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Abstract

The colonization of degrading endophytic bacteria is an effective means to reduce the residues of polycyclic aromatic
hydrocarbons (PAHs) in crops. Dicarboxylic acids, as the main active components in crops, can affect the physiological
activities of endophytic bacteria and alter the biodegradation process of PAHs in crops. In this study, malonic acid and suc-
cinic acid were selected as the representatives to investigate the contribution of dicarboxylic acids to pyrene biodegradation
by endophytic Enterobacter sp. PRdS in vitro. The results showed that dicarboxylic acids improved the biodegradation of
pyrene and altered the expression of the functional gene of strain PRd5. Malonic acid and succinic acid reduced the half-life
of pyrene by 20.0% and 27.8%, respectively. The degrading enzyme activities were significantly stimulated by dicarboxylic
acids. There were 386 genes up-regulated and 430 genes down-regulated in strain PRd5 with malonic acid, while 293 genes
up-regulated and 340 genes down-regulated with succinic acid. Those up-regulated genes were distributed in the functional
classification of signal transduction, membrane transport, energy metabolism, carbohydrate metabolism, and amino acid
metabolism. Malonic acid mainly enhanced the central carbon metabolism, cell proliferation, and cell activity. Succinic acid
mainly improved the expression of degrading gene. Overall, the findings of this study provide new insights into the regula-
tion and control of PAH stress by crops.

Key points

e Dicarboxylic acids improved the biodegradation of pyrene by Enterobacter sp. PRd5.
e The degrading enzyme activities were stimulated by dicarboxylic acids.

e There are different facilitation mechanisms between malonic acid and succinic acid.

Keywords Enterobacter sp. PRdS - Pyrene biodegradation - Malonic acid - Succinic acid - Transcriptomic

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are mutagenic,
teratogenic, carcinogenic, and cytotoxic chemicals. Their
“water-hating” and “fat-loving” properties easily cause their
accumulation in soil and airborne suspended particulate mat-
ter (Peng et al. 2011; Duran and Cravo-Laureau 2016; Kup-
pusamy et al. 2017). PAHs in the surrounding environment
can migrate to crops through root uptake and foliar uptake
(Jia et al. 2018; Li et al. 2019b, 2020; Zhang et al. 2020),
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and then accumulated in crops (Shen et al. 2020; Chen et al.
2020). The average concentration of PAHs in crops around
the Yangtze River Delta industrial zone was reported to be
352.12~1218.38 ng/kg (Wang et al. 2017). Those contami-
nated crops increased the exposure of carcinogenic PAHs
to human bodies and posed a threat to public health (Fujita
et al. 2020).

The colonization of PAH-degrading endophytic bacteria
is found to regulate the absorption, accumulation, and trans-
formation of PAHs in crops and reduce PAH concentrations
(Abhilash et al. 2012; Sun et al. 2015; Li et al. 2021). The
degrading endophyte Pseudomonas putida PD1 colonized in
willows and grass was reported to improve the growth and
health of the host plants and increase 25 ~40% removal of
phenanthrene from soil (Khan et al. 2014). Inoculation with
Massilia sp. Pn2 could reduce the phenanthrene concentra-
tions in wheat, enlarging the biomass of wheat roots (Liu
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et al. 2017a). In turn, host crops provided endophytes with
nutrients (organic acids, alcohols, and proteins) to increase
their life activities, thus stimulating the degradation of PAHs
(Martin et al. 2014).

