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Abstract In this study, a distinct inoculum was
investigated as an isolated variable within sequencing
batch reactors via a comparison of the 4-fluoroaniline
(4-FA) or 24-difluoroaniline (2,4-DFA) removal
amounts. The inocula were derived from a treatment
plant for treating pharmaceutical wastewater plus a
small amount of municipal sewage (PMS), a treatment
plant for treating fluoridated hydrocarbon wastewater
(FHS), and a treatment plant for treating the compre-
hensive wastewater in an industrial park (CIS). There
were slight differences among the degradation
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patterns of the 4-FA for the three inocula, whether
during the enrichment period or the high concentration
shock period. In contrast, it was observed that the
degradation efficiency of 2,4-DFA initially varied
with the inocula. The FHS-derived inoculum was
determined to be optimal, exhibiting the earliest
degradation reaction only after an acclimation of 7
days had the highest degradation rate constant of
0.519 h™', and had the fastest recovery time of three
weeks after high concentration shock. Additionally,
compared with the PMS-derived inoculum, the CIS-
derived inoculum exhibited an earlier degradation
reaction within three weeks, and a higher microbial
diversity, but a lower shock resistance and degradation
rate constant of 0.257 h™"'. High-throughput sequenc-
ing demonstrated that each final consortium was
different in composition, and the microbial consortia
developed well on the inoculum and substrate. In
comparison of the similarity among the three 2,4-DFA
enrichment  cultures, the higher similarity
(63.9-70.0%) among three final consortia enriching
with 4-FA was observed. The results indicated that the
inoculum played an important role in the degradation
of FAs and the microbial bacterial communities of
final consortia, and the effect extent might well depend
on the fluorinated level of FAs.

Keywords Inoculum - Acclimation - 4-
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community
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Introduction

Fluoroaromatics have increasingly contributed to
environmental pollution in recent decades due to the
wide use of fluorinated pharmaceuticals and agro-
chemicals (Kiel and Engesser 2015). The carbon—
fluorine bond is one of the strongest bonds in nature,
which makes the fluoroaromatics recalcitrant to
chemical and biological degradation, and easily accu-
mulating in water and soil (Adams and Halden 2010).
Considering the toxicity of fluoroanilines (FAs) to the
environment (Eadsforth et al. 1984; Mosneang et al.
2014; Smulek et al. 2017), these substances have been
listed as a priority to control organic pollutants in the
United States and China (Cui et al. 2017). Obviously,
it is an urgent and fascinating challenge for researchers
to eliminate or reduce FAs contamination.

Compared with other treatment methods, biological
treatment methods provide a safer, environmentally
friendly, and cheaper option (Kiel and Engesser 2015).
Despite the fluoroaromatics have low natural
biodegradability owing to the stability of their molec-
ular structures, there have been some efforts towards
their biological treatment. To date, several reports in
the literature have confirmed that some strains can
degrade FAs (Amorim et al. 2013; Song et al. 2014;
Zhao et al. 2019b). Using microbial consortia instead
of single strains for the biodegradation of FAs allows
one to take advantage of the microbial interactions, by
making optimal use of their intricate regulatory
systems, which may bypass problems of feedback
regulation and metabolite repression that are often
posed by single strain (Carvalho et al. 2010; Cortes-
Tolalpa et al. 2016; Cui et al. 2017; Khehra et al.
2005). As for new or unusual chemicals, the microor-
ganisms typically can acquire new metabolic path-
ways by pre-adaptation, which is referred to as
acclimation (Movahedyan et al. 2008; Orozco et al.
2013; Sahinkaya and Dilek 2005; Wosman et al.
2016). Among the literature regarding fluoroaromatic
degradation, the acclimation duration ranges from
several weeks to months even years (Duque et al.
2011; Zhao et al. 2015). The initial seeding source is a
critical factor for determining the dominant commu-
nity that is responsible for the key function during
acclimation, which would influence the acclimation
duration and degradation efficiency (Alexandrino
et al. 2018; Cortes-Tolalpa et al. 2016; Ding et al.
2018; Kim et al. 2017). Thus, the seeding sources are
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likely a critical variable that controls the success of
fluoroaromatics degradation. However, little is known
about effects of seeding sources on FAs degradation
and microbial communities of the final consortia.

In recent years, negligible effects of seeding
sources on pollutants removal and the microbial
communities of the final consortia has been reported,
such as anaerobic ammonia oxidation(Cho et al. 2018)
and 5-fluorouracil degradation(Kim et al. 2017). Also,
several literatures show that effects of the seeding
sources on pollutant removal depend on substance
type (Alexandrino et al. 2018; Kim et al. 2017). To our
knowledge, it remains unclear whether effect extent of
the seeding sources on FAs degradation depends on
fluorinated level.

Besides, the xenobiotic concentrations easily fluc-
tuate in actual industrial wastewater (Osuna et al.
2008). As one of the important fluctuant factors, the
pollutant concentration can not only affect the char-
acteristics of microorganisms, but also have an impact
on metabolisms of microorganisms for utilizing sub-
strates in wastewater, which results in variation in the
pollutant removal performance (Jiang et al. 2019a). In
particular, when the concentrations of FAs increase,
the insufficient degradation capability is also prevalent
due to their toxicity, even if the microorganisms are
successfully acclimated and achieve a steady state at a
certain concentration (Alves et al. 2017; Movahedyan
et al. 2008). Thus, the capacity to respond to high
concentration FAs shock should be considered for the
final consortia obtained from the distinct inocula.

In this study, two different fluorine substitution FAs
including 4-fluoroaniline (4-FA) and 2.,4-difluoroani-
line (2,4-DFA) are focused on. This study is conducted
in six sequencing batch reactors (SBRs) inoculated
three typical activated sludge, (i) to evaluate influence
of the seeding inocula on the degradation efficiencies
of 4-FA or 2,4-DFA during acclimation and high
concentration shock period, and its respond to fluori-
nated level of FAs; (ii) to assess whether the final
consortia enriched from the distinct inocula has
similar degradation capacity to high concentration
4-FA or 24-DFA and their homologues;(iii) to
determine the relevance of the microbial inoculum
as the driver of the final enrichment FAs-degradative
consortia. This research provides insights into the role
of the inoculum source during degradation of FAs, and
its response to fluorinated level of FAs. Additionally,
it provides important information on the choice of the
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seeding sources for actual wastewater treatment
system stability and efficient operations.

