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ABSTRACT The anaerobic bioremediation of polychlorinated biphenyls (PCBs) is largely
impeded by difficulties in massively enriching PCB dechlorinators in short periods of time.
Tetrachloroethene (PCE) is often utilized as an alternative electron acceptor to preenrich
PCB-dechlorinating bacteria. In this study, resuscitation promoting factor (Rpf) was used as
an additive to enhance the enrichment of the microbial communities involved in PCE/PCBs
dechlorination. The results indicated that Rpf accelerates PCE dechlorination 3.8 to 5.4 times
faster than control cultures. In Aroclor 1260-fed cultures, the amendment of Rpf enables sig-
nificantly more rapid and extensive dechlorination of PCBs. The residual high-chlorinated
PCB congeners ($5 Cl atoms) accounted for 36.7% and 59.8% in the Rpf-amended cultures
and in the corresponding controls, respectively. This improvement was mainly attributed to
the enhanced activity of the removal of meta-chlorines (47.7 mol % versus 14.7 mol %),
which did not appear to affect dechlorination pathways. The dechlorinators, including
Dehalococcoides in Chloroflexi and Desulfitobacterium in Firmicutes, were greatly enriched
via Rpf amendment. The abundance of nondechlorinating populations, including
Methanosarcina, Desulfovibrio, and Bacteroides, was also greatly enhanced via Rpf
amendment. These results suggest that Rpf serves as an effective additive for the rapid
enrichment of active dechlorinating cultures so as to provide a new approach by which
to massively cultivate bioinoculants for accelerated in situ anaerobic bioremediation.

IMPORTANCE The resuscitation promoting factor (Rpf) of Micrococcus luteus has been
reported to resuscitate and stimulate the growth of functional microorganisms that are
involved in the aerobic degradation of polychlorinated biphenyls (PCBs). However, few stud-
ies have been conducted to investigate the role of Rpf on anaerobic microbial populations.
In this study, the enhancement of Rpf on the anaerobic microbial dechlorination of
PCE/PCBs was discovered. Additionally, the Rpf-responsive populations underlying the
enhanced dechlorination were uncovered. This report reveals the rapid enrichment of
active dechlorinating cultures via Rpf amendment, and this sheds light on massively enrich-
ing PCB dechlorinators in short periods of time. The enhanced in situ anaerobic bioremedia-
tion of PCBs could be expected by supplementing Rpf.

KEYWORDS resuscitation promoting factor, Aroclor 1260, rapid enrichment, reductive
dechlorination, Rpf-responsive populations

Polychlorinated biphenyls (PCBs), the most widely-known, persistent organic pollutants,
are a global problem due to their highly toxicity, stability and bioaccumulation potential

(1, 2). Various types of PCBs (209 congeners) have frequently been detected in soils, sediments,
and aquatic environments, and they pose a significant health risk to humans as well as a
global threat to ecosystems (3, 4). There is growing evidence that microbial degradation, as
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a cost-effective and environmentally sustainable means, is crucial for reducing the risks asso-
ciated with PCBs. Microorganisms can degrade PCBs through anaerobic reductive dechlori-
nation and oxidative degradation processes. A large number of studies have reported the
natural transformation of PCBs by indigenous anaerobic and aerobic microorganisms (2, 5,
6). Most highly chlorinated PCBs, such as Aroclor mixtures, are resistant to aerobic degrada-
tion unless chlorine removal occurs via anaerobic microbial dechlorination. However, anaer-
obic microbial dechlorination proceeds in the natural environment at an extremely low rate
due to the low growth rates and low environmental adaptability of dechlorinators (7).

Considerable attempts have been conducted to accelerate the microbial dechlorination
of PCBs via the addition of cosubstrates and/or bacteria with efficient dechlorinating abilities,
which are known as biostimulation and bioaugmentation (4, 8, 9). Krumins et al. (8) demon-
strated that supplementing pentachloronitrobenzene and a culture containing Dehalococcoides
ethenogenes strain 195 could enhance the dechlorination of PCB116. Chen and He (10) showed
the accelerated onset of Aroclor 1260 dechlorination via preculturing dechlorinators with tetra-
chloroethene (PCE) or trichloroethene (TCE) as alternative electron acceptors. Previous studies
confirmed that PCE, as a priming organohalide, could enhance the enrichment of PCB-dechlori-
nators in microcosms (5, 11, 12). Thus, PCE-fed cultures could be used as seeding inoculants for
the rapid enrichment of Aroclor 1260-dechlorinating cultures. Xu et al. (13) found that the addi-
tion of 20% fresh waste-activated sludge could achieve the fastest dechlorination of PCBs in a
soil microcosm. It should be noted that the isolation of highly efficient PCB-dechlorinating bac-
teria is critical to massively cultivating bioinoculants for bioaugmentation. Many investigators
have devoted effort toward the cultivation of anaerobic PCB-dehalorespiring bacteria, but the
progress has been slow. Since the identification of the PCB-dechlorinating strain o-17 by Cutter
et al. (14), only 7 strains (DF-1, 195, CBDB1, JNA, CG1, CG4, and CG5), belonging to Dehalobium
chlorocoercia and Dehalococcoides mccartyi, have been isolated and characterized (15–19).

Although the anaerobic microbial dechlorination of halogenated organic contami-
nants has been extensively documented, there is little research focused on the viable but
nonculturable (VBNC) or dormant states of the functional populations that are involved in
dechlorination. Kim et al. (20) suggested that the VBNC state and persister state describe
the same dormant phenotype. The VBNC/dormant state is regarded as a long-term survival
strategy under unfavorable conditions, and it has been identified in more than 100 species
of microorganisms and with a wide spectrum of environmental stresses (21, 22). Tripathi et al.
(11) indicated that identifying the VBNC/dormant state of pollutant-degraders is necessary to
evaluate their bioremediation potential. Fida et al. (23) found that the culturability and phen-
anthrene-degrading activity of Novosphingobium sp. strain LH128 decreased rapidly due to
entering a VBNC-like state after its inoculation into soil. Xie et al. (24) reported that the phenol-
degrading strain Candida sp. LN1 entered into a VBNC state that was induced by high phenol
concentrations. Importantly, the VBNC state of PCB/biphenyl-degrading Rhodococcus biphenyli-
vorans strain TG9T was verified under low temperature and oligotrophic conditions (25). Thus,
the huge potential and important roles of VBNC/dormant microorganisms in pollutant re-
moval is worthy of further investigations.