Dicarboxylic acids such as malonate acid and succinic
acid are active components in crops (Sivaram et al. 2020).
Pieces of evidence have shown that dicarboxylic acids could
potentially promote the biodegradation of PAHs (Liu et al.
2015; Lu et al. 2017b; Sivaram et al. 2019; Zhang et al.
2021). For example, Sivaram et al. (2019) reported that
dicarboxylic acids enhanced the degradation of high molecu-
lar weight PAHs by strains isolated from plant rhizospheres.
Zhang et al. (2021) found that dicarboxylic acids could
improve the solubility and bioavailability of phenanthrene,
and relieve cell-membrane and oxidative damage. Dicarbo-
xylic acids could also significantly increase the removal of
PAH in contaminated soils by increasing the availability of
phenanthrene and pyrene in soils (Lu et al. 2017b). These
dicarboxylic acids can be used as a direct carbon source for
bacteria, increasing cell growth and activity while improving
the bioavailability of organic pollutants, ultimately acceler-
ating the biodegradation of organic pollutants (Martin et al.
2014). Moreover, dicarboxylic acids have been reported to
induce other cellular responses in microorganisms, such as
increasing the intracellular NADH levels and enhancing
the expression of functional enzymes (Wang et al. 2014;
Nie et al. 2017). Therefore, the mechanisms of dicarboxylic
acids promoting PAH degradation by endophytes remain
inadequately explored. Clarification of the mechanisms of
dicarboxylic acids affecting the functional endophytic bac-
teria would benefit the designing of strategies for improving
the PAH removal efficiency in crops.

In this study, malonic acid and succinic acid, which are
commonly found in crops, were selected as representatives
of dicarboxylic acids (Sivaram et al. 2020). Enterobacter sp.
PRd5 was used as a representative of functional endophytic
bacteria. The objective of this research was to investigate the
performance of pyrene biodegradation by endophytic bacte-
ria in the presence of dicarboxylic acids. Based on the data,

the degradation process of pyrene was elucidated, with a
focus on transcriptomic responses of Enterobacter sp. PRdS5.

Materials and methods
Strains and culture media

Enterobacter sp. PRd5 was isolated in a lab from the
healthy plant Ophiopogon japonicas wild growing in PAH-
contaminated sites (deposited in CGMCC ref. no.:13218).
Luria—Bertani (LB) medium for cell enrichment and mineral
salt (MS) medium for pyrene degradation were prepared fol-
lowing a previous study (Lu et al. 2019). All of the media
were autoclaved at 121°C for 20 min.

Experimental design

Enterobacter sp. PRd5 was cultured to a logarithmic period
in the LB medium. After being centrifuged, and washing for
three times with MS medium to remove the residual carbon
source, the bacteria were resuspended in fresh MS medium,
and adjusted to an optical density of 1.0 at 600 nm (about
2.5% 108 colony-forming units per milliliter, CFU/mL) for
inoculating. Finally, 10% (v/v) seed liquid was inoculated
into 20 mL of MS (containing 50 mg/L pyrene). The con-
centration of dicarboxylic acids was adjusted to 0, 10, 20,
30, 40, and 50 mg/L, because the concentration of low-
molecular-weight organic acids in plant tissues was about
a few millimoles to tens of millimoles per liter (Sokolova
2020). Strain PRd5 grown in MS medium inoculated without
dicarboxylic acids was set as the control. All groups were
cultured in a shaker at speed of 180 rpm at 28 °C for 10 days.
The samples were collected every 2 days to determine the
cell growth and residual pyrene concentration. The growth
of PRdS5 cells was assessed by plate counts. Depending on
the growth curve of the cells (Fig. 1b), the sample at the 8"
day was used for subsequent analysis. All the treatments
were done in triplicate.
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Measurement of residual concentration of pyrene

Pyrene was extracted from MSM media following the
method by Wang et al. (2016) with some modifications. The
residual pyrene in the collected samples was extracted by
twice volume methanol with sonication for 30 min, followed
by filtration through a 0.22-pm filter. Pyrene was quanti-
fied by an Agilent 1200 high-performance liquid chroma-
tography (HPLC, Santa Clara, CA, USA) equipped with
a 4.6 mm X 250 mm reverse phase C18 column and a UV
detector. Methanol and water (90:10, v/v) were used as the
mobile phase at a flow rate of 1.2 mL/min. Chromatography
was performed at 30 °C and the detector set at 245 nm.
The biodegradation kinetics of pyrene was modeled by
the primary degradation rate model (1) (Sun et al. 2019);

C, = Cye™ (1)

Note: C, (mg/L) is the concentration of residual pyrene at
the incubation time ¢, C;, (mg/L) is the initial concentration
of pyrene, ¢ (d) is the incubation time, k (h™") is the biodeg-
radation rate constant, and e is the natural constant.