Materials and methods
Inoculum sources and mineral salt medium

In general, the inoculation from industrial wastewater
treatment station has more advantages than that from
domestic municipal wastewater treatment plant. Thus,
the inoculum sources were taken from (1) the activated
sludge return line from the secondary clarifier of a
mixed pharmaceutical-municipal wastewater treat-
ment plant (PMS, R1); (2) the aerobic pool of a
fluorinated hydrocarbon wastewater treatment system
(FHS, R2); and (3) the oxidation ditch of a compre-
hensive wastewater treatment plant in an industrial
park (CIS, R3). All three factories were located in
Quzhou, Zhejiang Province, China, with no FAs
exposure. The sludge volume indexes (SVI) of the
PMS-derived, FHS-derived, and CIS-derived inocula
were 120 mL/g, 59 mL/g, and 81 mL/g, respectively.
The components of the medium were as follows (in
mg/L): sucrose 0-500, sodium acetate 0—850, 4-FA or
2,4-DFA 25-500, NH,CI 237, KH,PO, 27.69, K,
HPO,4-3H,0 46.15, FeSO4-7H,0 6.25, MgCl,-7H,0
5.1, CaCl, 6, and 1 mL/L of micronutrient solutions
which was described in our previous report(Zhao et al.
2015). The initial pH was adjusted to 7.2 + 0.2 with
1 M HCI or NaOH.

Enrichment of microbial consortia degrading FAs
from three inoculum sources

Six reactors with a working volume of 2.0 L were set
up. They were cylindrical and made of polymethyl
methacrylate. A total of 2.0 L liquid, including the
medium and the mixed liquor volatile suspended
solids (MLVSS), was added to each reactor to support
microbial growth. The reactors containing the same
inoculum source were supplied with 4-FA or 2,4-DFA
(reagent grade; Shanghai Sheng Chemical Technology
Co., Ltd.). The trace mineral solution was prepared
according to the method of Zhao Zhiqing et al. (2015).
Each reactor was seeded with approximately
1500 mg/L of MLVSS. A stable reactor temperature
was maintained at 28 £ 2 °C using a thermostat-
controlled electric heating rod. The operating cycle of

every 24 hincluded: 5 min of feeding, 23 h of aerobic
reaction with an O, concentration of 3 mg/L (main-
tained by mechanical aeration), 45 min of sedimenta-
tion, and 10 min of effluent withdrawal, during which
70% of the liquid volume was replaced with fresh
medium. According to the model compound (4-FA,
and 2,4-DFA) and inocula (PMS, FHS, and CIS), the
reactors were named FR1, FR2, FR3, DFR1, DFR2,
and DFR3.

Stepwise acclimation was applied during the oper-
ation. Whole acclimation included two stages. In
phase I, the FAs concentration at the beginning of the
acclimation was 25 mg/L, then gradually increased to
50 mg/L, 100 mg/L, 150 mg/L, and finally 200 mg/L,
when the accompanying supplementary carbon
resources gradually decreased from 1350 mg/L (Wos-
man et al. 2016). In phase II, the concentration was
further increased to 300 mg/L without supplementary
carbon resources. Every time the removal efficiency of
the FAs reaches > 85%, the concentration of FAs will
further increase. During the entire acclimation, sam-
ples were periodically taken out to determine the
residual 4-FA and 2,4-DFA concentration, as well as
the released fluoride ion (F~) concentration. At the end
of acclimation, nine samples were collected, including
seed inocula (R1seed, R2seed, R3seed), 4-FA enrich-
ment culture (FR1, FR2 and FR3), and 2,4-DFA
enrichment culture (DFR1, DFR2 and DFR3), to
analyze the microbial community structure at the end
of the experiment.

FAs are toxic to many kinds of microorganisms,
resulting in inhibition to their growth (Vazquez and
Rial 2014). To date, how the final enriched consortia
obtained from the distinct inocula show responses to
high concentration shock becomes unknown. Thus,
when the SBRs successfully achieved a steady state at
300 mg/L, the initial concentration was further
increased to 400 mg/L and 500 mg/L that were above
the median lethal concentration (ECsq) value (Zhao
et al. 2019a), namely phase III.

Batch degradation experiments

FAs degradation kinetics

After successful acclimation, the enriched culture was
washed three times with 0.01 M sodium phosphate

buffer (pH 7.2) and then placed in a new 2.0 L
bioreactor. The initial MLVSS and FAs (4-FA or 2,4-
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DFA) concentrations in the reactor were 1000 mg/L
and 500 mg/L, respectively. The operating tempera-
ture was maintained at 28 £ 2 °C, and the O,
concentration was controlled at 3 mg/L.. To monitor
the variation in concentration over time, after 0, 2, 4, 6,
8, 10, 12, and 24 h of incubation, 25 mL of the
supernatant was sampled from each reactor to perform
the FAs and F~ concentrations analyses. The residual
amount of 4-FA or 2,4-DFA obtained at the different
time intervals was fitted to the first-order kinetics to
determine its degradation efficiency (Chettri and
Singh 2019), as shown below.

C,=Co-e™ (1)

where C, is the concentration of 4-FA or 2,4-DFA at
time t; t is time; k is the first-order rate constants; and
Cy is a constant of the biodegradation by three
enriched mixed cultures.

Degradation potential of the enriched microbial
consortia for high concentration FAs

Typically, the concentrations of FAs in wastewater
range from tens to hundreds, but the concentrations in
actual wastewater can also reach high as the thousands
(Wang and Huang 2005). Thus, to further investigate
the degradation potential of the final enriched micro-
bial consortia for high concentration FAs, they were
inoculated in 100 mL medium with FAs concentra-
tions varying from 300 to 1500 mg/L for three days at
pH 7.0, 28 + 2 °C and 120 rpm, respectively. The
equivalent biomass (approximately 1000 mg/L
MLVSS) of the enriched microbial consortia was
added to each flask. Prior to inoculation, the enriched
microbial consortia was washed three times with a
0.01 M sodium phosphate buffer (pH 7.2).

Degradation potential of the enriched microbial
consortia for homologues

To test the degradation potential of the enriched
microbial consortia for five homologues including
2-fluoroaniline (2-FA), 3-fluoroaniline (3-FA), 4-FA,
2,4-DFA, and 2,3,4-trifluoroaniline (2,3,4-TFA), a
batch incubation experiment was established. Tripli-
cate batch reactors were set up in 250 mL flasks
containing 100 mL medium with a concentration of
100 mg/L. FAs for three days at pH 7.0, 28 + 2 °C,
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and 120 rpm. The equivalent biomass (approximately
1000 mg/LL MLVSS) of the enriched microbial con-
sortia was provided in each flask. Also, controlled
experiments were conducted along with the primary
experiments without biomass or using the autoclaved
biomass.

The degradation efficiency and defluorination rate
were calculated according to the following equations:
n = Co =S 00% (2)

Co
where 1, is the degradation efficiency; and C, (mg/L)
and Cy (mg/L) represent the residual concentrations of
4-FA or 2,4-DFA at time ¢ (h) and initially, respec-
tively (Cortes-Tolalpa et al. 2016).