Quorum sensing (QS) signals control the behaviors of microorganisms, especially
those in the VBNC/dormant state, in order to promote their adaptation and survival in adverse
environments, which is a promising method by which to activate functional microbial popula-
tions for better bioremediation performance (22, 26). Notably, the resuscitation promot-
ing factor (Rpf) from Micrococcus luteus, known as the QS signaling compound, has been
reported to resuscitate and stimulate the growth of the majority of the members in the
phyla Actinobacteria, Proteobacteria, and Firmicutes (27, 28). The Rpf, working at picomo-
lar concentrations, possesses muralytic activity that is thought to remodel the cell walls
of VBNC cells in order to facilitate cell division and regrowth (21, 26). Following the report
about the enhanced biphenyl/PCBs degradation by Rpf-containing extracellular organic
matter (EOM) from M. luteus (29), the Rpf/EOM from M. luteus was used to enhance the bio-
degradation of many refractory organic pollutants, such as phenol (30), anthraquinone dye
reactive blue 19 (31), lubricant oils (32), and Aroclor 1242 (27). When Rpf/EOM was applied
to enhance the bioremediation of PCB-contaminated soils and sediments, 28 species of
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PCB-degrading bacteria, belonging to 16 genera, were resuscitated (27, 29). Moreover, the
resuscitated strains obtained via the addition of Rpf/EOM exhibited excellent performance
in the degradation of pollutants, which provides important microbial resources for bioaug-
mentation (33–35). Although Rpf has been extensively used to promote bacterial growth
and culturability under aerobic conditions, few studies have looked at the stimulation and
resuscitation functions of Rpf on anaerobic microbial populations.

Therefore, in the current study, the effect of Rpf on the enrichment of anaerobic
PCE/PCB-dechlorinating cultures was assessed by comparing the dechlorination performances
in Rpf-amended cultures and in the corresponding controls. To elucidate the Rpf-responsive
populations underlying the enhanced dechlorination, the changes in the microbial commun-
ities and in the microbial gene copy numbers of cultures in the presence and absence of
Rpf were analyzed from PCE-fed stages to the Aroclor 1260-fed stage. This report expands
the knowledge on the potential of anaerobic microbial dechlorination.

RESULTS
Effect of Rpf on the enrichment of anaerobic PCE/PCB-dechlorinating cultures.

(i) PCE dechlorination. The enrichment process of anaerobic PCE/PCB-dechlorinating
cultures is depicted in Fig. 1. From stage 1 to stage 3 (S1 to S3) of the enrichment process,
the effect of Rpf on the removal of PCE was investigated. As shown in Fig. 2, PCE dechlorina-
tion started quickly in cultures with Rpf amendment. More than 73% (73.4% to 79.1%) of
the PCE was removed in the treatment groups (TGs) with Rpf amendment after 3 days of
incubation, whereas less than 57% (28.1% to 56.5%) of the PCE was removed in the control
groups (CGs) without Rpf amendment. Similarly, a shorter lag phase was observed in the
TGs, compared with the CGs; the cell growth in the TGs reached the stationary phase within
the first 3 days of each enrichment stage (Fig. S1). At the end of each stage, the residual PCE
amounts in the TGs (,0.03 mM) were all significantly (P, 0.05) lower than those in the CGs
(.0.12 mM). Notably, the PCE dechlorination of the enrichment cultures was fitted well by a
pseudo first-order model (Fig. S2; Table S1). From S1 to S3, the PCE-dechlorination kinetic
constants increased from 0.428 day21 to 0.729 day21 in the TGs and from 0.111 day21 to
0.135 day21 in the CGs. The results clearly show that Rpf amendment significantly enhanced
the PCE-dechlorinating capabilities of the enrichment cultures.

FIG 1 The enrichment process of anaerobic PCE/PCB-dechlorinating cultures. (A) PCE dechlorinators without PCB-dechlorinating ability.
(B) PCE/PCBs dechlorinators. (C) Nondechlorinating populations which work synergistically with dechlorinators. (D) Other microorganisms
not involved in PCE/PCBs dechlorination.
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Meanwhile, the difference in chloride ion release between the TGs and CGs further
demonstrated that Rpf could accelerate PCE dechlorination (Fig. 2). A rapid release of
chloride ions in TG1 to TG3 occurred during days 1 to 3 of incubation, and this increased
from 0.12 to 0.24 mM to 0.58 to 0.79 mM. The chloride ion releases at the ends of the enrich-
ment stages were 1.5 to 2.0 times higher in the TGs (0.97 to 1.06 mM) than in the CGs (0.56
to 0.68 mM). The measured chloride ion concentrations in both the TGs and CGs were lower
than the theoretical values that were calculated from the PCE reduction, assuming a com-
plete conversion of PCE to ethene (Fig. S3). The results suggest the generation of partially
dechlorinated intermediates during PCE dechlorination. It should be noted that the releases
of chloride ions were greater than the theoretically expected values during the later periods
of S2 and S3. For example, releases of chloride ions occurred during days 5 to 7 in TG2 and
days 8 to 10 in TG3 were 0.35 mM and 0.15 mM, respectively, whereas the calculated values
were 0.14 mM and 0.01 mM, respectively. These findings suggest that the further dechlori-
nation of partially dechlorinated intermediates occurred during the later period of enrich-
ment stages.

(ii) Aroclor 1260 dechlorination. The effect of Rpf on the dechlorination performance
in Aroclor 1260-fed cultures was investigated at stage 4 (S4) of the enrichment process.
Compared to CG4, the dechlorination of Aroclor 1260 was significantly enhanced via Rpf
amendment (Fig. 3; Fig. S4). After 50 days of incubation, 64.2% and 51.2% of the total chlorine
of Aroclor 1260 was removed in TG4 and CG4, respectively. The average number of chlorines
per biphenyl (Cl/BP) was reduced from 6.38 to 4.24 in TG4 and 4.96 in CG4 (Fig. 3A). The aver-
age chlorine removal rate in TG4 could reach 1.15mM d21, which was 1.51 times that of CG4
(0.76 mM�d21). Meanwhile, the changes in the mole percentages of di-, tri-, tetra-, penta-,
hexa-, hepta-, and octa-chlorinated biphenyls (CBs) were compared in TG4 and CG4 (Fig. 3B).
The reduction in the octa- and hepta-CBs reached 100% and 21.1% in TG4 after 3 days,
whereas 20.7% and 3.5% reductions were observed in CG4. A 60.8% reduction of hexa-
CBs was achieved in TG4 between days 10 and 13, which was 4.2 times higher than that
observed in CG4 (14.6%). After the incubation of TG4 for 50 days, 90.9% and 98.7% of
the hexa- and hepta-CBs were mainly dechlorinated to tetra- and penta-CBs, which were