The half-life of pyrene in each group was calculated using

Eq. (2):

== @

Metabolite analysis

The pyrene degradation intermediates were extracted fol-
lowing a previous study (Sun et al. 2019) with some modi-
fications. The supernatant was extracted with ethyl acetate
twice at neutral (pH=7.0) and acidic (pH=2.3), respec-
tively. After centrifugation (8000 x g, 4°C, 5 min), the upper
layer organic phases from both extractions were collected
and combined, and dried over anhydrous Na,SO,. The sam-
ples thus obtained were evaporated to dryness on a rotary
evaporator, the extracted pyrene degradation intermediates
were reconstituted in 500 pL n-hexane and filtered through
a 0.22-pm filter, followed by derivatization with 140 pL
of BSTFA-TMCS (N, O-bis(trimethylsilyl) trifluoroaceta-
mide—trimethylchlorosilane, 99:1, v/v) at 80°C water bath
for 30 min.

The intermediates were detected by an Agilent
T890A/5975C gas chromatography/mass spectrometry (GC/
MS, Santa Clara, CA, USA) equipped with an HP-5-MS col-
umn and an electron impact (EI) ionization source. Helium
was used as the carrier gas at a flow rate of 1.0 mL/min. The
injection port temperature was set at 250 °C. The heating pro-
gram was as follows: initially at 60 °C for 1 min, then raised
to 290 °C at a rate of 10 ‘C/min and held for 20 min. The MS

was run at a full scan mode (50-550 m/z). The EI source was
set at 70 eV (Li et al. 2019a). Identities of the pyrene degra-
dation intermediates were determined by retrieving the MS
of the analytes in the NIST standard MS library.

Enzyme assays

The samples were centrifuged at 6000 X g for 10 min at 4
°C. The collected cell pellet was washed three times with
phosphate buffer saline (PBS) buffer and resuspended in
PBS buffer, and then crushed by ultrasonic disintegrator at
a power of 450 W (150 times for 3 s with 3 s breaks) in
an ice bath. The crude enzyme solution was obtained after
centrifuging to remove cell debris. 1-hydroxy-2-naphthoic
acid hydroxylase (1IH2NH) (Deveryshetty and Phale 2009),
1-naphthol hydroxylase (1-NAH) (Sah and Phale 2011),
salicylic acid hydroxylase (SAH) (Fang and Zhou 2014),
phthalate dioxygenase (PDO) (Seo et al. 2009), catechol-
1,2-dioxygenase (C120) (Guzik et al. 2013), and gentisic
acid-1,2-dioxygenase (G120) (Reddy et al. 2018) were
monitored as described. The protein concentrations were
determined by the method of Bradford with bovine serum
albumin as the standard. The specific activity was defined
by the amount of product/substrate in pmol (U) oxidized per
second per milligram of protein (U/mg) (Nie et al. 2017).

RNA extraction and transcriptome sequencing

The samples were centrifuged at 10,000 x g for 15 min
at 4°C. Total RNA from cell samples of each group was
extracted by the RNAprep Pure Bacteria kit (Tiangen, Bei-
jing, China) according to the manufacturer’s instructions.
The concentration and purity of RNA were determined
based on the absorbance at 260 nm in an ultra-micro spectro-
photometer (NanoDrop 200C, Thermo Scientific, Waltham,
USA). Meanwhile, the integrity of the RNAs was assessed
by electrophoresis in 1% agarose. Qualified RNAs were sent
to Shanghai Majorbio Bio-pharm Technology Co., Ltd.,
China, for subsequent mRNA purification, cDNA synthe-
sis, library construction, and transcriptome sequencing by
Illumina HiSeq 4000 system (RNA-Seq).

