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The massive use of polyhexamethylene guanidine (PHMG), as a typical bactericidal agent, raised environ-
mental concerns to the public. This work comprehensively revealed the hormesis effects of PHMG oc-
curred in waste activated sludge (WAS) on the generation of volatile fatty acids (VFAs) during anaerobic
fermentation. The low level of PHMG (100 mg/g TSS) significantly promoted the VFAs generation (1283 mg
COD/L, compared with 337 mg COD/L in the control) via synchronously facilitating the solubilization, hy-
drolysis, and acidification steps but inhibiting methanogenesis. Metagenomic analysis showed that the
functional anaerobe (i.e., Bacteroides, Macellibacteroide and Parabacteroide) and corresponding genetic ex-
pressions responsible for extracellular hydrolysis (i.e., clpP), membrane transport (ie., ffh and gspF), in-
tracellular substrates metabolism (i.e., ald and paaF) and VFAs biosynthesis (i.e., ACACA and FASN) were
enhanced in the optimal presence of PHMG. Moreover, the anaerobic species could respond and adapt to
low PHMG stimuli via quorum sensing (i.e., cqsA, rpfC and rpfG), and thus maintain the high microbial
metabolic activities. However, they were unable to tolerate the toxicity of excessive PHMG, resulting in
the extremely low VFAs production. This work enlightened the effects of emerging pollutants on WAS
fermentation at the genetic levels, and provided guidance on the WAS treatment and resource recovery.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the growing populations and urbanization acceleration,
the effective handling of environmental issues caused by waste ac-
tivated sludge (WAS) is a huge challenge for wastewater treatment
plants (WWTP) in populated urban areas [1,2]. It has been esti-
mated that 11.2 million tons/year of dry sludge were generated in
China [3], and the costs for its effective disposal have accounted for
up to 30%—60% of the overall operation cost of WWTPs. Inspiringly,
WAS contains high levels of organic compounds, which could be
utilized as an ideal renewable resource repository [4]. As an eco-
friendly technology, anaerobic fermentation is frequently applied
to disposal of WAS for achieving volume reduction and bioresource
production (i.e., volatile fatty acids (VFAs)) [5,6]. It is well-known
that VFAs (particularly acetic and propionic acids) are valuable car-
bon sources with high economic value and multifaceted applica-
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tions, whose market prices are approximately 800-2100 €/tonnes
[7].

However, the WAS also contains various undesirable pollutants,
which may cause environmental risks and affect the subsequently
treatment efficiency [8]. Among them, polyhexamethylene guani-
dine (PHMG) is widely used as a bactericidal agent, and has been
conducted as the active ingredient in a variety of wipes, disin-
fectants, and wound rinse disinfectants [9]. Obviously, the largely
consumed PHMG would enter into wastewater and eventually ac-
cumulate in WAS, which exhibits potential impacts on the subse-
quent biological treatment. However, up to now, the PHMG im-
pacts on the WAS anaerobic fermentation for VFAs accumulation
remains unclear. Meanwhile, how dose the PHMG influence the
specific fermentation process (i.e., solubilization, hydrolysis, acidifi-
cation and methanogenesis) is still an open question. Furthermore,
various functional microorganisms and the corresponding genes
are involved in biochemical reactions of VFAs generation [10]. It
is unclear how these anaerobes and functional genes change in
response to PHMG stress during the WAS fermentation process.
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Besides, as an antimicrobial agent, PHMG also exhibits certain tox-
icity to microorganisms and affects the biological metabolism [11].
Whether those functional anaerobic species enable to adapt to the
unfavorable conditions induced by PHMG and how to maintain the
high microbial activities for VFAs production require further explo-
rations.

Hence, this study investigated the potential impacts of PHMG
on the WAS fermentation for VFAs production, and disclosed the
underlying mechanism in view of the microbial metabolic traits
and adaptive mechanisms via metagenomic analysis. Firstly, the
dose-dependent impacts of PHMG on VFAs yields and particular
stages were determined. Then, the variation of microorganisms and
the metabolic pathway that participated in VFAs production in re-
sponse to PHMG stress were studied. Finally, the mechanisms of
microbial adaption to PHMG stimulus were unveiled. This work en-
lightened the emerging pollutants impacts on WAS fermentation at
the genetic levels, and provided guidance on the WAS treatment
and resource recovery.

