi.

Reactors M1 and M2 consisted of two glass tubes con-
nected with Norprene tubing. One glass tube contained a
bundle of 31 membranes (Mitsubishi MHF200TL) (“main
bundle”’) and the other had three membranes (Mitsubishi
MHF200TL) to allow biofilm sample collection (“coupon”).
The membranes in both tubes were 23.5 cm long and were
connected to the H, line at one end and sealed at the other.
A schematic of the setup is shown in Fig. 1 and operational
parameters are summarized in Table 1.

The influent media for reactors S1 and S2 contained the
following (g/L): 0.434 Na,HPO,; 0.128 KH,PO,; 0.026

Fig. 1 Schematic of the experi- a)
mental systems. a Reactors S1
and S2 consisted of two glass
tubes with single membrane.
One of these membranes was
used for biofilm sampling
(“coupon”). Hydrogen was
supplied from one end of the
membranes and the other end
was opened. b M1 and M2 reac-
tors, each consisted of two glass
tubes. One tube contained a
bundle of 31 membranes (“main
bundle”) and the other tube had
three membranes for biofilm
sampling (“coupon”). Hydrogen
was supplied from one end of
the membranes, and the other
end was sealed
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MgS0O, x 7H,0; 0.14 MgCl, x 6H,0; 0.2 NaHCO;; 0.001
FeSO, x 7H,0; 0.001 CaCl,; and 1 mL of trace mineral
solution. The trace mineral solution consisted of (mg/L):
100 ZnSO, x 7TH,0; 30 MnCl, x4H,0; 300 H;BO;; 200
CoCl, x 6H,0; 10 CuCl, x2H,0; 10 NiCl, x 6H,0; 30
Na,Mo0O, x 2H,0; and 30 Na,SeO; (Nerenberg et al. 2008).
The pH of the media was adjusted to 7.5. The influent media
for reactors M1 and M2 was the same, except that Mg salts
(MgSO,x TH,0 and MgCl, x 6H,0) were replaced with
0.2 mg/L of MgSO,x 7H,0.

Startup and stage experiments

All the reactors were inoculated with 1 mL of activated
sludge from the South Bend Wastewater Treatment Plant,
South Bend, Indiana, USA. This inoculum was previously
divided in aliquots with 20% glycerol and stored at — 80 °C.
After inoculation, the reactors were run in recirculation
mode for 16 h to allow the biofilm to become established.
The operational conditions are described in Table 2. The
high recirculation flow rate created well-mixed conditions
in the reactor (Nerenberg et al. 2008).
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Table 1 Reactor’s

.. . Parameter
characteristics and operational

Reactors S1 and S2 Reactors M1 and M2

conditions Total membrane area

Total reactor volume

H, supply pressure (relative)
Influent flow rate

Recirculation flow rate
Hydraulic retention time (HRT)
Temperature

6.2 cm? 70.3 cm?

44 mL 45 mL

1 psi 5 psi

1 mL/min 1 mL/min
90 mL/min 100 mL/min
44 min 45 min
~22°C ~22°C
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Table 2 Reactor’s influent

; ’ Electron acceptor
concentrations and loadings

Single-membrane reactors

Multi-membrane reactors

Stage 1 Stage 2% Stage 1 Stage 2 Stage 3
(days 0-22) (days 22-36)  (days 0-24)  (days24-63)  (days 63-79)
S1 S2 S1 S2 MI M2 Ml M2 Ml M2
NO;~  mg-N/L 0.1 0.1 0.1 0.1 5 5 5 5 5 5
mEq/m>-d 3.7 3.7 3.7 37 161 161 161 161 161 16.1
Clo,~ mg/L 004 004 004 004 06° 06> 06 0.6 0.6 0.6
mEg/m>d 09 09 09 09 1.2 1.2 1.2 1.2 1.2 12
SO, mg/L 10 10 10 10 80 80 80 80 80 80
mEq/m>-d 479 479 479 479 331 331 331 331 331 331
Clo;~  mg/L 0 0 0 5 0 0 0 5 0 0
mEq/m>d 0 0 0 132 0 0 0 119 0 0