FIG 2 Comparison of the PCE-dechlorinating capability of PCE-fed cultures with and without Rpf amendment (TGs and CGs) in
stage 1 (panels A and D, 0.3 mM PCE), stage 2 (panels B and E, 0.4 mM PCE) and stage 3 (panels C and F, 0.5 mM PCE). Abiotic
controls indicating PCE dechlorination in the sterilized soil incubated in parallel. (A–C) PCE concentration changes during
incubation. (D and E) Chloride ion accumulation during PCE dechlorination. The PCE and chloride ion in cultures were analyzed
by gas chromatography and ion chromatography, respectively. Statistical significance is indicated by asterisks. *, P , 0.05; **,
P , 0.01; ***, P , 0.001.
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increased from 3.4 mol% to 53.8 mol% and from 9.0 mol% to 31.8 mol% of total PCBs,
respectively. Correspondingly, 57.5% and 91.4% of the hexa- and hepta-CBs were mainly
converted to tetra-CBs (from 2.4 mol% to 27.3 mol%) and penta-CBs (from 8.8 mol% to
30.5 mol%) in CG4. Some tetra- and penta-CB congeners, including PCBs 70, 87, 92, 105,
114, 123, and 126, were reduced by 100% after 50 days in both the TGs and CGs. The
mole percentages of the high-chlorinated PCB congeners ($5 Cl atoms) accounted for
36.7% in TG4 after 50 days of incubation, whereas 59.8% still existed in CG4. The abiotic
control exhibited no obvious difference from the original Aroclor 1260 after 50 days (Fig. 3;
Fig. S4). These results further confirm that the amendment of Rpf could achieve a more
rapid and extensive dechlorination of Aroclor 1260.

Effect of Rpf on PCB dechlorination pathways. The main dechlorination metabo-
lites of Aroclor 1260 in TG4 and CG4 were compared to reveal the effect of Rpf on the PCB
dechlorination pathways (Table S2; Table 1; Fig. 4). After 50 days of incubation, the predomi-
nant dechlorination products both in TG4 and CG4 were PCBs 47, 49, 52, 64, 95, 99, 90/91/
101, and 110/118 (Fig. S4 and S5), which may have been produced from PCBs 90, 99, 101,
110, 130, 135, 138, 141, 146, 149, 151, 153, 156, and 163 by attacking the ortho-flanked (OF),
para-flanked (PF) or double-flanked (DF) meta-chlorines (i.e., 34-, 234-, 235-, 236-, 245-, 2345-
and 2356-chlorophenyl rings), and single-flanked (SF) para-chlorines (245- and 2346-chloro-
phenyl rings). There were no apparent changes in the major metabolites by amended Rpf,
except for changes in the mole percentages of dechlorination products and in PCB 172
(2345-235-CB) production. The dominant dechlorination pathways were proposed based
on the profile changes in individual PCB congeners (Fig. 5). The dechlorination patterns in
TG4 and CG4 include PCB dechlorination Process H, which attacks flanked para- and DF
meta-chlorines (i.e., 34-, 234-, 245- and 2345-chlorophenyl rings), Process T, which attacks
the flanked meta-chlorines of the 2345-group chlorines (i.e., 2345-chlorophenyl ring),
Process H9 which attacks the flanked para- and meta-chlorines of the 23- and 234-group
chlorines (i.e., 34-, 234, 245- and 2345-chlorophenyl ring), and Process N, which attacks
flanked meta-chlorines (i.e., 234-, 236-, 245-, and 2345-chlorophenyl rings). Compared with
CG4, a pathway by which PCB 194 (2345-2345-CB) was dechlorinated to PCB 172 by
attacking DF para chlorines was only found in TG4. Meanwhile, PCB 180 (2345-345-CB),
comprising 11.0 mol % of the total PCB congeners in Aroclor 1260, decreased significantly
to 0.1 mol% in TG4 and 3.5 mol % in CG4. Notably, the most predominant final products,
PCBs 47, 49, 64, 95, and 99 were increased by 11.76, 6.07, 6.83, 5.55, and 6.77 mol %,
respectively, after 50 days in the TG4, and these were significantly higher than the levels

FIG 3 Comparison of the Aroclor 1260 dechlorinating capability of cultures with and without Rpf amendment (TG4 and CG4) in stage 4.
Abiotic controls indicating Aroclor 1260 dechlorination in the sterilized soil incubated in parallel. (A) Chloride ion accumulation and the
average number of chlorines per biphenyl (Cl/BP) during Aroclor 1260 dechlorination. (B) Changes in the proportion (mol%) of PCBs with
different chlorination degrees. The chloride ion and PCBs in cultures were analyzed by ion chromatography and gas chromatography,
respectively. Statistical significance is indicated by asterisks. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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observed in the CG4 (1.39, 2.07, 1.52, 2.36, and 3.62 mol%) (Table 1; Fig. 5). These PCB con-
geners (PCBs 47, 49, 64, 95, and 99) accounting for 47.7 mol % and 14.7 mol % of the total
products in TG4 and CG4, respectively, were meta-dechlorination products. There was no
significant difference in the mol % of the para-dechlorination product PCB 52 between
TG4 (1.80 mol %) and CG4 (1.34 mol %). In addition, PCB dechlorination via the removal of
ortho-chlorines may have occurred in the enrichment cultures (Fig. 5) because PCB 49 may
have been produced from PCB 187 through flanked ortho-chlorine (2356-chlorophenyl
rings), PF meta-chlorine (245-chlorophenyl rings), and OF meta-chlorine (235-chlorophenyl
rings) removal. These results suggest that the amendment of Rpf enhances the activity of
meta-chlorine removal without affecting the dechlorination pathways.

Microbial community shifts in response to Rpf amendment. To uncover the changes
in the microbial community in response to the amendment of Rpf, high-throughput
sequencing was performed for CG1–CG4 and TG1–TG4. The clean Q20/Q30 reads (Table S3)
and rarefaction curves (Fig. S6) demonstrated the high quality of the sequencing data. The mi-
crobial alpha diversity in the Rpf-amended cultures was relatively higher than those observed
in corresponding CGs, except for the cultures at S1 (Table S4). As indicated by a principal coor-
dinates analysis (PCoA), the Aroclor 1260-fed cultures and PCE-fed cultures were well-sepa-
rated, and the two coordinate axes explained 29.2% and 17.8% of the variation, respectively
(Fig. S7). It also demonstrated that differentiation in the taxonomic composition and the func-
tional profile of the microbial community occurred with the amendment of Rpf.