_m[_m()
n2_RF*C0

* 100% (3)

where #, is the defluorination rate; m, (mg/L) and m,
(mg/L) represent the concentrations of fluoride ions
(F7) at time ¢ (h) and initially, respectively; and Rp
(%) represents the theoretical mass percent of F~ in
4-FA or 2,4-DFA (Li et al. 2020a).

Microbial characterization of the final microbial
consortia enriched with 4-FA or 2,4-DFA

Genomic DNA was extracted by using a Fast
DNeasy® PowerSoil® Kit (Carlsbad, CA, USA)
according to the manufacturer’s instructions. Primers
338F (5-ACTCCTACGGGAGGCAGCAG-3') and
806R (5-GGACTACHVGGGTWTCTAAT-3') with
different barcodes were used to amplify the hyper-
variable regions V3-V4 of bacterial 16S rRNA gene in
an Applied Biosystems 9700 PCR System in triplicate.
The PCR productions were sequenced on an Illumina
Miseq PE300 platform (Illumina,USA) in Majorbio
Co., Ltd (Shanghai, China). Raw sequencing data in
this study have been deposited in Sequence Read
Archive (SRA) database with accession number
PRINAS531176.

Sequences were analyzed using the Quantitative
Insights into Microbial Ecology (QIIME) software
(Fan et al. 2018). The operational taxonomic units
(OTUs) were defined using the Usearch algorithm
(version 7.0 http://drive5.com/uparse/) on the basis of
97% sequence identity (Edgar 2010). OTUs contain-
ing less than two sequences (singletons) were removed
from the analysis. Based on these clusters, Alpha
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diversity indices, including Shannon index, and Chao
1, were calculated. Reads were classified using the
Classifier tool from the Ribosomal Database Project
(version 2.2 http://sourceforge.net/projects/rdp-
classifier/).

Analytical methods

According to the procedure described by Zhao et al.
(2019a), FAs were analyzed by Waters high perfor-
mance liquid chromatography (HPLC) coupled with
UV absorbance detector at a wavelength of 230 nm,
with C18 reversed-phase column.The F~ was ana-
lyzed by using the ion selective electrode method
(composed of PF-1-01 fluorine ion selective electrode
and 232-01 calomel electrode). The determination
procedures of MLVSS was detailed in the Standard
Methods (APHA 2005).

Results and discussion

Removal of 4-FA or 2,4-DFA
during the enrichment and the high concentration
shock periods

Obviously, all six reactors had been successfully
initiated and operated stably (Figs. 1, 2). For 4-FA, the
degradation efficiency (FADE) and defluorination rate
(DEFR) on day 7 reached nearly 100%, and a high
FADE and DEFR were even maintained while
increasing the initial concentration without supple-
mentary carbon resources in Phase II, regardless of the
inoculum sources (Fig. 1). Also, in Phase III, when the
concentrations were further increased to 400 mg/L
and 500 mg/L, the removal performance of 4-FA was
nearly stable until day 121. On day 121, the temper-
ature in FR2 decreased from 28 °C to room temper-
ature (about 23 °C) due to damage of the heat rod. To
maintain the operation condition consistent for the
three 4-FA enriched microbial consortia, the temper-
ature in the FR1 and FR3 was also controlled at room
temperature until day 135. During this period, the
DEFR slightly decreased for FR2 and FR3, but
obviously decreased for FR1.

In contrast, degradation of 2,4-DFA was strongly
dependent on the inoculum sources. It was observed
that the degradation efficiency of 2,4-DFA initially
varied with the inoculum (Fig. 2). The degradation of

2,4-DFA in DFR2 began without a lag period
(Fig. 2b), but the initial FADE and DEFR in DFR1
and DFR3 were low (30-60%) (Fig. 2a, c) until
6 weeks and 3 weeks later, respectively. Moreover,
nearly every increase in the 2,4-DFA concentration
significantly inhibited the DEFR in DFRI. It is
important to note that when the 2,4-DFA concentra-
tion increased to 300 mg/L without supplementary
carbon resources, the FADE and DEFR regardless of
the inocula decreased by greater than 10% and 30%,
respectively (Phase II in Fig. 2). Moreover, DFR3
required nearly five weeks for recovery, and only one
week was required for DFR1 and DFR2.This could be
attributed to the high toxicity of 2,4-DFA, and the
disappearance of the biogenic substrates, as well as the
distinct seeding sources. Generally speaking, with the
concurrent presence of xenobiotic and biogenic sub-
strates, provisions for growth and energy can be
obtained from easily-utilized substrates, providing
better resistance against toxicity, and also can enhance
the ability of certain heterogeneous microbial com-
munities to degrade xenobiotic (Chong and Chen
2007). Additionally, the role of biogenic substrates
and the resistance capacity to toxicity depends on the
microbial community structure (Kim et al. 2017; Li
et al. 2020a; Xu et al. 2018a).Furthermore, the
concentrations of 2,4-DFA increased to 400 mg/L
and 500 mg/L, and the reactors were successively
administered with each concentration shock for fifteen
days and above, considering 7-9 days of mean cell
residence time (Chong and Chen 2007).The mixed
cultures kept stable degradation efficiency for 2,4-
DFA at 400 mg/L and 500 mg/L ( Phase III in Fig. 2).

Batch degradation tests

First-order reaction kinetics of 4-FA and 2,4-DFA
degradation

According to the literature on the conversion of
fluoroanilines (Song et al. 2014) and chloroanilines (Li
et al. 2020a), typically, the halogenated anilines
biodegradation is initially catalyzed by hydroxylation,
resulting in the formation of halocatechols. Then the
halocatechols are transformed into halomuconates
through a catechol 1,2-dioxygenase or 2,3-dioxyge-
nase, and subsequently the intermediates are recycled
through several reaction types. The elimination of
fluorine as F~ is a critical step during fluoroaniline
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Fig. 1 Evolution of 4-FA
removal performances for

a FR1, b FR2, and ¢ FR3
during enrichment and high
concentrations FAs shock
periods. Sucrose and sodium
acetate were used as
supplementary substrates in
Phase I, no supplementary
substrates were employed in
Phase II, whereas high
concentrations FAs were
applied in Phase III after the
enrichment

degradation. Therefore, the samples were collected
from the six reactors at different time to analyze the
4-FA, 2,4-DFA, and F~ concentration (Figs. 3a—c, 4a—
c). The complete degradation of 4-FA in FR1, FR2,
and FR3 required 12 h, 8 h, and 24 h, respectively,
while the complete degradation of 2,4-DFA required
10-12 h. The degradation of 4-FA and 2,4-DFA was
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very consistent with the first-order kinetic model
(R2 = 0.903-0.947, Figs. 3d—f, 4d-f). The degrada-
tion rate constants of 4-FA and 2,4-DFA were both the
highest in FR2 and DFR2 (0.725 h™'and 0.519 h™",
respectively), followed by FR1 and DFR2 (0.299 h™'
and 0.349 h™', respectively), and the lowest in FR3
and DFR3 (0.148 h™' and 0.257 h™', respectively).
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Fig. 2 Evolution of 2,4-
DFA removal performances
for a DFR1, b DFR2, and