“H, pressure increased from 1 to 6 psi during days 33 to 36

"During the first 9 days of stage 1, the influent concentration was 0.1 mg/L and 0.2 mEq/m>-d

Reactors S1 and S2 were operated in two stages, as
described in Table 2. In the first stage, reactors S1 (con-
trol) and S2 (experimental) were supplied with an influ-
ent of 0.04 mg/L CIO,~, 0.1 mg N/L NO;~, and 10 mg/L
S0,>~ for 22 days. In the second stage, 5 mg/L C10;~ was
added continuously to reactor S2 for 14 days. Given the
small membrane area, the bulk liquid and effluent concen-
trations of these reactors were essentially equal to influ-
ent. The influent concentrations of NO;~ and SO,*~ were
selected to obtain a typical bulk concentrations found in
actual MBf{R reactors (Nerenberg et al. 2008; Ontiveros-
Valencia et al. 2014a, b). The high concentration of C10;™,
relative to of NO;~ and SO,*~, was expected to exert a
selective pressure for PRB. The influent medium of both
reactors was purged with N, gas for 30 min to remove any
residual O,.

Reactors M1 (control) and M2 (experimental) were oper-
ated in three stages, as described in Table 2. In the first stage,
the reactors were supplied with 5 mg N/L NO;™, 80 mg/L
S0,2", and 8.4 mg/L O, for 24 days. C10,~ was supplied at
0.1 mg/L during the first 9 days, and then was increased to
0.6 mg/L. These concentrations were based on the values
typically found in drinking water sources and on previous
MBHR pilot studies addressing water remediation (Nerenberg
et al. 2008; Ontiveros-Valencia et al. 2014b; US EPA 2009;
WHO 2004, 2011). Unlike the single membrane reactors,
the effluent concentrations in most cases were substantially
lower than the influent. In the second stage, after NO;™ and
CIO,™ microbial reduction reached steady state, C10;~ was
continuously supplied at 5 mg/L to reactor M2 for 39 days.
Steady state was reached when the variation in the efflu-
ent concentrations of a particular compound were less than
10% for three or more HRTs. Reactor M1 continued with
the same influent media. In the last stage, C1O;™ addition
was discontinued and reactors M1 and M2 were operated
for 16 days.

@ Springer

Analytical methods

The reactor’s effluent was sampled daily, and the influent
every 3 days. Samples were filtered with 0.2-um polyether-
sulfone (PES) syringe filters before storing at 4 °C. The con-
centrations of NO;~, C10,~, ClO5~, and SO,*~ were ana-
lyzed by ion chromatography (DIONEX ICS-2500) with a
4-mm AG20 guard column and a 4-mm AS20 analytical
column. Sodium hydroxide (NaOH) was used as eluent at
1 mL/min with a gradient program ranging from 5 to 55 mM
NaOH. For samples from reactors S1 and S2, the detec-
tion limit for NO;~, ClO;™, and SO42_ was 0.015 mg N/L,
50 pug/L, and 0.1 mg/L, respectively. C10,~ was not detected
below 50 pg/L. For samples from reactors M1 and M2, the
detection limit for NO;~, C1O,~, Cl1O;7, and SO42_ was
0.06 mg N/L, 12 pg/L, 50 pg/L, and 0.6 mg/L, respectively.
The influent concentrations for days without sampling were
the average of the values from the adjacent sampling dates.

The pH was measured by using a pH meter (Accument®
AB250, Fisher Scientific), and dissolved oxygen (DO) in the
influent was measured with a DO probe (LOD101, Hach). The
DO in the effluent was assumed to be below the detection limit.

Biofilm sampling and DNA extraction

Biofilm samples were collected from Reactors S1 and S2 at
the following:

i) Day 22, just before adding C1O;™ to S2 (t1)
i1) Day 36, which was after 14 days of C1O;™ addition (t2)

For t1 samples, we cut a 21-23-cm long section of the
coupon membrane and maintained the membrane with
open end. To ensure the sample from the second stage
would be representative of the evolution of the biofilm
since the beginning; including the CIO;~ addition, the t2
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sample was taken in duplicate. One sample corresponded
to the whole main membrane (~ 35 c¢cm), and the other cor-
responded to the remaining piece of the coupon membrane.