The analysis of the microbial community at the phylum, class, and family levels in the
TGs and CGs are illustrated in Fig. 6. At the phylum level (Fig. 6A), Firmicutes was the most

TABLE 1 Final dechlorination products of Aroclor 1260 in TG4 and CG4 after 50 days of
incubation

Parent Final product(s)a

Change in mol% after 50 db

TG4 CG4
PCB 101 PCB 52 1.806 0.09 1.346 0.02
PCB 90/101 PCB 49 6.076 0.07* 2.076 0.24*
PCB 99 PCB 47 11.766 0.13* 1.396 0.03*
PCB 110 PCB 64 6.836 0.42* 1.526 0.06*
PCB 135/ 151 PCB 95 5.556 0.13* 2.366 0.14*
PCB 138/153 PCB 99 6.776 0.47* 3.626 0.17*
PCB146/130/149/141 PCB 90/91/101 12.606 0.12* 2.996 0.06*
PCB 156/163 PCB 110/118 4.246 0.03* 0.866 0.11*
PCB 178/185/187 PCB 151 –2.276 0.13* 21.456 0.07*
PCB 174/175/178 PCB 135 21.516 0.10 –1.326 0.05
PCB 183/174 PCB 149 –4.496 0.13* –3.786 0.15*
PCB 187/172 PCB 146 –5.076 0.00* –3.956 0.05*
PCB 180 PCB 153 –1.946 0.01 –1.806 0.02
PCB 141 PCB 141 –1.296 0.08 –1.016 0.01
PCB 170 PCB 130 –5.896 0.18* –3.346 0.23*
PCB 170 PCB 138 –0.806 0.03* –1.176 0.05*
PCB 198/199 PCB 178 –5.866 0.04* –3.446 0.33*
PCB 199 PCB 187 –3.696 0.19 –3.636 0.11
PCB 183/185 PCB 183/185 –1.386 0.03* –0.956 0.06*
PCB 199 PCB 174 –3.346 0.02* 22.616 0.11*
PCB 175 PCB 175 22.996 0.10 –2.396 0.01
PCB 194 PCB 172 –0.956 0.08* 0.006 0.00*
PCB 194 PCB 180 –10.936 0.19* –6.546 0.15*
PCB 156 PCB 156 –1.006 0.03 –0.746 0.05
PCB 193 PCB 193 –6.696 0.19* –5.376 0.15*
PCB 170 PCB 170 –4.226 0.07* –2.796 0.08*
PCB 198 PCB 198 –5.306 0.02* 23.756 0.15*
PCB 206 PCB 199 –2.566 0.04* –3.236 0.03*
PCB 194 PCB 194 –0.166 0.02 –0.706 0.01
PCB 206 PCB 206 21.466 0.06 21.266 0.06
aThe products were analyzed by gas chromatography-mass spectrometry (GC-MS) based on the standards of
Aroclor 1260 and Aroclor 1242.

bAn asterisk indicates a statistically significant difference between TG4 and CG4 (P, 0.05).
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dominant phylum in TG1–TG3 and CG1–CG3, which accounted for 59.5 to 72.6% and 38.1
to 66.0%, respectively. Proteobacteria and Bacteroidetes, as the second largest phyla, jointly
accounted for 12.2%, 31.8%, and 26.4% in TG1, TG2, and TG3 as well as for 19.4%, 18.2%,
and 19.0% in CG1, CG2, and CG3, respectively. At S4, the most predominated phylum
was Euryarchaeota, followed by Proteobacteria, which accounted for 62.5% and 18.8% in
TG4 as well as for 51.0% and 13.6% in CG4, respectively. Firmicutes, as the third largest phylum,
was still higher in TG4 (15.7%) than in CG4 (10.6%). Additionally, a higher relative abundance
of Chloroflexi was observed in the TGs (0.02% to 1.90%) compared to the CGs (0.03% to
0.49%). These results reveal an increasing abundance in the phyla Firmicutes, Chloroflexi,
Proteobacteria, Euryarchaeota, and Bacteroidetes with the amendment of Rpf.

At the class level (Fig. 6B), Clostridia in phylum Firmicutes, as the most dominant class in
the PCE-fed cultures, increased from 51.8% to 70.4% in the TGs from S1 to S3, whereas an
increase from 32.0% to 65.0% was observed in the corresponding CGs. Meanwhile, com-
pared with the CGs, the TGs demonstrated a higher relative abundance of Bacteroidia (5.7
to 8.4% versus 2.2 to 3.7%) and a lower relative abundance of Gammaproteobacteria (3.4
to 7.5% versus 6.5 to 14.5%). At S4, Methanomicrobia was predominant, and it was followed
by Clostridia and Gammaproteobacteria, and these accounted for 68.3%, 10.0%, and 9.6% in
TG4 as well as for 64.9%, 9.9%, and 12.6% in CG4, respectively. In particular, a higher relative
abundance of Deltaproteobacteria was observed in the TGs (0.7 to 0.9%) from S2 to S4, com-
pared with the CGs (0.1 to 0.8%). The taxonomic composition at the family level further veri-
fied the Rpf-responsive populations (Fig. 6C). Notably, family Peptococcaceae within Clostridia
(Fig. 6D) had significantly higher abundance in the TGs, in comparison with the CGs (1.63 to
16.53% versus 0.78 to 9.95%).

The results of a taxonomic composition at genus level further confirmed that
Desulfitobacterium was greatly enriched with the amendment of Rpf (Fig. 7). The relative
abundance amounted to 0.7 to 16.4% in TG1–TG4 and 0.2 to 9.7% in CG1–CG4. Especially,
Desulfitobacterium dehalogenans, accounting for 0.7 to 30.0% in the TGs, was not detected in

FIG 4 Changes in the mol % of PCB congeners after 50 days of incubation in TG4 and CG4. Congeners less than 0.5 mol
% at any time point were excluded. Statistical significance is indicated by an asterisk. *, P , 0.05.
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the CGs (Fig. S8). Meanwhile, Dehalococcoides had a higher relative abundance in TG2–TG4,
compared with the corresponding cultures without Rpf amendment, which were 1.07% versus
0.19%, 1.42% versus 0.71%, and 0.97% versus 0.14%, respectively. In addition, as the major
nondechlorinating populations, the genera Methanosarcina, Desulfovibrio, and Bacteroides
were also greatly abundant in the Rpf-amended cultures. The abundance of Methanosarcina
increased from S1 to S4, and it reached the highest value in TG4 (72.1%) and CG4 (64.3%).
Similarly, Desulfovibrio achieved the highest abundance in TG4 (0.6%), which was signifi-
cantly higher than the level observed in CG4 (,0.1%). However, the highest abundances
of Bacteroides was obtained in S3, which were 5.5% and 0.1% in TG3 and CG3, respec-
tively. These results were consistent with the microbial population that was involved in
the dechlorination of PCE/PCBs at the phylum level.