¢ DFR3 during enrichment
and high concentrations FAs
shock periods. Sucrose and
sodium acetate were used as
supplementary substrates in
Phase I, no supplementary
substrates were employed in
Phase II, whereas high
concentrations FAs were
applied in Phase III after the
enrichment

During the 4-FA degradation, the F~ release also
occurred quickly, and also the similar results have
been reported (Song et al. 2014). When the amount of
4-FA decreased from nearly 4.50 mM to 0 mM, the
amount of release F~ increased from 0 mM to
approximately 4.50 mM. Conversely, when the
amount of 2,4-DFA decreased from nearly 3.87 mM
to OmM at 12 h, the release of F~ increased
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constantly until 24 h, and the amounts of F~ were
4.61-5.88 mM. Obviously, the amount of 4-FA
degradation should be approximately equivalent to
the amount of F~ release. However, it was also noticed
that the F~ detection amount only reached about
59.56-75.97% of  the theoretical  release
amount(7.74 mM) in 2,4-DFA, which could be caused
by the low defluorination rate.
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Obviously, during the degradation of 4-FA and 2,4-
DFA, the enriched microbial consortium from the
FHS-derived inoculum had the maximum rate
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and DFR3, respectively

constant, and the lowest rate constants for the enriched
microbial consortium from CIS-derived inoculum. It
can be concluded that the degradation rate constant
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depended on the inoculated sources, and this result
was consistent with previous studies (Alexandrino
et al. 2018; Kim et al. 2017; Paule et al. 2015). In
general, the inoculum source primarily determines the
structure of the final effective consortia, each final
consortium has a unique combination of specific
enzymatic activities (Cortes-Tolalpa et al. 2016),
leading to the differences of the degradation
efficiencies.

Degradation potential of the enriched microbial
consortia for high concentration FAs

The degradation potential of the enriched microbial
consortia to high concentration of FAs was further
studied, and the results are shown in Figure.S1 and
Figure.S2. When the initial concentrations of 4-FA
increased from 300 to 1500 mg/L, the degradation
efficiencies remained nearly 100% for all the treat-
ments except the final consortium in FR3 at 1500 mg/
L (84.05%). However, with increasing FAs concen-
tration, the DEFR decreased significantly, and only
reached 54.77%, 50.18%, and 48.23% for the final
consortia in FR1, FR2, and FR3 at 1500 mg/L,
respectively. For 2,4-DFA, when the concentrations
increased from 300 to 1500 mg/L, the degradation
efficiencies decreased from 97.36%, 93.21% and
97.62% to 83.10%, 81.34% and 90.90% for the final
consortia in DFR1, DFR2 and DFR3, respectively.
Moreover, the defluorination rates in DFR1, DFR2 and
DFR3 decreased to 8.80%, 16.05% and 12.05%,
respectively. According to the literature, 1250 mg/L
is the highest tolerance concentration for the FAs
degradation strains (Amorim et al. 2013; Song et al.
2014; Zhao et al. 2019b). These results showed that the
six enriched microbial consortia regardless of inocu-
lum sources had good degradation potential for high
concentration FAs, though the high concentration had
a negative impact on DEFR.

When the exposure concentrations of pollutants
increase, microorganisms require a longer adaptation
period to produce enough enzymes to metabolize
target compounds (Wang et al. 2007), or higher initial
inoculum concentrations are required (Guo et al.
2020).In addition, the high concentration of a pollutant
might increase toxicity to microorganisms, and
decrease metabolic activity and degradation rates, as
C.V. Eadsforth reported (Eadsforth et al. 1984).
Additionally, regarding their degradability, each

microbial consortium enriched with 4-FA or 24-
DFA showed a similar overall degradation pattern, but
only small differences were found between them. The
degradation pattern in each consortium may be related
to the specific microbial composition, because each
organism may be related to different enzymes that
attack the substrate. Also, some microorganisms
identified as the same or closely related were found
in the distinct enriched microbial consortia, which was
the reason for the similar removal efficiencies. This
will be discussed later.

Degradation potential of the enriched microbial
consortia for homologues

Table 1 compares the removal efficiencies of the five
homologues using the six enriched microbial consor-
tia. For the three 4-FA enriched microbial consortia,
they completely degraded 3-FA and 4-FA within 72 h,
and both the degradation efficiency and defluorination
rate reached greater than 99.0%. The final microbial
consortia in FR1 and FR3 performed well in the
degradation of 2-FA, 4-FA and 2,4-DFA (FADE =
98.2-100%, DEFR = 88.7-97.8%), while the final
microbial consortium in FR2 had a lower degradation
capacity to 2-FA (FADE = 85.5%, DEFR = 57.9%)
and 2,4-DFA (FADE = 79.2%, DEFR =43.8%).
Additionally, the three enriched microbial consortia
partially degraded 2,3,4-TFA, with 38.6%—68.5% of
FADE and 17.4-36.1% of DEFR. However, the final
microbial consortia enriched with 2,4-DFA showed a
high degradation capacity to the five homologues
tested, including 2,3,4-DFA, with greater than a 95.0%
degradation efficiency and greater than a 83.0%
defluorination rate.