The WAS was obtained from the WWTP in Nanjing, China
(A%/0, HRT (hydraulic retention time): 17.5h), and then filtered to
eliminate those undesirable inorganics (2.0 mm) and naturally con-
centrated over 24 h at 4 °C. The main WAS properties were as fol-
lows: pH 7.01 +0.01, total suspended solids (TSS) 19.95+0.02 g/L,
volatile suspended solids (VSS) 9.55 =+ 0.05 g/L, total chemical oxy-
gen demand (TCOD) 21,050+ 130 mg/L, soluble chemical oxygen
demand (SCOD) 422 4+ 8 mg/L, total proteins 6.2 +0.2 g/L, total car-
bohydrates 1.7 £0.3 g/L. Meanwhile, the PHMG with a purity of
>95% was bought from Sigma-Aldrich (St. Louis, MO, USA).

Identical serum bottles (600 mL working volume) were applied
for batch fermentation tests, and all tests were conducted in tripli-
cates. 300 mL pretreated WAS was fed into each reactor firstly, then
the reactor with no PHMG dose were kept as the control while
the other groups were added with 100 (low dose) and 400 (high
dose) mg/g TSS PHMG. After being purged with N, for 5min to
maintain the anaerobic environment, all systems were sealed with
butyl rubbers immediately, and then placed in an air-bath shaker
(180rpm) under 37.5+1 °C. The samples were withdrawn every 2
d, and then centrifugated and filtered to obtain the supernatant for
VFAs detection.

Moreover, to reveal the mechanism of VFAs production by
PHMG, the levels of soluble carbohydrate and protein (indicate
the solubilization efficiency), the content of NH,+-N and PO43--P
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(indicate hydrolysis efficiency), and the concentration of accumu-
lative methane (indicate methanogenesis efficiency) were deter-
mined. Also, the adenosine 5'-triphosphate (ATP) was measured at
2 d to determine general microbial activity. Finally, 50 mL sludge
mixtures were obtained at 10 d and stored immediately at -80 °C
for further metagenomic analysis.

The TSS, VSS, TCOD, SCOD, NH4*-N, and PO43~-P were exam-
ined based on the standard method [12]. The concentration of sol-
uble carbohydrates and proteins were determined by the phenol-
sulfuric and Lowry-Folin methods as the standard, respectively. The
VFAs and methane yield were measured through the gas chromato-
graph Agilent 7820A and Agilent 8890, respectively. The ATP level
was tested by ATP assay kit (Beyotime, China) according to manu-
factures instructions.

Microbial DNA was processed by E.ZN.A.® stool DNA Kit
(Omega Bio-tek, Norcross, GA, USA). The metagenomic sequenc-
ing were constructed and sequenced at Shanghai Biozeron Biolog-
ical Technology Co. Ltd. The specific functions and pathways were
analyzed by using the pathways mapped by genes annotated in
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(http://www.genome.jp/kegg/ or http://www.kegg.jp/).

Fig. 1A shown the total VFAs yield from WAS anaerobic fer-
mentation with different levels of PHMG. The maximal VFAs con-
centration was merely approximately 337 mg COD/L at 4 d in the
control reactor. However, it improved to 1283 mg COD/L with low
dosage of PHMG, while it decreased to 164 mg COD/L with high
dosage of PHMG. In addition, the composition of generated VFAs
also changed (Fig. 1B). The main VFAs compositions in the con-
trol were mainly acetic and propionic acids, with the proportion of
32.8% and 37.9%, respectively. However, with the PHMG occurrence,
the proportion of acetic acid was increased while that of propionic
acid was reduced. The average ratio of acetic acid and propionic
acid were 47.9% and 26.1%, and 74.8% and 25.2% in the presence of
low and high PHMG, respectively. Commonly, acetic acid exhibits
the largest market size (3500,00 ton/year), which is the preferred
carbon source in WWTPs and important precursors for methano-
genesis [13]. Overall, the low PHMG stimulated the VFAs produc-
tion process, and contributed to the economic and practical values
of generated products.