Differentially expressed genes (DEGs)
and enrichment analysis

Quantitative software RSEM was used to assess the expres-
sion levels of the assembled transcripts by the number
of uniquely mapped reads per kilobase per million reads
(FPKM) (Yue et al. 2021). The fold change log, ratio was
calculated by comparing the gene expression levels of the
control sample to the dicarboxylic acid—treated samples.
The significance analysis of expression differences was cor-
rected by BH (Benjamini/Hochberg) method for multiple
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testing. Raw counts were screened by software DESeq?2 to
select DEGs between the control sample and dicarboxylic
acid—treated sample based on P-adjust < 0.05 and llog, fold
changel> 1 (Love et al. 2014). The data were analyzed on the
online platform of Majorbio Cloud Platform (www.major
bio.com).

To further explore the biological functions of DEGs and
the regulation mechanism of dicarboxylic acids on strain
PRdS5 at the molecular level, the biologically classified
DEGs were clarified by gene ontology (GO) annotation,
and the biological regulation pathways were found by Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
annotations.

Validation by quantitative real-time PCR (qRT-PCR)

To confirm the reliability of RNA-Seq identification of
DEGs, eight functional genes (7 up-regulated and 1 down-
regulated) with significant changes were selected accord-
ing to different KEGG pathways for qRT-PCR validation.
These genes include two PAH degradation genes (adhE,
hpcB), two central carbon metabolism genes (paaH, deoC),
two ABC transport genes (mnt_BS5, ydhC), and two amino
acid synthesis/metabolism genes (hisA, argC). The forward
primer sequence and reverse primer sequence were designed
according to the gene sequence by the software primer pre-
mier 6.0 (Supplementary Table S1). The RNA samples
were reverse-transcribed and qPCR performed by One-Step
gRT-PCR kit (Sangon Biotech, Shanghai, China) according
to the manufacturer’s instructions. The expression level of
each gene was calculated by the 2724 method (Livak and
Schmittgen 2001). Biological triplicate of qRT-PCR was
performed for each group.

Statistical analysis

All data analyses were performed in the statistical soft-
ware SPSS 19.0 (IBM, Armonk, NY, USA). The sig-
nificant differences between the control group and dicar-
boxylic acid-treated group were analyzed by #-test and
one-way ANOVA, and p <0.05 was considered statistical
significance.

Results

Pyrene degradation and cell growth
under dicarboxylic acid treatment

Prior to the analysis of the physiological activity of strain
PRdS during the pyrene degradation experiment, the opti-
mal concentration of dicarboxylic acids was determined.
The highest pyrene degradation (48.8%) was achieved in
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the presence of 20 mg/L succinic acid. The optimal con-
centration of malonic acid was also 20 mg/L, when 45.4%
pyrene degradation was observed (Supplementary Fig. S1).
Therefore, the dose of 20 mg/L was selected for the subse-
quent index determination.

The residual concentration of pyrene gradually decreased
with the increasing growth of strain PRd5 (Fig. 1). Both
malonic acid and succinic acid could significantly improve
the degradation of pyrene by strain PRd5 (p <0.05). Add-
ing malonic acid or succinic acid accelerated the degrada-
tion of pyrene in the medium (Table 1). Compared with the
control, adding 20 mg/L malonic acid and succinic acid
significantly increased the pyrene degradation rate con-
stants by 25.1% and 38.5%, respectively. Malonic acid and
succinic acid reduced the half-life of pyrene by 20.0% and
27.8%, respectively. These results showed that a moderate
amount of dicarboxylic acids increased the number of cells
and removed more pollutants, and dicarboxylic acids might
be used as co-metabolic carbon sources by the strain PRd5.

Identification of pyrene degradation intermediates
under dicarboxylic acid treatment

Five trimethylsilyl (TMS)-derived metabolites, designated
as peak P1 to peak P5, were detected and identified by com-
parison with the GC retention time (Rt) and mass spectra
with those of the authentic standards (Table 2; Supplemen-
tary Fig. S2). Based on this, five intermediate metabolites
of pyrene degradation by strain PRd5 were identified, i.e.,
1,2-dihydroxynaphthalene, 1-hydroxy-2-naphthoic acid,
salicylic acid, catechol, and phthalate. Typical intermedi-
ates in the phthalic pathway (phthalic) and the salicylic acid
pathway (salicylic acid, catechol, and 1,2-dihydroxynaph-
thalene) were detected during pyrene biodegradation. Other
than that, there was no difference in metabolites between the
control and dicarboxylic acid—treated group, which means
that dicarboxylic acids did not cause a new pathway of pyr-
ene degradation by strain PRdS.