Generally, the resistance of microbial biodegrada-
tion depends on the number and position of the
halogen atom on the aromatic ring as well as the type
of microorganisms involved (Murphy 2016). Com-
pared with the other four homologues, 2,3,4-DFA has
the worst biodegradability, because the stoichiometric
release of F~ provides conclusive evidence of nearly
complete degradation in the medium (Kiel and
Engesser 2015). However, three final microbial con-
sortia enriched with 4-FA had poorer capacity to 2,3,4-
TFA than those enriched with 2,4-DFA, which might
attribute to a high similarity between 2,4-DFA
enriched culture and 2,3,4-TFA enriched culture
(Zhao et al. 2015). Additionally, the degradation
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Table 1 Degradation efficiencies and defluorination rates of FAs for the enriched final consortia (%)

Compounds/enriched mixed cultures  FRI1 FR2 FR3 DFR1 DFR2 DFR3

2-FA Degradation efficiency 100 £ 1.05 85.5 £ 037 982+ 0.60 100 =+ 0.00 100 £ 0.80 100 =+ 0.00
Defluorination rate 97.8 £ 093 579+ 1.14 887044 983 +0.32 97.8+£0.00 96.7+ 0.05

3-FA Degradation efficiency 100 £ 0.00 100 £ 0.22 100 £ 0.82 100 £ 0.53 100 £ 0.00 100 + 0.00
Defluorination rates 99.8 £ 0.55 100 £0.00 100 £ 0.00 96.1 £5.17 99.7 £0.16 99.2 + 0.44

4-FA Degradation efficiency 100 £ 0.56 100 £ 0.49 100 £ 0.56 100 £ 0.58 100 £ 0.80 100 + 1.18
Defluorination rates 99.8 £ 0.09 951 £0.00 99.7+0.00 99.8 +0.00 98.9+0.00 99.8 £ 0.00

2,4-DFA Degradation efficiency  99.5 = 0.60  79.2 +£ 0.60 99.5 £+ 0.00 100 £ 0.38 100 £ 0.00 100 £ 0.87
Defluorination rates 948 £ 0.80 438 +1.86 94.8+0.80 100 £ 0.87 98.9 + 1.20 83.6 + 16.48

2,3,4-TFA  Degradation efficiency  38.6 & 23.18 63.6 & 6.44 685 £2.06 98.6+0.26 100+ 247 97.7 £ 0.00
Defluorination rates 235+ 105 174+£0.19 361 +040 706+ 12.80 94.8 +£2.06 54.8 +21.38

capacity of the final microbial consortium in FR2 was
poorer than those in FR1 and FR3, but only small
differences were found among three final microbial
consortia from DFR1, DFR2, and DFR3.

Overall, after acclimation, the final microbial
consortia enriched with 4-FA or 2,4-DFA showed
significant differences among the degradation rate
constants of 4-FA or 2,4-DFA, and similar degradation
potential to the high concentration of FAs and the
homologs, which mint have been due to the selection
of unique and similar communities through acclima-
tion (Cortes-Tolalpa et al. 2016), which will be
discussed in the following section.

Composition of the final enriched microbial
consortia from different inoculum sources

Alpha diversity

The estimated rarefaction curves of all the samples
reached a plateau (Fig.S3), which indicated that the
microbial diversity of each sample had been appro-
priately measured. The indices of Shannon and Chaol
indices were analyzed to evaluate the community
richness and diversity respectively. The results are
shown in Table 2. The good coverage of all the
samples always exceeds 0.97, indicating that each
sample has a sufficient sequencing depth. When three
inocula were enriched with 500 mg/L 4-FA or 24-
DFA, the Shannon diversity index decreased from
5.25,3.35 and 4.46 in the R1seed, R2seed and R3seed,
respectively, to 2.98, 2.56,2.82, 1.95,2.70, and 2.72 in
FR1, FR2, FR3, DFRI, DFR2, and DFR3,
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respectively, Similarly, all the Chaol richness index
values had the same variation. FAs-tolerant microbes
were likely pre-selected during acclimation, and
acclimation resulted in decreased diversity. Interest-
ingly, significant differences were observed for the
microbial diversity in the six final enrichment mix-
tures. In detail, the final consortium in FR1 showed the
highest microbial diversity, followed by FR3 and FR2,
which was consistent with the three inoculation
sources of the microorganisms. In contrast, the final
microbial consortium in DFR1 showed the lowest
microbial diversity, while no difference was observed
between the final microbial consortia in DFR2 and
DFR3.

OTU is defined as a 16S RNA sequence with a
similarity of over 97% (Zhou et al. 2020). After
rarefied each sample to 30,979, 1351 OTUs were
grouped together from 836,433 sequences, and the
similarity was 97%. The initial inoculum of the
Rlseed (884) had the highest OTUs, which was 1.5
times and 2.5 times that of the R3seed (602) and the
R2seed (352) (p < 0.05, Fig. S4). Enrichment with
4-FA or 2,4-DFA will severely deplete the OTUs
content in all inoculums (p < 0.05), and at the end of
the experiment, it was found that the differences
among the final enriched microbial consortia from the
different inocula were small (Fig. S4a). This result was
also observed for the Shannon index (Fig. S4b). The
results showed that regardless of the form of inocu-
lation sources and the type of fluoroaniline, enrich-
ment led to depletion and similar bacterial diversity.
Principal coordinates analysis (PCoA) based on the
Bray—Curtis distance showed that the bacterial
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Table 2 Microbial data Sample\Estimators High quality of reads Shannon Chaol Coverage

statistics for the distinct

seeding sources and their Rlseed 40,800 + 6385 525+£008  995+20.88  0.997 & 0.000

gg::(fg?;dmg enriched R2seed 45,876 + 1061 3354008 433 +£14.19  0.999 & 0.000
R3seed 38,937 + 5195 447 £0.15 791 +£2216  0.996 + 0.000
FR1 38,972 + 3083 298 +£0.08  255+2236  0.999 + 0.000
FR2 38,650 + 4054 256+ 0.14 256 &+ 33.10  0.999 £ 0.000
FR3 44,051 + 1392 2824005 30342078  0.999 £ 0.000
DFRI1 323,001 + 1418 1.95 + 0.10 191 + 620  0.999 + 0.000
DFR2 439,281 + 10,027 2.70 + 0.05 296 +2.90  0.999 + 0.000
DFR3 35,557 + 1554 2724014  233+£1522  0.999 + 0.000

communities in these systems were strongly influ-
enced by the enrichment substrates (p < 0.05), while
the influence of the inoculum sources was significant
only when the substrate was the same (p < 0.05)
(Fig. 5a). Similar results are also shown in the cluster
heatmap (Fig. 5b).

The three inocula shared 17.3% (214 out of 1234)
of the total OTUs, which was 0.3 and 0.4 times of that
enriched with 4-FA (51.2%, 177 out of 346) and 2,4-
DFA (41.8%, 142 out of 340), respectively (Fig. 6a—
c¢). The unique OTU in the inocula decreased signif-
icantly with the degree of enrichment. For example,
267 OTUs were unique in the Rlseed, with only 28
OTUs and 19 OTUs in FR1 and DFR1 (Fig. 6a),
respectively. These results indicated that the bacterial
community structures in the three seeding sources
were significantly different, and the bacterial diversity
decreased after acclimation due to the non-degraders
endogenous decay. Also, it was found that the
bacterial community structures in three final microbial
consortia enriched with 4-FA or 2,4-DFA had a higher
degree of similarity than that of the three seeding
sources, which might be due to the same operation
conditions during the long-time enrichment (Cho et al.
2018).