Biofilm samples from reactors M1 and M2 were col-
lected at the following:

i) Day 21, and just before adding C1O;™ to the M2 (t1)

ii) Day 60, and during ClO;~ addition and shortly before
stopping it (t2)

iii) Day 78, which was 15 days after stopping C10;™ addi-
tion (t3)

To sample the biofilm, a 2- to 4-cm section was cut from
two coupon membranes (duplicates), and the remaining
sections were sealed with a knot to prevent gas leakage.

To separate the biofilm from the membrane, the sam-
pled membrane section was placed in a 2-mL centrifuge
tube, vortexed at maximum intensity for 10 min, and
centrifuged it at maximum speed for 10 min. DNA was
extracted from the obtained pellet with UltraClean™
Microbial DNA Isolation kit (MO BIO Laboratories)
according to the manufacturer’s instructions. The concen-
trate absorbance was measured with a spectrophotometer
(NanoDrop 2000, Thermo Scientific) to ensure sufficient
DNA quantity and quality. The extracted DNA was ana-
lyzed via 16S rRNA sequencing as detailed below. DNA
was stored at — 20 °C after extraction and until analysis.

High-throughput sequencing and taxonomic
analysis

The microbial community structure was determined by
high-throughput sequencing of regions V4 and V5 of the
16S rRNA, using the primers 515F (5'-GTGYCAGCMGCC
GCGGTAA-3') and 926R (5'-CCGYCAATTYMTTTRAG
TTT-3"). These are the most reliable regions to represent
full length 16S rRNA (Yang et al. 2016). Samples were
sent to DNA Services Facility at the University of Illinois
at Chicago for sequencing with MiSeq Illumina technol-
ogy. Taxonomic analysis was performed in QIIME v 1.8
(Caporaso et al. 2011). The lowest number of sequences
found was 50,500. These sequences were clustered into
operational taxonomic units (OTU) with 97% identity
against the Greengenes rRNA database (DeSantis et al.
2006). More details are described in Ontiveros-Valencia
et al. (2014a). After the taxonomic analysis, the relative
abundances of the duplicate samples—sample at t2 of
reactors S1 and S2, and samples at each sampling time
of reactors M1 and M2—were averaged. Raw sequences
are available at the Sequence Read Archive (SRA) of the
National Center for Biotechnology Information (NCBI)
under accession number PRINA606597.

Statistical analysis

The statistical significance of the effect of C1O;~ addition
on the removal rates of C10,~ and SO,>~ was determined
in stage 2 of reactors M1 and M2 with a one-way repeated
measured analysis of variance (ANOVA). We employed
SPSS Statistics v.25 to determine the statistical significance
of ClO;™ addition (reactors M1 and M2) on ClO,~ and
SO,*~ reduction. The data from stage 2 (days 24 to 63) from
both reactors was analyzed with a one-way repeated meas-
ures analysis of variance (ANOVA) using the software SPSS
Statistics v.25. The data set from stage 2 excluded data from
the days 31 to 34, day 42, and days 48 and 49, as the perfor-
mance results were affected by leaking and sloughing events.

Results

Reactors S1 and S2—single membrane setup

Cl0; - suppressed SO,* - reduction

After 8 to 9 days of operation, and before C1O;~ addition
to reactor S2 (stage 1), both reactors averaged an over-

all NO;™ effluent concentration of 0.04 mg N/L (~65%
removal) (Fig. 2). SO42‘ reduction was always near zero
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a s 9 [ 9 14
|
0.4 . } e ol
- 00000000900098003 oo ‘°‘°°’ "’00000
= | 10 @
£ 03 ! 9
Z [ 8 3
& | Q
O 0.2 | =
z | L6
- I =
. . I
0.1 unnnu':":‘ } o r4
oo ooBfopo
0 ”nl‘-llﬂnunnnn D:I,“ od . n:, 5
0 10 20 30
b) 05 ‘ 14
| 12
04]90080000800600000 so0gp0ec0e cecesce
- [ 10 8
gw | 9o
= i | R
> 03 \ Fré8 o
. ! o)
> | Le <
o 4 —
> 0.2 } g
[ L " - . }' = M4 E
- - L |
0.1 n“uuuunn L] a | L] ,5 =,
goooo nn-’Dn“U[
0 DEIIUDBEBDB l'-'|:||n!r1 . 0
0 10 20 30
Time of operation (days)
= |nfNO;~ BEffNO;~ ¢InfSO,* <Eff SO,* Inf CIO5~ Eff ClO;~