Quantification of microbial genes. To further verify the effect of Rpf on the enrich-
ment of the PCE/PCB-dechlorinating cultures. The 16S rRNA gene copy numbers of the
bacteria, archaea and Dehalococcoides in the enrichment cultures were quantified via quanti-
tative polymerase chain reaction (qPCR). As shown in Fig. 8, there were statistically signifi-
cant differences in the copy numbers between the TGs and the CGs for all of the genes that
were tested. The bacteria in the TGs had a shorter lag phase in their growth, and they rap-
idly increased from 1.37� 103 to 1.52� 108 copies/mL during S1–S3, but they decreased to
1.12 � 107 copies/mL at S4 (Fig. 8A). The copy numbers of the bacterial 16S rRNA gene was

FIG 5 Dechlorination pathways of Aroclor 1260. The dechlorination metabolites were detected based on gas chromatography-mass spectrometry analysis.
Solid arrows indicate identified metabolites, and dashed arrows show proposed metabolites. The changes in the mol % of each PCB congener in TG4 and
CG4 are shown in red and green, respectively. The dominant end products are boxed.
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significantly lower in the CGs, and these were 2.84 � 104 and 9.98 � 103 copies/mL at S3
and S4, respectively. The total archaeal 16S rRNA gene copy numbers in both the TGs and
the CGs showed a continuous increase from S1 to S4 (Fig. 8B). There were also more arch-
aeal genes in the TGs (1.45 � 105 to 6.98 � 107 copies/mL), compared to the CGs
(2.44 � 104 to 4.51 � 106 copies/mL). More importantly, the 16S rRNA gene copy numbers
of Dehalococcoides were revealed to be significantly higher in the TGs, and these were
approximately 40 to 365 times than those observed in the CGs (Fig. 8C). Meanwhile,
Dehalococcoides were significantly enriched from S1 to S4 in the TGs, and the gene num-
bers achieved 1.45� 107 copies/mL and 1.34� 107 copies/mL in TG3 and TG4, respectively.
The efficient enrichment of Dehalococcoides is the main factor contributing to the

FIG 6 Taxonomic distribution of microbial phyla, classes, and families in cultures with and without Rpf amendment (TGs and CGs). The abundances of
phyla (A) and classes (B) are greater than 0.1%. The abundance of families (C) is greater than 0.05%. (D) Comparison of the relative abundance of the
family Peptococcaceae in TGs and CGs. Each bar represents the average value of three biological replicates in each group.
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improvement of the PCE/PCB-dechlorinating capability of the Rpf-amended cultures.
These findings are in line with the results of a microbial community analysis, which
uncovered the Rpf-responsive microbial populations that were involved in the enhanced
dechlorination of PCE/PCBs.

DISCUSSION
Enhanced dechlorination performance by Rpf amendment. The excellent per-

formance of the Rpf-amended cultures in dechlorination revealed that Rpf could efficiently
accelerate the enrichment of highly active PCE/PCB-dechlorinating cultures. The enrichment
of highly active dechlorinating cultures is critical for the enhancement of the bioremediation
of halogenated organic contaminants (9, 36). Chen et al. (36) reported that the PCE-dechlorina-
tion kinetic constants of an enriched PCE-dechlorinating culture increased from 0.057 day21 in
M-1 (generation 1) to 0.322 day21 in M-11 (generation 11) at an initial PCE concentration of
0.7 mM, which was significantly lower than that of the Rpf-amended culture in this study
(0.729 day21 at 0.5 mM PCE). Tang et al. (37) found that the PCE-dechlorination kinetic

FIG 7 Comparison of the relative abundances of the major genera involved in PCE/PCBs dechlorination in cultures with and
without Rpf amendment (TGs and CGs). (A–C) PCE/PCB-dechlorinating bacteria. (D–F) The synergistic genera for enhancing
dechlorination performance. Statistical significance is indicated by an asterisk. *, P , 0.05. Different letters indicate statistically
significant differences (P , 0.05) among the four enrichment stages in the TGs.

FIG 8 Comparison of the 16S rRNA gene copy numbers of bacteria (A), archaea (B), and Dehalococcoides (C) in original
soil samples (OSS) and in PCE/PCB-fed cultures with/without Rpf amendment (TGs/CGs) in stage 1 (S1, 0.3 mM PCE), stage 2
(S2, 0.4 mM PCE), stage 3 (S3, 0.5 mM PCE) and stage 4 (S4, 26.88 mM Aroclor 1260). An asterisk indicates the statistical
significance of the differences between the TGs and CGs. *, P , 0.05. Different lowercase letters above the error bars indicate
statistically significant differences (P , 0.05) among the four enrichment stages in the TGs.
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constants of enriched consortium amended with rhamnolipids and Tween 80 as surfac-
tants were 0.660 day21 and 0.780 day21, respectively. Although the maximum kinetic
constant (0.780 day21) is slightly higher than that in the Rpf-amended cultures (0.729 day21),
the initial PCE concentration was significantly lower than that used in this study (0.03 mM ver-
sus 0.5 mM). The further dechlorination of the chlorinated intermediates in TG1–TG3, based
on an analysis of chloride ion release, was consistent with the results of previous studies that
found that the PCE dechlorination products (DCE and TCE) could be further dechlorinated to
vinyl chloride and/or nontoxic ethene (5, 9).

Although no study has yet reported the effect of Rpf on the anaerobic microbial
echlorination of PCBs, the enhanced aerobic biodegradation of penta-, tetra-, and tri-CBs in
Aroclor 1242 was found via Rpf addition (27). Ye et al. (28) also demonstrated that supple-
mentation with Rpf enhanced Aroclor 1242 degradation by R. biphenylivorans strain TG9T.
Moreover, the isolates obtained via Rpf addition exhibited excellent performances in the
degradation of PCBs (33, 34). Thus, Rpf could be used as a bioremediation-enhancing tech-
nology for PCB contaminants. The Aroclor 1260-dechlorinating capability of TG4 was com-
pared with reported cultures in literature (Table S5), and this revealed the high performance
of Rpf-amended cultures in chlorine removal. For example, at the same initial concentration
(26.88 mM) of Aroclor 1260, Xu et al. (13) found that the average Cl/BP dropped from
6.38 to 6.06 in waste-activated sludge after 180 days of incubation. There was no obvious
dechlorination of Aroclor 1260 (53.80 mM) that occurred in sediment microcosms after
120 days of incubation (5).