The efficient solublization and hydrolysis of organic matters
(i.e., carbohydrates and proteins) derived from WAS are critical to
the VFAs production [14]. As exhibited in Fig. 1C, PHMG greatly
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improved the solubilization process, and the promoting effects
were more efficient on the releasement of proteins than carbohy-
drates. For example, the soluble proteins and carbohydrates were
respectively 25.3 and 17.1 mg/L in the control reactor at 2 d. How-
ever, it increased to 68.0 and 28.4mg/L with low PHMG, and fur-
ther improved to 533.1 and 103.5mg/L in high PHMG reactor.
Moreover, the soluble NH4*-N and PO,43~-P derived from the or-
ganics hydrolysis in the WAS fermentation systems [15], were also
observed to increase from 52.4mg/L to 37.1mg/L the in control
reactor to 123.1 and 44.8 mg/L with low PHMG, and further ele-
vated to 239.2 and 47.3 in high-PHMG dosed reactor (Fig. 1D). Ob-
viously, the presence of PHMG efficiently promoted the solubiliza-
tion and hydrolysis steps, which might provide more bioaccessible
substrates to microbial metabolism for VFAs production.

Furthermore, the VFAs accumulation in WAS anaerobic fermen-
tation was also highly related with the methanogenesis, which
consumed the VFAs largely. As illustrated in Fig. 1E, the content
of accumulative methane was 27.00 mL/g VSS in the control, while
it gradually decreased to 0.30 and 0.03 mL/g VSS in the low- and
high-dose PHMG reactors, respectively. These results unveiled that
the presence of PHMG obviously inhibited the methane production,
which could also contribute to the VFAs accumulation during WAS
fermentation.

The metagenomic analysis on the critical microbial functions
related to substrates metabolism and VFAs biosynthesis indicated
that the expression levels of corresponding functional genes were
generally upregulated in the presence of low PHMG, but they
showed downward trends with excessive PHMG (Fig. 2). For in-
stance, in terms of extracellular hydrolysis, the relative abundance
of clpP, which was linked with the hydrolysis of amino acids
by acting on peptide bonds (peptidases), was 1.87%o, 2.06%o, and
1.67%. in the control, low and high PHMG reactors. However, the
celA, which was related to the hydrolysis of polysaccharides, was
negatively affected by the PHMG. These results were consistent
with the more hydrolyzed protein substrates induced by PHMG.
Similar results were also found for those transporters encoding
genes, which were responsible for the deliver those extracellu-
lar hydrolysis products into intracellular cells for final metabolism
[16,17]. For instance, in comparison with the control, the relative
abundance of gene expressions involved in the amino acid metabo-
lites delivery (e.g., ffh and gspF), were enhanced by 1.1- and 1.1-fold
in low PHMG reactor, but decreased by 0.9- and 0.8-fold with high
dosage of PHMG, respectively.

Regarding the intercellular metabolism of fermentation sub-
strates for VFAs production, the effects of PHMG on the func-
tional genes (ie., celF, pgil, fbp3, ENO) related to carbohydrates

7
Y

g nin
Monosaccharides i
o Phosphoenolpyruvs =
X .
" Y
b 15 yr )/
% C

=]
a n
~<—— Acetyl-CoA -
%
/\minn acids

s

Chinese Chemical Letters 34 (2023) 107890

metabolism were insignificant. For example, the relative abundance
of ENO, which participated in phosphoenolpyruvate formation, was
2.05%o, 2.06%0, and 2.07%. in control, low, and high PHMG reac-
tors, respectively. However, the critical genes expressions associ-
ated with proteins metabolism (i.e., aspB, gdha, ald, paaF, bkdA,
bkdB, HADHB, vorB, ACADM), were increased by 2%—98% in low
PHMG reactor, while they were decreased by 1%—54% with high
dosage of PHMG. Specifically, the relative abundance of ACADM,
which was correlated with valine, leucine, and isoleucine degrada-
tion, was 2.06%., 2.51%., and 2.02%, in control, low, and high PHMG
reactors, respectively. Also, the genetic expression of paaF encoding
for enoyl-CoA hydratase was 1.66%o, 2.13%o, and 1.65%. in control,
low, and high PHMG reactors, respectively.