Fig.2 Reduction of NO;—, SO,>—, and ClO;—. a Reactor Sl
(control). b Reactor S2 (experimental, ClO;—addition). In the first
stage, both reactors were run without ClO;—. From days 22 to 36,
ClO;—was added to reactor S2. The arrows indicate the days in
which the biological samples were taken. From day 33, H, pressure
increased from 1 to 6 psi
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in both H,-MBfRs during both stages except for the end
of stage 2 in reactor S1, which is likely explained by the
increase on H, pressure from 1 to 6 psi.

Cl0;™ was reduced from 5 mg/L to an average con-
centration of 2.4 mg/L in the first week of its addition to
reactor S2 (stage 2). From days 33 to 36, C10;™ reduc-
tion improved, with the effluent dropping to 0.4 mg/L,
which is also explained by the increase on H, pressure.
NO;™ reduction decreased at stage 2 in both reactors,
probably due to the large amount of membrane removed
for biofilm sampling before stage 2. Although it seems
that C10;™ affected NO;™ reduction, this might be related
to its high concentration of e~ equivalents compared to
NO;™ (Table 2). At this stage, NO;~ reduction aver-
aged 68% in reactor S1, while it averaged 60% in reactor
S2. Moreover, once ClO;~ reduction improved to 90%,
NO;™ reduction dropped to 40%.

Microbial community structure

Reactors S1 and S2 were operated to test if chlorate
would select for PRB. Biofilms from S1 and S2 had
80-90% heterotrophic and autotrophic phylotypes that
include members as denitrifying bacteria (DNB) and
PRB (Fig. 3). The dominant orders were Rhodocyclales,
Bulkholderiales, and Rhizobiales, representing 65-70%
relative abundance in both reactors. These three orders
are very diverse, with members capable of denitrifica-
tion and ClO,~ reduction (Coates et al. 2001; Oren 2014;
Willems 2014; Zhao et al. 2011).

Both S1 and S2 had similar abundance of Rhodocy-
clales by the end of stage 1 (17-19%) (Fig. 3). How-
ever, after 2 weeks of ClO;~ addition to S2 in stage 2
(t2), Rhodocyclales doubled their abundance compared

to stage 1 (t1). Moreover, Dechloromonas, one of the two
genera of this order present in the microbial community,
increased almost four times at stage 2 of S2, while it only
increased 1.5 times in S1 (Fig. S1). In addition, it seems
that C1O5™ slightly enriched for Rhodobacterales, chang-
ing from 1% in stage 1 to 3% in stage 2. This order only
presented the genus Rhobodacter which is a denitrifying
bacteria (Kraft et al. 2014; Zhang et al. 2016), although
Roldén et al. (1994) reported species from the genus Rho-
dobacter capable of ClO;™ reduction.

Reactors M1 and M2—multiple fibers setup
Effect of CIO3 —on Cl04 —and SO42 - reduction

In both reactors, NO;~ was reduced to below detection after
5 days (Fig. 4). C1O,~ was reduced to approximately 12 pg/L
(i.e., 95% reduction) on day 9 in M1 and on day 6 in M2. The
delay and lower perchlorate reduction in M1 may be due to
a leak in the recirculation tubing during the first 5 days of
operation.

S0,>" reduction was detected on day 17 after an imposed
batch period while the reactors had recirculation problems.
During the incident, SO,*~ effluent concentration values