The 15.0% (150 out of 1006), 25.77% (109 out of
423), 17.77% (139out of 782), 11.1%(112 out of
1006), 26.27% (113 out of 423), and 15.87% (124 out
of 782)of the total OTUs in the three inocula were
supplied for the corresponding enrichment consortia,
namely FR1, FR2, FR3, DFR1, DFR2, and DFR3,
respectively (Fig. 6d-f).After enrichment with 4-FA
or 2,4-DFA, the OTUs shared with the corresponding
inoculum accounted for 59.4% (151 out of 254),
43.1% (109 out of 253), 50.2%(139 out of 277),
56.8%(112 out of 197), 42.2%(113 out of 268), and

50.82%(124 out of 244) of the total OUTs in FRI,
FR2, FR3, DFR1, DFR2 and DFR3, respectively
(Fig. 6b—). Additionally, 177 OTUs were shared
among the OTUs of three enrichment cultures enrich-
ing with 4-FA, these shared OTUs accounted for
69.7% (177 out of 254), 70.0% (177 out of 253), and
63.9% (177 out of 277) of that in FR1, FR2, and FR3,
respectively (Fig. 6b). A total of 142 OTUs were
shared among the OTUs of the three final microbial
consortia enriching with 2,4-DFA, and these shared
OTUs accounted for 72.1% (142 out of 197), 53.0%
(142 out of 268), and 58.2% (142 out of 244)of that in
DFR1, DFR2, and DFR3, respectively (Fig. 6¢).These
results suggested 85.0-88.9% of OTUs in Rlseed,
73.7-74.2% of OTUs in R2seed, and 82.2-84.13% of
OTUs in the R3seed disappeared after acclimation
with 4-FA or 2,4-DFA, explaining why the acclima-
tion time required for three seeding sources is in the
order of PMS > CIS > FHS. It was also found that
some unique OTUs formed after acclimation with
4-FA or 24-DFA, and the differences among the
OTUs of 2,4-DFA enriched consortia were more
significant than that among the OTUs of the 4-FA
enriched consortia. This indicated that the bacterial
communities depended on the seeding sources
(Cortes-Tolalpa et al. 2016; Song et al. 2015) and
substrates (Chen et al. 2019).

Obviously, similar to the a-diversity, acclimation
led to a more homogeneous microbial community
among the three seeds, with decreasing unique OTUs
and an increasing ratio of shared OTUs. Approxi-
mately half of the OTUs in the 4-FA-accilimated
mixtures were not detected in the inocula, indicating
an enrichment of rare OTUs from the inocula.
Notably, the summary relative abundance of these
OTUs was as high as 97.9% widely distributed in 17
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phyla and 24 classes (Table 3). The OTUs affiliated to
Chlorobi were most generally shared in 4-FA-enriched
mixtures, accounting for 94% of the total reads from
this phylum. Actinobacteria (86.0%), Proteobacteria
(81.7%), and Gemmatimonadetes (70.4%) were also
highly shared after enriched by 4-FA. However, less
than 20% of reads from Firmicutes, Planctomycetes
and Verrucomicrobia were shared, indicating a low
defluorination capacity to these phyla. Compared with
B- (80.8%), v- (93.1%) and d-proteobacteria (82.5%),
a-proteobacteria (54.3%) was much less shared in the
enrichments. Similar results were found in the 2,4-
DFA-enriched mixtures. Moreover, nearly all the
reads shared among the final consortia enriched with
4-FA were also shared among that of the three 2,4-
DFA enriched consortia. This is reasonable because
the release of a fluoride ion into the medium is the
most critical step for the decomposition of all organic
fluorides (Kiel and Engesser 2015).

Fig. 6 The Venn plots showing the shared and unique OTU M
numbers among R1, R2 and R3 of seed (a), 4-FA enriched
consortia (b) and 2,4-DFA (c) enriched consortia, and among
seed, 4-FA enriched consortia and 2,4-DFA enriched consortia
of R1 (d), R2 (e) and R3 (f), as well as the relative abundance of
the top 10 phyla (g) and genera (h) of bacterial community in all
treatments

Microbial community composition

Shifts in the relative abundance of the top ten phyla
(Fig. 6g) and genera (Fig. 6h) as a result of the FAs
acclimation were also analyzed. Chloroflexi, Aci-
dobacteria, Planctomycetes, Deinococcus-Thermus
and SBR1093 nearly all decreased in each final
enrichment consortium, indicating these phyla played
a very small role during the degradation of 4-FA and
2,4-DFA. Conversely, Proteobactoria, Gemmatimon-
adetes, and Bacteroidetes nearly all increased in each
final enrichment consortium (Table S1). Proteobacte-
ria and Bacteroidetes have been previously found to be
responsible for the degradation of aniline (Jiang et al.
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Table 3 Number of shared OTUs among 4-FA and/or 2,4-DFA enriched consortia