Enzyme activity in strain PRd5 cell extracts
under dicarboxylic acid treatment

Dicarboxylic acids significantly stimulated the activities

of 1H2NH, 1-NAH, SAH, C120, and G120 enzymes,
while PDO enzyme activity was reduced by malonate

Table 1 Degradation rate constant and half-life of pyrene

Control Malonic acid Succinic acid
Degradation rate 0.0553 0.0692 0.0766
constant k
Half-life/d 12.53 10.02 9.05
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Table 2 GC retention time and mass spectrometry data for pyrene degradation intermediates

Compounds Fraction Reten- m/z of fragment ion peaks (%)

Proposed metabolites

128(M*-20TMS-H*, 100), 129(M*-20TMS, 12), 127(M*-20TMS-

1,2-Dihydroxynaphthalene (diTMS)

2H*, 11), 102 (TMS +CO+H*, 7), (75 (TMS +2H*, 6),

299 (M*-2CH,;-2H*,100), 301 (M*-2CH,,24), 314 (M*-CH,-2H*,

1-hydroxy-2-naphthoic acid (diTMS)

16), 170 M * -OTMS-TMS, 2),147 2TMS +H *, 70), 73 (TMS,

195(M™, 100), 120(M*-TMS, 67), 75 (TMS 4+ 2H*, 62), 177(M*-

Salicylic acid (diTMS)

191 (M*-OTMS-H", 100), 75 (TMS +2H*, 14), 192 (M*-OTMS,13) Catechol (diTMS)
295 (M*-CH,;-H*, 100), 296 (M*-CHj, 24), 221 (M*-CH;-2H*-TMS, Phthalate (diTMS)

tion time
(min)
Pl N 8.440
P2 A/N 11.124
26)
P3 A 12.829
OH, 30), 73 (TMS, 30)
P4 A 17.824
P5 N 25.331
22), 73 (TMS, 11)
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Fig.2 Degrading enzyme activity of strain PRd5 during pyrene
biodegradation with and without dicarboxylic acids. (**p<0.01,
*0.01 <p <0.05 vs control)

acid (p <0.05) (Fig. 2). In addition, the activity of IH2NH
in strain PRd5 was higher than that of other degrading
enzymes. The alteration of enzyme activities indicated that
dicarboxylic acids could promote the expression of most of
the relevant functional genes encoding degrading enzymes.

Transcriptome responses of Enterobacter sp. PRd5
under dicarboxylic acid treatment during pyrene
biodegradation

Dicarboxylic acids affected the gene expression of strain
PRd5 during pyrene biodegradation. Compared with the
control, 386 genes were up-regulated and 430 genes were
down-regulated in strain PRdS5 treated with malonic acid;
293 genes were up-regulated and 340 genes were down-reg-
ulated under succinic acid treatment (Fig. 3a and b). DEGs

were functionally classified according to the KEGG data-
base. The metabolism, cellular process, and environmental
information of strain PRdS were affected under dicarboxylic
acid treatment. A large number of up-regulated and down-
regulated genes were distributed in the functional classifi-
cation of signal transduction, membrane transport, energy
metabolism, carbohydrate metabolism, and amino acid
metabolism. In addition, down-regulated genes were also
enriched in the functional classification of cellular commu-
nity prokaryotes and cell motility (Fig. 3c and d).

Eight DEGs were selected for qRT-PCR to verify the
accuracy of DEGs in RNA-Seq data. Genes of adhE, hpcB,
deoC, mntB_5, ydhC, hisA, and argC were up-regulated and
paaH gene was down-regulated by dicarboxylic acids. The
change trend of DEGs displayed by qRT-PCR was consistent
with that of RNA-Seq (Fig. 4), which clarified the reliability
of RNA-Seq data.