100%
90%
80%
70%
60%
50%

Reactor S1

Reactor S2

Unassigned
Other
m Rhodobacterales
m Caulobacterales
Bdellovibrionales
Sphingobacteriales

m Rhodospirillales

40% m Sphingomonadales
o
m Flavobacteriales

Relative Abudance

o
30% Saprospirales

20% m Rhizobiales

10% - Burkholderiales

0% mRhodocyclales

Fig.3 Microbial community structure at order level in S1 and S2.
Biological samples were taken at 2 times: (i) day 22, before adding
chlorate to reactor B (t1); (ii) day 34, after 14 days of chlorate addi-
tion (t2). In each reactor, the results at t2 are an average of two sam-
ples. The sum of the less abundant phylotypes (< 1%) is classified as
“Other”
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Fig.4 Reduction of NO;—, SO42—, ClO4—and ClO;—. a Control
reactor M1. b Experimental reactor M2 (with Cl1O; —addition). In the
first stage, both reactors were run identically, without Cl1O;—. From
days 24 to 63, ClO;—was added to M2. Both reactors continued to
operate for 16 days, without ClIO;—. The dashed lines indicate the
limits between each stage (Table 2), and the arrows indicate the days
when biofilm samples were collected
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were 71 mg/L and 74 mg/L on day 22 in reactors M1 and
M2, respectively. This was detrimental to C1O,~ reduction,
as effluent concentrations increased up to 150 pg/L (77%
ClO,™ removal) in M1 and 45 pg/L (94% ClO,~ removal) in
M2. These results agree with previous studies which showed
that SO,*~ reduction can inhibit C10,~ reduction (Ontiveros-
Valencia et al. 2013, 2014a).

In stage 2, and once ClO;~ was added to M2 (day 24),
ClO;~ was immediately reduced and reached 98% reduc-
tion (effluent of 120 pg/L) within 2 days (day 26). For the
rest of stage 2, effluent C1O;™~ concentrations were around
90449 pg/L, except for day 30 and days 48—49, where leaks
and biofilm sloughing caused some variations. Despite the
low effluent C1O;~ concentration during stage 2, which
would exert a low selective pressure, ClO,” reduction
improved and reached > 96% reduction, with an average
effluent concentration of 23 + 17 pg/L, and SO,* reduction
diminished to < 5% and averaged 80+ 3 mg/L in the effluent.
In contrast, the average ClO,~ reduction decreased to 92%
in M1, with an effluent of 53 +37 pg/L—the double com-
pared to M2—and the average effluent SO42_ concentration
was 73 +3 mg/L (~ 10% of reduction). This suggests that
ClO;™ improved ClO,~ reduction.

Once Cl0;™ addition was discontinued, SO,*~ reduc-
tion quickly resumed and reached levels higher than before
CIO;™ addition, and also higher than M1 (Fig. 4). In stage
3, we also observed a decrease in C10,~ removals to below
95% for M2. ANOVA tests indicated that reduction of
ClO,~ and SO,>~ during stage 2 in M2 was significantly dif-
ferent than in M1 (F-ratio=17.21 and p=0.0005 for C10,",
and F-ratio="78.82 and p=0.0005 for SO,>7).

Assessment of the microbial community with 16S
rRNA sequencing

The microbial community in reactor M1 was dominated by
phylotypes related to Rhodocyclales (35%) and Bulkhoderi-
ales (28%) at the end of the first stage (t1) (Fig. 5, Fig. S2).
Then, the community was enriched with phylotypes related
to SRB at the second and third stages, represented by the
order Desulfovibrionales (Muyzer and Stams 2008). This
order was 3% of the microbial community initially, but it was
52% at the end of stage 3. As the presence of SRB increased,
the phylotypes Rhodocyclales and Bulkhoderiales decreased
from 63 to 22%.

In M2, the community in stage 1 was also dominated
by the orders Rhodocyclales and Burkholderiales (71%
in total) (Fig. 5, Fig. S2). During C10;™ addition in stage
2 (t2), phylotypes related to SRB Desulfovibrionales
increased from 7 to 41%, and Rhodocyclales and Burk-
holderiales decreased to 32% in total, even more than in
MI. Interestingly, without C105™ (t3), Desulfovibrionales

Reactor M2

Reactor M1

100% -
Unassigned
90% - )
Other bacteria

80% Clostridiales

70% Erysipelotrichales

60% Acholeplasmatales
50% = Flavobacteriales
Bacteroidales

o
40% m Thiobacterales

Relative Abundance

30% - Campylobacterales
20% m Desulfovibrionales

10% - ~= Burkholderiales

w Rhodocyclales
0%

Fig.5 Microbial community structure at order level in the control
(M1) and experimental (M2) reactors. Biological samples were taken
at three time points: (i) day 21, before adding chlorate to the experi-
mental reactor (t1); (ii) day 60, after 36 days of chlorate addition (t2);
and (iii) day 78, after 15 days of stopping chlorate addition (t3). The
presented results are the average of two samples at each time in each
reactor. The sum of the less abundant phylotypes (< 1%) is classified
as “Other”

decreased to 17% and Rhodocyclales and Burkholderiales
increased to 47%.