The higher meta-chlorine removal activity that was observed in the Rpf-amended
cultures played a key role in the enhancement of the dechlorination of PCB congeners.
The dechlorination of Aroclor 1260 in the Rpf-amended cultures was mainly in Process
N, and this was followed by Process H and Process H9, and these results were was con-
sistent with the results of the culturing systems reported by Li et al. (38). Furthermore,
the dechlorination pathways of Aroclor 1260 that were obtained in this study were
similar to those of reported PCB-dechlorinating cultures or microcosms (13, 19, 38, 39).
The extensive dechlorination of highly chlorinated PCBs was primarily attributed to the
ability to remove chlorines from meta- and para-positions (9). Wang et al. (19) reported
that three unique D. mccartyi strains predominantly dechlorinated PCB congeners via
the removal of meta- and para-chlorines, and the most extensive dechlorination was
found by removing chlorines predominantly from meta-positions. Xu et al. (13) also demon-
strated that the preferential removal of chlorines at meta-positions achieved the most exten-
sive dechlorination of Aroclor 1260 in digestion sludge. In addition, the observed rare ortho
dechlorination indicated the potential of enrichment cultures for the full dechlorination of
some PCBs (40).

Rpf-responsive populations underlying the enhanced dechlorination. The changes
in microbial populations that occurred in the Rpf-amended cultures were consistent with
the results of previous studies that demonstrated microbial community shifts with the addi-
tion of Rpf (21, 27, 30). Similarly, Wan et al. (41) found changes in community composition
in cultures amended with extracellular secretions. The Rpf-responsive populations agree
well with the results of previous studies at the phylum level, demonstrating these phyla to
be important populations that are involved in the dechlorination of PCE/PCBs (7, 12, 42). It
has been well-established that members of the phyla Firmicutes and Chloroflexi, as the main
PCB-dechlorinating bacteria, could utilize chlorinated congeners as electron acceptors (43).
Wang and He (44) found that Dehalobacter in the phylum Firmicutes and Dehalococcoides in
Chloroflexi were responsible for PCB dechlorination in culture AD14. Zhang et al. (9) demon-
strated that Desulfitobacterium within the phylum Firmicutes possessed the capability to
dechlorinate chlorinated compounds. Krzmarzick et al. (42) reported that Chloroflexi popula-
tions were capable of respiring a diverse array of halogenated chemicals. To date, several
isolates belonging to D. mccartyi and D. chlorocoercia in the phylum Chloroflexi have been
identified as dechlorinators of PCE/PCBs (16, 17, 19, 40). Notably, nondechlorinating popula-
tions in the phyla Euryarchaeota, Proteobacteria, and Bacteroidetes that coexisted with PCE/
PCB-dechlorinating bacteria were reported to play roles in the provision of H2 and acetate or
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in the elimination of toxic substances (39, 45, 46). In addition, the resuscitation and stimula-
tion functions of Rpf on several members of the phyla Proteobacteria, Bacteroidetes, and
Firmicutes have been established in previous studies (21, 27, 30). It can be concluded that
the amendment of Rpf can promote the enrichment of dechlorinators of PCE/PCBs and their
synergistic populations.

These results were further confirmed by an analysis of the taxonomic composi-
tions at the class, family, and genus levels. Several halorespiring bacteria in Clostridia
and Deltaproteobacteria have been found in dechlorinating cultures (43, 45). Notably,
the family Peptococcaceae in the TGs was mainly composed (.99%) of the genera
Desulfitobacterium and Desulfonispora (Fig. S9). These results are in accordance with
those of previous studies that reported members of the two genera that had the abil-
ity to dechlorinate PCE/PCBs (9, 12, 43). Additionally, Peptococcaceae showed a signif-
icant increase in the PCE-fed cultures from S1 to S3, but they decreased in the PCB-
fed cultures. This phenomenon may be attributed to the fact that some species of
Desulfitobacterium and Desulfonispora only possessed the ability of PCE-dechlorina-
tion and did not possess the ability of PCB dechlorination. In concordance with these find-
ings, Qiu et al. (12) found that several populations within Desulfitobacterium that were
involved in PCE dechlorination did not possess PCB dechlorination activity. The significant
enrichment of Desulfitobacterium was observed in S2 and S3 (Fig. S10), and this result was
in agreement with the hypothesis in Peptococcaceae. It has been reported that D. dehalo-
genans is able to completely dehalogenate all of the flanking chlorines from hydroxylated
PCBs (17). The enrichment of D. dehalogenans in the TGs indicated the enhanced dechlori-
nating capability of the cultures with the amendment of Rpf. The ability of Dehalococcoides
to dechlorinate PCBs mainly through meta- and para-chlorine removal has been well-recog-
nized (9, 19). These results further explained that the chlorine removal in the TGs was pre-
dominantly from the meta- and para-positions.

In addition, the significantly higher copy numbers of the Dehalococcoides gene that
were achieved in the TGs further verify the results of the Rpf-responsive population
analysis. Previous study demonstrated that the 16S rRNA gene copies of Dehalococcoides in
culture AD14 increased from 1.14 � 105 copies/mL to 7.04 � 106 copies/mL, with the aver-
age number of Cl/BP reducing from 6.38 to 5.87 (44). Compared with AD14, TG4 showed a
higher abundance of Dehalococcoides, which achieved 1.34 � 107 copies/mL, with Cl/BP
reducing from 6.38 to 4.24. Interestingly, the genus Dehalobacter was only found with lower
abundance in the PCB-fed cultures. Wang and He (44) found that the abundance of
Dehalobacter greatly increased after the removal of 41.13 mM chlorine from Aroclor 1260.
The Dehalococcoides and Dehalobacter, as obligate organohalides-respiring bacteria (OHRB),
have been identified in a majority of the PCB-dechlorinating enrichment cultures (12, 13, 44).
Meanwhile, the synergistic interactions of Dehalococcoide, Methanosarcina, and Desulfovibrio
for the effective dechlorination of PCB have been confirmed by Wang et al. (39), who found
that Methanosarcina in Euryarchaeota and Desulfovibrio in Proteobacteria help D. mccartyi by
mediating acetate sources and H2 sources. Qiu et al. (12) indicated that Methanosarcina were
the predominant methanogens in the PCE/PCB-dechlorinating cultures. Bacteroides species
that commonly exist in Dehalococcoides-dominated cultures were also found to enhance the
dechlorination performance of Dehalococcoides (45, 46). Therefore, the amendment of Rpf
could shape the microbial community toward beneficial populations for the enhancement of
the dechlorination of PCE/PCBs.