Differentially expressed genes (DEGs)
in Enterobacter sp. PRd5

The gene ligA, ligB, adhE, doxA, hpcB, hcaB, and PH00798
associated with PAH degradation were up-regulated in strain
PRdS5 (Table 3). The up-regulation was 0.85- to 1.53-fold
under malonic acid treatment and 1.10- to 1.83-fold under
succinic acid treatment. These results indicate that dicar-
boxylic acids increased the expression of PAH-degrading
genes to stimulate the intracellular biodegradation of pyrene.
Comparing the two dicarboxylic acids, succinic acid induced
more PAH-degrading gene expression than malonate acid,
resulting in a faster pyrene removal.

DEGs related to amino acid biosynthesis and metabolism
were distributed in eight pathways (Supplementary Table
S2). Among them, up-regulated genes related to arginine
biosynthesis, histidine metabolism, and cysteine and methio-
nine metabolism form three complete pathways (Fig. 5). The
genes related to arginine biosynthesis were up-regulated
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Fig.3 Global transcriptional response of strain PRd5 under dicar-
boxylic acid-treated. Volcano plot of malonic acid-treated (a) and
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Table 3 DEGs associated with PAH degradation in Enterobacter sp. PRdS

Gene ID Gene name Gene description Fold change (log, ratio)

Control vs malonic ~ Control vs

acid succinic acid
PHO1248 ligA Protocatechuate 4,5-dioxygenase 0.85 1.10
PH04392 ligB Protocatechuate 4,5-dioxygenase 0.96 1.16
PHO01978 adhE Aldehyde-alcohol dehydrogenase 1.53 1.83
PH00798 Aromatic ring-hydroxylating dioxygenase subunit alpha 1.02 1.39
PH00796 doxA Naphthalene 1,2-dioxygenase 0.85 1.23
PH03921 hpcB 3.4-dihydroxyphenylacetate 2,3-dioxygenase 1.05 1.24
PH02096 hcaB 3-phenylpropionate-dihydrodiol/cinnamic acid-dihydrodiol 0.92 1.13

dehydrogenase

by dicarboxylic acids by 0.86- to 4.09-fold (Supplemen-
tary Table S2). These up-regulated genes form a pathway
with glutamate as a precursor, and arginine is synthesized
through catalyzed by various enzymes encoded by the arg
gene family (Fig. 5a). The genes related to histidine metabo-
lism were up-regulated by dicarboxylic acids by 1.04- to
1.95-fold (Supplementary Table S2). Enzymes encoded
by these genes catalyze the conversion of phosphoribose
pyrophosphate to L-histidine (Fig. 5b). The genes related
to cysteine and methionine metabolism were up-regulated
by dicarboxylic acids by 0.34- to 2.07-fold (Supplementary
Table S2). Enzymes encoded by these genes could catalyze
the conversion of L-aspartate to L-methionine (Fig. 5c).
There were other eleven DEGs associated with other amino
acid pathways, where the up-regulation was 0.36- to 2.01-
fold (Supplementary Table S2).

The DEGs related to central carbon metabolism were
mainly concentrated in glycolysis/gluconeogenesis, pyru-
vate metabolism, and pentose phosphate pathway (Sup-
plementary Table S3). The DEGs associated with glyco-
lysis/gluconeogenesis were up-regulated 1.22- to 1.9-fold
under malonic acid treatment, and up-scaled 0.78- to 1.11-
fold under succinic acid treatment. The results imply that

malonic acid exhibits a higher cellular growth-promoting
capacity than succinic acid. The expression of six genes
related to pyruvate metabolism increased under dicarbox-
ylic acid treatment, suggesting that the dicarboxylic acids
stimulated the metabolism of pyruvate. There were 3 up-
regulated genes related to the pentose phosphate pathway,
indicating that dicarboxylic acids promoted the multi-path
metabolism of glucose and provided energy and metabolic
activity required for cell growth.