Both reactors presented sulfur-oxidizing bacteria (SOB)
Thiobacterales and Campylobacterales at t2 and t3 (Fig. 5).
SOB can oxidize H,S to S° or SO,>~ coupled with O, or
NO;™ or C1IO,~ (Bomberg et al. 2016; Kersters et al. 2006;
Shao et al. 2010). Although initially SOB only represented
3-4% of the total relative abundance, once SO42_ was
reduced and produced H,S, these bacteria increased in abun-
dance in the biofilm.

Discussion
Chlorate effect in the microbial communities

In both types of reactors (i.e., S1, S2, M1, and M2), the
microbial community was dominated by Rhodocyclales
and Burkholderiales. These types of bacteria are capable
of denitrification and C1O,~ reduction. They have also been
detected in other studies reducing NO;™ and C1O,~ (Neren-
berg et al. 2008; Ontiveros-Valencia et al. 2014a, b; Zhao
etal. 2011).

The high increment of Dechloromonas (Rhodocycla-
les) species in S2 (19 to 42%) compared to S1 (17 to 21%)
at stage 2 suggests it was the main organism responsible
for CIO;™ reduction. This would also explain the higher
ClO;™ reduction, and the inhibition of NO;™ reduction,
when H, availability was higher (day 32) (Fig. 2). Moreo-
ver, Dechloromonas outcompeted Bulkholderiales during
CIO;™ addition (stage 2) in S2. This agrees with previous
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studies indicating that members of Bulkholderiales (i.e.,
Hydrogenophaga) in reactors with NO;~ and ClO,~ have
been mainly responsible for NO;~ reduction but not for
ClIO, reduction (Liu et al. 2019; Willems and Gillis 2015;
Zhao et al. 2011). This shows that ClO;~ addition for
2 weeks can enrich for PRB, but they are not exclusively
CIO, reducers.

Similarly to reactors S1 and S2, the reduction of
ClO,™ and NO;™ in reactors M1 and M2 was likely per-
formed by Dechloromonas, which was present in both reac-
tors, even with the low influent C10,~ concentration (Fig. 4).
This was suggested by Nerenberg et al. (2008), who pro-
posed that NO;™ can serve as a primary electron acceptor
substrate for PRB. Also, as C1O;~ was immediately reduced,
it indicates the microbial community already had the abil-
ity to reduce CIO;". Since the community presumably con-
tained PRB prior to Cl1O;™ addition, it is likely that PRB
were responsible for the initial reduction, rather than CRB.
The increase of ClO;™ reduction during the first 4 days of
addition suggests a further enrichment of PRB.

As ClO;~ decreased SO, reduction in M2, we expected
a lower abundance of SRB than in M1 at the end of the
stage 2 (day 60). However, 16S rRNA results at t2 showed
a larger presence of Desulfovibrionales in M2 than in M1
(41% compared to 25%) (Fig. 5). Also, once the influent
CIO;™ was removed (stage 3, Fig. 4), SO42_ reduction was
lower, but SRB abundance was higher (Fig. 5). A poten-
tial explanation for the higher abundance of SRB is that
the microbial abundance of SRB might not be completely
related to their activity, as the biological samples may con-
tain DNA of bacteria that are inactive (dead) but still per-
sist in the biofilm (Li et al. 2017). This can be particularly
true for SRB in these reactors (M1 and M2), as they might
proliferate closer to the membranes, where they have more
access to H, and are more protected from detachment (fur-
ther explanation in the following section). It is also possible
that H,S formed by SRB could serve as an electron donor
in the outer biofilm and be re-oxidized to SO42_, obscuring
the SO,>~ reduction. H,S profiles obtained with microsen-
sors in a H,-MBfR with the same conditions as M1 showed
that H,S was both formed and consumed within the biofilm
(Fig. S3), supporting this explanation.