Conclusions and future perspectives. In summary, this study demonstrated the
rapid enrichment of active dechlorinating cultures via Rpf amendment. Significantly
enhanced performances of Rpf-amended cultures in the dechlorination of PCE/PCBs
were confirmed, compared with the corresponding cultures without Rpf. The increase
of PCB dechlorination was mainly attributable to the enhanced meta-chlorine removal
activity. The predominant Rpf-responsive populations involved in the dechlorination of
PCE/PCBs were Dehalococcoides in Chloroflexi and Desulfitobacterium in Firmicutes. Rpf also
enhanced the abundance of the genera Methanosarcina, Desulfovibrio, and Bacteroides,
which synergistically interact with dechlorinating bacteria to improve anaerobic dechlorination.
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Based on the results of this study, Rpf amendment provides a promising approach
by which to enhance anaerobic microbial dechlorination, and it thereby offers a potential
strategy by which to rapidly dechlorinate halogenated organic contaminants. In future work,
environmental factors should be considered when evaluating the feasibility of Rpf on imple-
menting engineered bioremediation. In addition, despite the enhancement of Rpf on anaer-
obic microbial dechlorination being revealed in this work, not much is known about the
effect of Rpf on the culturability of anaerobic dechlorinators. Further research regarding the
effects of Rpf during the isolation and cultivation of pure PCE/PCB-dechlorinating strains
should urgently be carried out for a better understanding of the fates of the microorganisms
that are involved in anaerobic dechlorination. Importantly, to gain more insight into the
enhancement of Rpf on the anaerobes involved in dichlorination, further specific studies
aimed at elucidating the VBNC/dormant states of PCE/PCBs dechlorinators and their syner-
gistic populations are needed. Such studies should also include the cultivation of various
pure PCB-dechlorinating strains under different VBNC-inducing conditions, although it is
notoriously difficult to grow them as pure cultures. There remains much work to reveal the
mechanism of Rpf that is involved in enhanced anaerobic dichlorination.

MATERIALS ANDMETHODS
Sample collection and Rpf preparation. PCB-contaminated soils (80 to 100 cm depth) were col-

lected from an e-waste-dismantling region (121.38° E, 28.56° N) in Taizhou (Zhejiang Province, China).
The homogenized soil sample was stored anaerobically in presterilized serum bottles and was trans-
ported immediately to a laboratory. The basic chemical composition of the soil sample, as well as the
concentrations of pollutants (heavy metals and PCBs), were measured as described (4, 27, 47). The prop-
erties of the soil are detailed in Table S6.

The Rpf protein was prepared according to the methods described in previous studies (30, 48). Briefly, the
rpf gene was amplified from the DNA of M. luteus NCIMB 13267, using the primers rpf-F (59-GCGCGGA
TCCATGGACACCATGACTCTCTTCACC-39) and rpf-R (59-GATCAAGCTTTCAGGCCTGCGGCAGGACGAGCTCC-39)
(restriction sites are presented in bold). The purified PCR products were cloned into NedI/BamHI-treated vector
pET-28a and were expressed in Escherichia coli BL21(DE3). The recombinant cells were inoculated in super opti-
mal broth medium supplemented with kanamycin and induced by isopropyl-b-D-thiogalactopyranoside. Cell
pellets were resuspended in Tris-HCl (25 mM) for sonication. The supernatant obtained via crude extract cen-
trifugation was applied to a Ni-NTA-agarose column, and then the eluate was dialyzed overnight at 4°C. The
obtained Rpf protein (0.348 mg/mL) was stored at220°C until use.

Enrichment of anaerobic PCE/PCB-dechlorinating cultures. The anaerobic mineral salts medium
(AMSM) shown in Table S7 was prepared as described by Sohn and Häggblom (49), and it was supple-
mented with acetate (10 mM) as the sole carbon source, L-cysteine (0.2 mM) and Na2S (0.2 mM) as the
reducing agents, and 5 � 104 Pa H2 as the electron donor. The prepared AMSM (150 mL) was added to
each 250 mL serum bottle and was then sealed with butyl rubber stoppers. Chlorinated compounds
(PCE or Aroclor 1260, as indicated) were spiked as electron acceptors (10). PCE was added neatly to a
final concentration of 0.3 to 0.5 mM. Aroclor 1260 stock solution (50 mg of total PCBs per mL) in acetone
was spiked into the medium to obtain a final concentration of 26.88 mM (or 10 mg/L) in the cultures.
The solvent acetone that was introduced to the cultures (0.02%, vol/vol) can be neglected.

The enrichment process of anaerobic PCE/PCB-dechlorinating cultures was divided into 4 stages (S1 to S4).
At S1, the soil was inoculated (6%, wt/vol) in AMSM with 0.3 mM PCE. Afterward, the cultures from the end of
previous stage were transferred (8%, vol/vol) to fresh AMSM that contained 0.4 to 0.5 mM PCE (S2 and S3) or
26.88 mM Aroclor 1260 (S4). From S1 to S3, the PCE concentration was increased from 0.3 mM to 0.5 mM in
increments of 0.1 mM. The cultures in each stage were statically incubated in the dark at 30°C until either the
PCE/Aroclor 1260 was completely depleted or the cell growth reached the stationary phase. During the enrich-
ment process, two different groups were set up for the checking the effects of Rpf. The TG in each stage was
conducted with a final concentration of 0.696 mg/L purified, amended Rpf protein. A CG without the amend-
ment of Rpf was performed in parallel. The enrichment cultures of the TG in S1 to S4 were named TG1, TG2,
TG3, and TG4, and the corresponding enrichment cultures in the CG were named CG1, CG2, CG3, and CG4.
Sterilized soil, which was autoclaved three times at 121°C for 4 h, was incubated in parallel as an abiotic control.