Phylum Class F DF F and DF
Acidobacteria Acidobacteria 11 (61.4%) 3 (37.4%) 3 (37.4%)
Total 11 (61.4%) 3 (37.4%) 3 (37.4%)
Actinobacteria Actinobacteria 12 (86.0%) 16 (89.2%) 9 (84.9%)
Toal 12 (86.0%) 16 (89.2%) 9 (84.9%)
Bacteroidetes Cytophagia 2 (9.5%) 2 (9.8%) 1 (4.8%)
Flavobacteriia 5 (39.0%) 4 (28.7%) 2 (17.8%)
Sphingobacteriia 27 (82.4%) 24 (57.7%) 17 (52.7%)
unclassified_Bacteroidetes 0 1 (98.9%) 0
Total 34 (70.0%) 31 (50.1%) 20 (43.7%)
Chlamydiae Chlamydiae 1 (48.2%) 1 (48.2%) 1 (48.2%)
Total 1 (48.2%) 1 (48.2%) 1 (48.2%)
Chlorobi Chlorobia 1 (94.4%) 2 (94.4%) 1 (94.4%)
Total 1 (94.4%) 2 (94.5%) 1 (94.4%)
Chloroflexi Anaerolineae 7 (31.2%) 5 (26.1%) 5 (26.1%)
Thermomicrobia 2 (34.6%) 2 (34.6%) 2 (34.6%)
Total 9 (25.9%) 7 (22.2%) 7 (22.2%)
Cyanobacteria Cyanobacteria 1 (64.8%) 0 0
Total 1 (64.8%) 0 0
Deinococcus-Thermus Deinococci 1 (0.1%) 3 (25.6%) 1 (0.1%)
Total 1 (0.1%) 3 (25.6%) 1 (0.1%)
Firmicutes Clostridia 1 (1.4%) 0 0
Total 1 (1.4%) 0 0
Gemmatimonadetes Gemmatimonadetes 4 (70.6%) 3 (70.4%) 3 (70.4%)
Total 4 (70.6%) 3 (70.4%) 3 (70.4%)
Gracilibacteria Unclassified Gracilibacteria 1 (68.8%) 0 0
Total 1 (68.8%) 0 0
Planctomycetes Phycisphaerae 3 (16.2%) 1 (15.4%) 1 (15.4%)
Planctomycetacia 1 (3.7%) 4 (59.2%) 0
Total 4 (14.0%) 5 (15.8%) 1 (13.2%)
Proteobacteria Alphaproteobacteria 46 (54.3%) 33 (42.2%) 26 (40.3%)
Betaproteobacteria 19 (80.8%) 14 (70.0%) 10 (69.2%)
Deltaproteobacteria 10 (82.5%) 7 (83.2%) 4 (81.5%)
Gammaproteobacteria 17 (93.1%) 13 (88.6%) 9 (88.1%)
Total 92 (81.7%) 67 (73.9%) 49 (73.0%)
SBR1093 Unclassified SBR1093 1 (100.0%) 1 (100%) 1 (100%)
Total 1 (100.0%) 1 (100%) 1 (100%)
TM6 Dependentiae Unclassified TM6 Dependentiae 2 (31.7%) 1 (23.8%) 1 (23.8%)
Total 2 (31.7%) 1 (23.8%) 1 (23.8%)
Verrucomicrobia OPB35 soil group 1 (20.6%) 0 0
Total 1 (20.6%) 0 0
WwS6 Unclassified WS6 1 (23.8%) 1 (23.8%) 1 (23.8%)
Total 1 (23.8%) 1 (23.8%) 1 (23.8%)
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Table 3 continued
Phylum Class F DF F and DF
Saccharibacteria Unclassified Saccharibacteria 0 1 (13.3%) 0

Total 0 1 (13.3%) 0

F shared among the final consortia enriched with 4-FA, DF OTUs shared among the consortia enriched with 2,4-DFA, F & DF OTUs
shared among the consortia enriched with 4-FA or 2,4-DFA. Numbers in the brackets indicate the ratio of reads from shared OTUs to

the total reads from the respective taxa

2019b; Li et al. 2020b). Therefore, they might be
important during the degradation of 4-FA and 2.4-
DFA. Additionally, Chlorobi was increased in the
three 4-FA enrichment microbial consortia and the
final consortium in DFR2, and Actinobacteria only
increased in the three 2,4-DFA enrichment microbial
consortia (p < 0.05, Table S1). Actinobacteria is
thought to have a potential capacity to fluorotelomer
alcohols (Yu et al. 2018) and aniline (Zhao et al. 2016)
degradation. These results provide further evidence
for this speculation.

After enrichment, six genera including Ther-
momonas, Dokdonella, Gemmatimonas, Terrimonas
and Tahibacter increased in each final consortium.
Moreover, Gemmatimonas and Tahibacter were not
found in any seeding source. In addition, the shifts in
some other relatively highly abundant unique genera
were observed for the final consorti. Six genera
including Variovorax, Diaphorobacteria, Ferrugini-
bacteria, Pseudoxanthomonas, Woodsholea and
unclassified_f__Chitinophagaceae significantly
increased only in the three 4-FA enrichment consortia,
while these genera including Microbacterium, Flav-
ithumibacter, Bosea, Niabella, Filimonas, Taibaiella
and unclassified_f__Comamonadaceae only increased
in the 2,4-DFA enrichment consortia (p < 0.05,
Table S1 and Table 4). This indicated that these
genera were unique for the 4-FA enrichment cultures
and 2,4-FA enrichment cultures. The relatively higher
abundance of Variovorax in the three 4-FA enrich-
ment consortia was 1.19%, 40.27% and 35.20%, that
of Dokdonella was 18.05%, 8.72% and 6.45%, that of
Diaphorobacter was 22.20%, 8.22% and 4.71%, and
that of Ferruginibacter was 6.11%, 16.49% and
8.50%, respectively. The relatively higher abundance
of Thermomonas in the three 2,4-DFA enrichment
consortia was 55.26%, 23.51% and 33.08%, that of

Gemmatimonas was 0.52%, 17.45% and 6.54%, that
of Microbacterium was 11.93%, 13.34%and 3.95%
and 4.71%, and that of Flavihumibacter was 2.77%,
2.09% and 19.44%, respectively. Obviously, there
were many same genera were found among three final
consortia enriched with 4-FA or 2,4-DFA, and the
abundances were distinct. This result might explain
the differences and the similarity among the biodegra-
dation capacity of the final enrichment microbial
consortia.

As previously reported, Thermomonas has been
proven to be an important aniline-degrading microor-
ganism (Hou et al. 2018); Variovorax and Di-
aphorobacter species are known to degrade
chloroanilines (Breugelmans et al. 2010; Zhang et al.
2010); Pseudoxanthomonas is found to be responsible
for reduction of aniline (Jiang et al. 2019b); Mi-
crobacterium specie is known to degrade chloroani-
line (Dejonghe et al. 2002) and aniline (Kafilzadeh and
Khezri 2015); Niabella can play a very important role
in the biodegradation of polycyclic aromatic hydro-
carbons (Wang et al. 2016) and Bisphenol S (Wang
et al. 2019); Gemmatimonas has been reported in
polycyclic aromatic hydrocarbon degradation system
(Jiao et al. 2016) and azo dyes degradation system (Xu
et al. 2018b). These results suggested that these
genera, especially Gemmatimonas that was found only
in the six final microbial consortia, might be signif-
icant for 4-FA or 2,4-DFA degradation, and the further
study on these genera would be required in the future.