Furthermore, the pyruvate metabolism, which was located in
the central metabolic pathway and played essential roles in the
final production of VFAs [10], was also affected by the presence
of PHMG. The relative abundance of ALDH7A1 encoding aldehyde
dehydrogenase was enhanced by 1.6 folds in low PHMG reactor,
while it was reduced by 0.5 folds in high PHMG reactor. Similar
results were also found for other critical genes, such as acs, whose
relative abundance was 0.72%., 0.78%o, and 0.58%. in control, low,
and high PHMG reactors. Meanwhile, the gene expressions of fadD,
fabG, ACACA, and FASN that were related to fatty acid biosynthesis,
were observed to be enhanced by 3%—11% under low concentration
PHMG compared with that of the control. Also, the relative abun-
dance of pta, which was encoding for the vital enzymes regulat-
ing acetate production, was respectively 0.33%, and 0.36%. in con-
trol reactor and low PHMG reactor, while it was reduced to 0.19%.
with high dosage of PHMG. Obviously, the low level of PHMG in-
duced the highly expressed genes, which were beneficial to cat-
alyzing the synthesis and secretion of functional enzymes related
to VFAs biosynthesis. But it was not the case for WAS fermenta-
tion system with high PHMG, which might be one of the primary
reasons for the low VFAs generation efficiency despite of the high
bioaccessible substrates.

In contrast, the metabolic pathways of acetoclastic methanogen-
esis were significantly reduced in the presence of PHMG as ex-
pected. The relative abundances of mvhG and mfnBF, which were
involved in the synthesis of coenzymes F420, were reduced by
0.4-0.9 times in the reactor with low PHMG in comparison with
the control. Moreover, the cdhD and cdhE that transformed the
acetyl-CoA into 5-methyl-THMPT, and mtrA and mtrC encoding
for the formation of Methyl-CoM, which were critical to the ulti-
mate methane production [18], also showed downward trends (de-
creased by approximately 10%—66%) in the reactors with PHMG ad-
dition. Therefore, the downregulation of these vital genes implied
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the inhibition of methanogenic activity, which was also beneficial
to the VFAs accumulation with less consumption.

Overall, the low dosage of PHMG contributed to the upregula-
tion of genetic expression levels involved in extracellular hydrol-
ysis, membrane transport, and intracellular substrate metabolism,
while inhibiting the methane metabolism, thereby facilitating the
ultimate VFAs generation.

The functional anaerobic species are the crucial players in
the biochemical process for VFAs generation. As shown in
Fig. 3A, the predominant bacterial phylum, including Proteobacteria
(40.8%—50.8%), Chloroflexi (12.7%—13.6%), Acidobacteria (6.3%—8.8%),
Actinobacteria (5.8%—13.8%), Nitrospirae (2.3%—5.7%), and Bac-
teroidetes (5.0%—8.0%), were observed in all reactors. They were
usually considered as hydrolytic fermentation bacteria, and were
related to organic decomposition and VFAs formation [19,20]. But
the presence of PHMG affected their microbial composition evi-
dently. For example, the abundance of Actinobacteria, which was
positively correlated with VFAs production, was respectively 7.4%
in the control, while it improved to 13.8% in low PHMG reactor,
but decreased to 5.8% in high PHMG reactor. Additionally, the rel-
ative abundance of Bacteroidetes, which was known as proteolytic
bacteria and responsible for protein decomposition [21], was 7.1%,
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8.4%, and 5.8% in the presence of control, low- and high-dosage
PHMG, respectively.