Analytical techniques. The residual amount of PCE, dechlorination of Aroclor 1260, cell growth, and
release of chloride ions were monitored in the enrichment cultures. PCE and PCBs were analyzed as described
(9, 12, 27). In brief, headspace samples of chloroethenes were injected manually, using a gastight Luer Lock sy-
ringe (Hamilton, Reno, NV, USA), into a gas chromatography system (GC, Agilent 8890N) that was equipped
with a flame ionization detector (FID) and a GS-GasPro column (30 m � 0.32 mm � 0.25 mm). The oven tem-
perature was initially held at 80°C for 1 min, increased at 35°C/min to 220°C, and held for 2 min. The injector
and detector temperatures were 250°C and 315°C, respectively. The residual Aroclor 1260 in each culture was
extracted using n-hexane, and it was quantified using an Agilent 8890N GC with an electron capture detector
(ECD) and a column capillary HP-5 (30 m � 0.32 mm � 0.25 mm) (1). The injector and detector temperatures
were set at 250°C and 300°C, respectively. The temperature program was as follows: 80°C for 2 min, 80°C to
196°C at a rate of 8°C/min, 196°C to 228°C at a rate of 2°C/min, 228°C to 250°C at a rate of 8°C/min, and mainte-
nance at 250°C for 12 min. Finally, the temperature was increased to 290°C at a rate of 10°C/min, and it was
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held for 3 min. The removal efficiency (Et, %) and the dechlorination kinetic constant (k, day21) of PCE were cal-
culated using the equations Et = (Ca 2 Ct)/C0 � 100% and k = (lnC0 2 lnCt)/t, respectively, in which C0 was the
initial PCE concentration, Ca and Ct were the PCE concentration in the abiotic control and in the inoculated cul-
ture at time t, t represented the reaction time, and k represented the rate constant (50). The PCB-dechlorinating
activity of the enrichment cultures in S4 was evaluated by the changes of the mol % of the PCB congeners.
The Cl/BP was calculated as the product of the average number of chlorines and the concentration of each
congener, divided by the sum of the total concentrations of all of the congeners (10, 13, 44, 51). The average
chlorine removal rate was calculated using the formula of (N0 2 Nt) � m/t, in which N0 is the initial Cl/BP, Nt is
the final Cl/BP, m is the initial total PCBs moles, and t is the incubation time (9, 10, 38). The cell growth was
assessed by measuring the optical density at 600 nm (OD600) on a spectrophotometer (TU-1810 UV/VIS,
Purkinje, China). The measurement was completed within 30 min to minimize air exposure. In addition, the chlo-
ride ion concentration of the cell free culture supernatant was quantified using a Dionex ICS-900 ion chromatogra-
phy system that was equipped with an IonPac AS11-HC (4 mm � 250 mm) column. To subtract the background
chloride concentrations, the abiotic and growthmedium controls were established simultaneously (6, 34).

The Aroclor 1260 dechlorination pathways of the enrichment cultures in S4 were investigated. The
culture samples were collected after 50 days of incubation. The dechlorination metabolites in each cul-
ture were analyzed using a GC-mass spectrometry system (GC-MS, Agilent 7890/5975). The GC column
and temperature program were the same as described above. The injector, ion source, and quadrupole
temperatures were 270, 230, and 150°C, respectively. The identification of the Aroclor 1260 and its dech-
lorination products were conducted by comparing the retention times to standards (Tables S8 and S9;
Fig. S11).

Microbial community analyses of enrichment cultures. The enrichment cultures at the end of S1,
S2, S3, and S4 were sampled for microbial community analyses. Total genomic DNA was extracted using a
DNeasy PowerSoil Pro Kit (Qiagen, Germany). The concentration of purified DNA was quantified by a Qubit 4.0
Fluorometer (Thermo Fisher Scientific, USA). The V3-V4 region of the 16S rRNA gene was amplified using the
primer sets 341 F (59-CCTAYGGGRBGCASCAG-39) and 806 R (59-GGACTACNNGGGTATCTAAT-39) and was then
sequenced on an Illumina NovaSeq platform (27).

The raw reads were checked and filtered to ensure their quality (12). The high-quality reads were subse-
quently analyzed using USEARCH (version 11.2.64). Operational taxonomic units (OTUs) were defined at 97%
sequence similarity, using unoise3 in USEARCH. The taxonomic assignment of the representative sequences
for each OTU was performed using a Ribosomal Database Project (RDP) classifier with a confidence cutoff of
80%. The alpha diversity indices, which included Chao1, Dominance, Equitability, Richness, Simpson, and
Shannon_2, were calculated using USEARCH alpha_div. A PCoA based on Bray-Curtis was performed to
examine the dissimilarities in the community composition (27).

Real-time quantitative PCR analyses. The occurrence and abundance of bacteria, archaea, and
Dehalococcoides were measured in the original soil sample (OSS) and in enrichment cultures in each
stage using a LightCycler 96 real-time PCR system (Dice TP 600, TaKaRa, Japan). The primer sets Eub338/Eub518,
F515/R806, and DhcF/DhcR that were used in this study are shown in Table S10. All three reactions were run as
follows: denaturation at 95°C for 10 min, 45 cycles of 95°C for 10 s, annealing at 57 to 58°C for 30 s (Table S10),
and extension at 72°C for 30 s. Each qPCR contained 10.4mL SYBR Green PCR Master Mix, 2.0mL template DNA,
0.5 mL each primer, and 6.6 mL nuclease-free water. The qPCR standard curves were created as described by
Chow et al. (52). In brief, the PCR products of individual genes (bacterial 16S rRNA gene, archaeal 16S rRNA gene,
and Dehalococcoides 16S rRNA gene) that were amplified with the primers that are specified in Table S10 were
ligated into a pEASY-T1 vector and transformed into E. coli Trans1-T1 competent cells. A calibration curve was
obtained via the serial dilutions of known plasmid DNA concentrations. The standard curves (Fig. S12) spanned a
range of 102 to 109 gene copies per mL of template DNA. The experiments were performed in triplicate, along
with nuclease-free water as a negative control.

Statistical analyses. All of the experiments were performed in triplicate, and the data were expressed as
means and standard deviations (SD) that were calculated from three independent experiments. A one-way
analysis of variance (ANOVA) followed by a least significant difference (LSD) test was used to determine the sta-
tistical significance of the differences between the TGs and the CGs. The statistical significance (P , 0.05) of
the differences between the four enrichment stages in the TGs was also determined via a one-way ANOVA,
using both Tukey’s and the Waller-Duncan post hoc tests. All of the statistical calculations were conducted
using SPSS 25.0 software (SPSS Inc., Chicago, IL, USA).

Data availability. The raw sequences were deposited in the Sequence Read Archive of The National
Center for Biotechnology Information (NCBI), under the project accession number PRJNA842152.
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