Effects of the inoculum source
Acclimation time, degradation rate constant, and
degradation capacity to different initial concentrations

and homologs can be used as indicators for choosing
the optimal inoculum source. The inoculum source
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Table 4 Shifts in dominant bacterial genera of the final consortia enriched with 4-FA or 2,4-DFA

Bacterial genus\sample Rlseed R2seed R3seed FR1 FR2 FR3 DFR1 DFR2 DFR3
(%) (%) (%) (%) (%) (%) (%) (%) (%)
Thermomonas 0.15 0.00 0.00 2.25 0.98 0.36  55.26 23.51 33.08
Variovorax 0.09 0.15 0.03 1.19 4027 3520 0.00 0.00 0.00
Dokdonella 0.04 0.00 0.02 18.05 8.72 6.45 0.00 3.17 0.89
Gemmatimonas 0.00 0.00 0.00 3.84 5.10 2.35 0.52 17.45 6.54
Diaphorobacter 0.21 0.03 0.03 22.20 8.22 4.71 0.00 0.00 0.00
Ferruginibacter 0.83 0.00 0.02 6.11 16.49 8.50 0.00 0.00 0.00
norank_f__OPB56 0.10 0.65 0.72 1.71 2.54 7.04 0.00 16.73 0.16
norank_f_P30B-42 0.37 0.00 0.03 17.55 3.03 7.28 0.00 0.00 0.00
Truepera 6.79 0.56 20.35 0.0 0.08 0.0 0.00 291 0.01
Microbacterium 0.00 0.01 0.01 0.00 0.00 0.00 11.93 13.34 3.95
Flavihumibacter 0.00 0.00 0.00 0.00 0.00 0.00 2.77 2.09 19.44
Terrimonas 0.26 0.00 0.31 1.10 1.52 4.47 0.31 0.00 4.70
Tahibacter 0.00 0.00 0.00 2.20 1.20 2.27 0.00 0.09 1.06
Pseudoxanthomonas 0.00 0.00 0.00 0.34 1.96 1.75 0.00 0.00 0.00
Woodsholea 0.49 0.02 0.36 2.23 0.28 0.90 0.00 0.00 0.00
unclassified_f__Chitinophagaceae  0.00 0.00 0.00 1.24 0.09 1.80 0.00 0.00 0.00
unclassified_f Comamonadaceae 0.31 0.00 0.00 0.00 0.00 0.00 10.08 1.26 4.80
Bosea 0.00 0.00 0.00 0.00 0.00 0.00 1.88 2.04 7.35
Niabella 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.52 3.51
Filimonas 0.00 0.00 0.14 0.00 0.00 0.00 0.39 0.18 2.05
Taibaiella 0.00 0.00 0.00 0.00 0.00 0.00 4.77 0.00 0.20

was found to have a major impact on the rates and
efficiencies of 2,4-DFA biodegradation. For 2,4-DFA,
the FHS-derived inoculum showed the shortest accli-
mation time and the strongest resistance to shock
compared to the PMS-derived and CIS-derived inoc-
ula. In general, activated sludge from industrial
wastewater treatment plants is affected by a variety
of complex organics. With xenobiotic as C resources,
sludge microorganisms must produce various exoen-
zymes to convert them into readily available forms.
Therefore, the obtained results are not surprising given
that the existing literature on xenobiotic biodegrada-
tion has often documented a requirement for specific
microbial phylotypes to degrade specific contaminants
(Moreno et al. 2005; Zhao et al. 2015). As described
above, there were significant differences among the
microbial communities of the three inocula, and the
final enriched consortia shared the different OUTs
percent with the corresponding inocula, which can
explain, in part, the varied 2,4-DFA removals.

@ Springer

Conversely, the inocula had minor impacts on 4-FA
biodegradation during the acclimation period, which
might attribute to the smaller toxicity and the higher
biodegradability (Zhao et al. 2015), as well as the
shared OTUs among the three inocula. Similar results
have been reported. For example, a similar fate of
polycyclic aromatic hydrocarbons in anaerobic diges-
ters inoculated with three microbial communities has
also been observed (Braun et al. 2015). Cortes-Tolalpa
et al. (2016) reported that different inocula produced
distinctive microbial consortia with a similar ligno-
cellulose degradation capacity. Combined with previ-
ous research about 2,3,4-TFA degradation using the
distinct inocula (Zhao et al. 2019a), it could be
inferred that the effect extents of the inocula on FAs
degradation might depend on the fluorinated level of
FAs. Hence, further studies are required in the future.

The bacterial communities from each seeding
source were clearly distinct, which contributed to the
differences in the overall community structures.
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Thermomonas was present in the PMS-derived inocu-
lum, and a higher abundance appeared in the corre-
sponding final cultures (2.25% in FR1, 55.26% in
DFR1) in comparison with the other final consortis.
Terrimonas was present in the PMS-derived and CIS-
derived inocula, and a high abundance appeared in the
corresponding final consortia even including the other
final consortia over time. Taibaiella, and Dokdonella
only appeared in DFR1 and DFR3 from FHS- derived
and CIS-derived inocula.

In addition, the same inoculum source will establish
distinct microbial communities after enrichment with
4-FA or 24-DFA. For example, Variovorax,
Diaphorobacteria, Ferruginibacteria, Pseudoxan-
thomonas, Woodsholea, norank_f P30B-42 and
unclassified_f__Chitinophagaceae only appeared in
the 4-FA enrichment cultures, while Microbacterium,
Flavihumibacter, Bosea, Niabella, Filimonas, Tai-
baiella, and unclassified_f _Comamonadaceae only
appeared in the 2,4-DFA enrichment cultures.
Whereas, Thermomonas, Microbacterium and Gem-
matimonas increased in all 2,4-DFA reactors
(p < 0.05, Table S1). Moreover, a more similar
structure was found among three final consortia
enriching with 4-FA in comparison to that among
the three 2,4-DFA enrichment consortia These find-
ings further confirmed the effect extent of the inocula
might depend well on the fluorinated level of FAs.

Conclusions

In this study, information regarding the effects of three
distinct seeding sources on the degradation of FAs,
and the response to the fluorinated level of FAs was
presented. The source of the microbial community was
found to have a major impact on the rates and
efficiencies of 2,4-DFA transformations, and this was
found by comparing the performance of reactors
inoculated with sludge with different compositions.
Only a minor effect on the biodegradation of 4-FA was
found during the acclimation and high concentration
shock periods, while a major effect on the degradation
rate constants of 4-FA using the three final enrichment
consortia was observed. The 4-FA and 2,4-DFA
removals were found to be substantially higher for
the FHS-derived inoculum compared with the PMS-
and CIS -derived inocula despite comparable bio-
masses. After acclimation, there was the lower

biodiversity and similarity among the three 2,4-DFA
enrichment consortia in comparison with that among
the 4-FA enriched consortia. Thermomonas, Dok-
donella, Gemmatimonas, Terrimonas, and Tahibacter
could play critical roles in degrading 4-FA or 2.4-
DFA . Variovorax, Diaphorobacteria, Ferruginibacte-
ria, Pseudoxanthomonas, Woodsholea and unclassi-
fied_f__Chitinophagaceae could be linked with 4-FA
degradation.  Microbacterium,  Flavihumibacter,
Bosea, Niabella, Filimonas, Taibaiella and unclassi-
fied_f__Comamonadaceae could be responsible for
2,4-DFA degradation. The results showed that the
inoculum source is an important factor that affects the
treatment performance of FAs. In addition, the com-
position of the microbial community in the final
consortia and the influence degree of the inoculum
source depends on fluorinated level of the FAs.
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