In terms of genus level (Fig. 3B), the functional microorganisms
related to organic matters degradation and VFAs formation was
also promoted with the stimulus of low PHMG while restrained
at high levels. The relative abundances of Alphaproteobacteria sp.
and Proteiniborus, which were involved in the metabolism of or-
ganic substances (especially proteins) [22-24], were 1.1-and 1.7,
and 0.7- and 1.9-fold in low and high PHMG reactors compared
with the control group, respectively. Meanwhile, Bacteroides, Macel-
libacteroide, and Parabacteroide, which were able to convert protein
compounds into acetate [24,25], were enriched by 2.8, 1.1 and 1.2
times with low PHMG compared with the control reactor, respec-
tively. This might be ascribed to the stimulus of evident increase of
bioavailable proteins as fermenation substrates in the correspond-
ing reactors. However, they were respectively reduced by 0.6, 0.4,
and 0.5 times in high PHMG reactor. This might be associated with
the toxicity of excessive PHMG to the functional microorganisms.
Moreover, the relative abundance of Candidatus Accumulibacter was
found to be 1.9%, 1.1%, and 4.8% in control, low, and high PHMG
reactors, respectively. The previous studies demonstrated that the
Candidatus Accumulibacter was capable of utilizing VFAs and other
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intermediate compounds as carbon sources [26]. The reduction of
these VFAs consumers was also beneficial to the final VFAs accu-
mulation.

Regarding the typical methanogens, their abundances were ev-
idently reduced in the presence of PHMG (Fig. 3C). For instance,
the relative abundance of Methanobacteriales sp. and Methanimi-
crococcus, which were widely observed methanogens in the anaer-
obic systems [27], were respectively reduced by 0.7 and 0.2, and
1.6 and 0.8 times in the corresponding reactor with low and high
PHMG reactors when comparing with those in control. These re-
sults were consistent with the significant methane reduction in
PHMG-conditioned reactors as mentioned above.

Besides, the interrelationships between functional genetic ex-
pressions and fermentative microorganisms were further identi-
fied. Generally, the microbial contributions of key genes were en-
hanced in the reactor with low level of PHMG, while reduced in
the high dosage of PHMG. As shown in Fig. 3D, the clpP involved
in the hydrolysis step was linked to Alphaproteobacteria sp., and
the contribution was 2.9%, 5.0%, and 1.8% in control, low and high
PHMG reactors, respectively. Also, the ffh, which played a key role
in membrane transport of fermentation substrates into microor-
ganisms, was mainly linked to Acidobacteria sp., accounting for
13.5%, 16.7%, and 7.4% in control, low and high PHMG reactors. The
microbial contribution of aspB, which was critical for amino acid
metabolism, was mainly sourced from Actinobacteria sp. in control
(9.8%) and low PHMG reactor (15.5%), while it was decreased in
high PHMG reactor (6.9%). Besides, the fadD and fabG, which were
essential genes for pyruvate metabolism, were expressed by Aci-
dobacteria sp. (40.3% and 30.4% in control, 47.5% and 37.6% in low
PHMG, and 16.6% and 19.6% in high PHMG, respectively) and Acti-
nobacteria sp. (3.6% and 41.4% in control reactor, 13.7% and 51.2%
in low PHMG reactor, and 3.1% and 26.1% in high PHMG reactor,
respectively). Thus, the microbial populations were significantly af-
fected by PHMG, which caused the differential genetic expressions
responsible for the secretion of various metabolic enzymes, result-
ing in the dissimilarity of ultimate VFAs production.

As illustrated above, the low level of PHMG promoted VFAs dur-
ing WAS fermentation, but the high dose of PHMG exhibited evi-
dent toxicity to the microorganisms and reduced the VFAs produc-
tion significantly.