Chlorate addition as a mean to enrich PRB in MBfRs

As a strategy to enrich PRB, C1O;™ addition to H,-MBfRs
worked in both types of H,MBfR, but its effect in the micro-
bial community was clearer in the single membrane reactors,
where ClO;™ loading was 10 times higher than in the mul-
tiple membrane reactors, allowing higher bulk C1O05~ con-
centrations. Also, the addition of ClO;™ clearly helped
inhibit SO,>~ reduction, but it apparently did not eliminate
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SRB, given the fast recovery of SO,*~ reduction after dis-
continuing C1O5™ supply in reactor M2. This indicates the
strategy of adding C1O;™ has to be permanent and that the
CIO;™ concentration in the bulk must be kept above a cer-
tain level, around 0.1 mg/L in our experiments, in order to
maintain ClO,~ reduction at higher levels (i.e.,>96%) and
to prevent SO,>~ reduction.

In reactors M1 and M2, the membranes were potted
together at both ends, forming a bundle, and membranes
may have clumped together. This configuration allows exces-
sively growth of biomass, which entails problems such as a
decrease in the reduction activities in the external part of
the biofilm, due to a limitation of H, (Martin et al. 2015).
In the inner part of the biofilm, limitations of NO;~, Cl1O;™,
and C10,~ may occur, but not SO,*~. As SO,>~ is generally
present at much higher concentrations than the other electron
acceptors, it more readily diffuses through the biofilm and
reaches the membrane surface, where maximum H, con-
centrations are found. This provides perfect conditions for
SRB to grow, and also gives them more protection from
detachment (Martin and Nerenberg 2012; Tang et al. 2013).
Profiles of H,S in a bundle showed that H,S was accumu-
lated in the center of the bundle, where SRB are more likely
to be located (Fig. S3).

In the single membrane reactors, the biofilms were thin-
ner and reducing the likelihood of SRB proliferation. These
reactors can represent a “real” H,-MBfR with multiple “sin-
gle membranes” (membranes separated from each other) at
steady state, as we are using influent concentrations closer
to the effluent concentrations in other H,-MB{R studies—
except for C10;"—(Martin and Nerenberg 2012; Neren-
berg et al. 2008; Ontiveros-Valencia et al. 2014b). In S2 the
ClO;™ concentration in the bulk remained close to 2 mg/L
and the shifts in the microbial community were relevant as
compared to S1. However, despite the small membrane area,
an increment in H, availability allowed ClO5™ to be reduced
to lower levels and competed with NO;™. Furthermore, sin-
gle membrane reactors showed that SO,>~ reduction was not
detected until the increment in H, pressure (Fig. 2, day 33),
but C1O;~ was able to inhibit it, despite that the acceptor
loading in mEq/m?>-day (Table 2) for SO,>~ was almost four
times higher than ClO;~. H, pressure is a key operational
parameter for the performance of H,-MBfRs (Ontiveros-
Valencia et al. 2014a).

One concern with the C1O;™ addition strategy is that it
could enrich for CRB, which reduce C105™, but not C10,",
using the specialized chlorate reductase enzyme. This
enzyme differs from the perchlorate reductases (Steinberg
et al. 2005). Most known CRB belong to the y-proteobacteria
(Youngblut et al. 2016). However, as explained before, our
results showed that C10;™ addition enriched for PRB, and no
members of y-proteobacteria were present in the microbial
community (Figs. 3 and 4). Also, it should be noted that
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the effluent C1O;™ concentrations were 0.09 mg/L in reac-
tors M1 and M2, which is well below the C1O;~ standard of
0.7 mg/L, and did not represent a contamination problem.

To our best knowledge, this is the first time ClO;™ addi-
tion was tested to enhance ClO,™ reduction. C1O;™ addition
increased the abundance of PRB in H,-MBfRs, improved
perchlorate reduction, and suppressed SO,>~ reduction.
ClO;™ effect did not last long after it was removed from the
reactors, indicating that intermittent CIO;~ addition would
be needed.
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tary material available at https://doi.org/10.1007/s00253-022-11976-1.
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