Previous publications proved that the microorganisms were
able to adapt to certain toxic environments and resist the adverse
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effects of pollutants by other compensations, such as the increas-
ing bioavailable substrates in this study [28]. The anaerobic species
might be capable of adapting to the low concentrations of PHMG
but collapsed at high dose. The analysis of metabolic functions
based on KEGG classification demonstrated that the relative abun-
dances of pathways involved in microbial adaptation were gener-
ally enhanced in low PHMG reactor (Fig. 4A). For instance, the rel-
ative abundances of genes related to cell growth and death were
improved by 2.3% in low PHMG compared with that of control. On
the contrary, it was respectively reduced by 5.6% in high PHMG
reactor, indicating the dose-dependent toxicity of PHMG towards
microorganisms. Similarly, the relative abundance of translation,
which could translate mRNA during protein biosynthesis to main-
tain cell homeostasis and survival [29], was enhanced by 0.4% with
low dosage of PHMG, while reduced by 11.2% with high dosage of
PHMG. Correspondingly, the genetic expressions of RPL5 and RPS1
(Fig. 4B), which were involved in chaperones of the 5S rRNA and
the small ribosomal subunit [30], were improved by 1.1 and 1.1
times in low PHMG compared with the control, while they were
decreased by 0.8 and 0.9 times in high PHMG reactor.

The metabolism of quorum sensing was an effective cellular
communication mechanism for microorganisms to regulate their
community behavior. The microbial cells could effectively regulate
transcription and activation of functional proteins and migrate mi-
crobial communities to achieve microbial adaptation against ex-
ternal stimuli via signaling molecules (autoinducers). The relative
abundance of cgqsA, which was related to CAI-1 autoinducer syn-
thase (as the strongest autoinducer in quorum sensing) [31], was
improved to 120% in low PHMG, while it was depressed to 59%
with high dosage of PHMG (Fig. 4C). Moreover, the extracellu-
lar polymeric substance (EPS) synthesis and secretion played vi-
tal roles in protecting cells from external invasion and increasing
their resistance and tolerance to environmental stresses [32]. In
this work, when exposed to PHMG, the relative abundance of rpfC
and rpfG, which were involved in EPS synthesis and biofilm for-
mation, were enhanced by 1.4 and 2.1 times in low PHMG reactor,
while they were decreased by 0.4 and 0.6 times with high dosage
of PHMG reactor, respectively.

Obviously, the functional anaerobic species in WAS fermenta-
tion systems was stimulated with improved metabolic activity to
adapt to the low exposure of PHMG, but they could not toler-
ate the high level of PHMG. In fact, the ATP level, which was an

1
n

[ Control -

[ |Low PHMG I
[ High PHMG

I

RP-L5 RP-S1

g
=

in

=

b
n

e
>

Control
0.6

D)

0,

High PHMG Low PHMG

The concentration of ATP (umol/L) The relative abundance of gene hits (%)

Fig. 4. (A) The relative abundances of critical functions based on KEGG classifications, (B) key genes responsible for translation, (C) key gene responsible for quorum sensing,

and (D) ATP level release in different reactors.



F. Wang, W. Du, W. Huang et al.

irreplaceable bioenergy in living organisms and reflected the gen-
eral microbial activity, was increased from 0.41 pmol/L in the con-
trol reactor to 0.56 pmol/L with low dosage of PHMG. But it was
reduced to 0.16 pmol/L with the exposure to high contents of
PHMG (Fig. 4D). The adaption of microorganisms to different lev-
els of PHMG might account for the variations of microbial function
traits, resulting in ultimately distinct VFAs production efficiency
during WAS fermentation.

In summary, this work demonstrated the hormesis effects of
PHMG on VFAs generation during WAS fermentation. The low pres-
ence of PHMG simultaneously enhanced the solubilization, hy-
drolysis, and acidification while inhibiting methanogenesis. Further
analysis indicated the functional anaerobe and the corresponding
vital genes (especially for protein metabolism) responsible for VFAs
generation were improved in the low level of PHMG while reduc-
ing under high PHMG stress. The analysis of microbial adaptation
proved that anaerobic species were able to respond and adapt to
certain levels of stimuli driven by the PHMG. However, the exces-
sive presence of PHMG posed evident toxicity to microorganisms
and greatly reduced the metabolic activities, resulting in extremely
low VFAs production efficiency.
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