Twenty-eight DEGs involved in ABC transport were
up-regulated under dicarboxylic acid treatment, which
mainly involve the transport of molecules such as manga-
nese, ribose, and arginine. The genes encoding manganese
transporters were up-regulated by 2.55- to 3.38-fold (Sup-
plementary Table S4). Other up-regulated genes involved in
purine metabolism (deoD, deoB, cpdB, and hiuH 2), pyrimi-
dine metabolism (cdd, rutA, rutB 2), nitrogen metabolism
(nirD, nasD), and sulfur metabolism (cysl, cysH_I) could
provide energy for resisting external coercion (Wei et al.
2021). Furthermore, the down-regulated genes associated
with flagellar assembly would alter cell motility, which is
an energy regulation mechanism in response to changes in
the growth environment (Liu et al. 2005).
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Fig.5 Schematic overview of gene expression (up-regulated genes are indicated in red) with arginine biosynthesis (a), histidine metabolism (b),
and cysteine and methionine metabolism (c) of Enterobacter sp. PRdS5 in response to dicarboxylic acid during pyrene biodegradation

Regulatory mechanism of dicarboxylic acids
on the pyrene biodegradation of Enterobacter sp.
PRd5

The schematic diagram shows the effects of dicarboxylic
acids on pyrene degradation by Enterobacter sp. PRdS5,
based on the DEGs and pyrene intermediate metabolites
(Fig. 6). Malonic acid induced overexpression of genes
encoding ABC transporters to promote transmembrane
transport of pyrene and uptake by strain PRdS. As the
intracellular pyrene concentration increased, the expres-
sion of genes encoding dioxygenases related to pyrene
degradation was up-regulated, which accelerated the
pyrene ring-opening process. The up-regulated dehy-
drogenase gene promoted pyrene intermediates to be
catalyzed to short-chain fatty acids into the TCA cycle.
The overexpression of genes encoding amino acids and
central carbon metabolism provided the corresponding
substrates for the TCA cycle, enabling the complete
mineralization of pyrene and the cellular process of
energy production. Moreover, up-regulation of genes
encoding glutamate and histidine increased the intracel-
lular solubility of pyrene and protected cells from toxic
damage. Finally, the gene encoding the ABC transporter
increased the excretion of pyrene biodegradation inter-
mediates in a timely manner to promote cell growth,
reproduction, and cell activity.
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Discussion

PAH-degrading endophytes colonize in the interior of crops
and promote the elimination of PAH inside crop tissues (Liu
et al. 2017a; Khan et al. 2014). In turn, active components in
crops, such as dicarboxylic acids, provide a favorable culture
environment for functional endophytic bacteria (Wang et al.
2014; Técher et al. 2011). Exploring the contribution of dicar-
boxylic acids to PAH biodegradation by an endophytic bacte-
rium in vitro would reveal the feedback mechanisms of crops
to endophytic colonization. In plants, dicarboxylic acids were
used as a direct and easily accessible energy source during the
biodegradation of pyrene (Sivaram et al. 2019; Dominguez
et al. 2020), and increased the water solubility of PAHs and
thus improving their bioavailability (Zhang et al. 2021; Xiao
and Wu 2014; Dominguez et al. 2020). These results led to the
increase of degradation efficiency of pyrene by strain PRd5
and the promotion of cell growth (Fig. 1).

An interesting phenomenon was found that the degra-
dation of pyrene was not exactly synchronized with the
cell growth between two dicarboxylic acids; the degrada-
tion efficiency of pyrene was higher in the group supple-
mented with succinic acid and the cell growth was higher
in the group supplemented with malonic acid (Fig. 1). This
suggests that different mechanisms of pyrene degradation
were invoked by malonic acid and succinic acid. Similar
results have been reported in recent studies that different
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small-molecule organic acids have different effects on
PAH-degrading microorganisms. For instance, Zhang et al.
(2021) found that citric acid mainly improved cell prolifera-
tion and activity, while glutaric acid and oxalic acid mainly
improved enzyme expression and provided energy for cells
when evaluating the role of small-molecule organic acids in
the degradation of PAHs.

No new intermediate was detected under dicarboxylic
acid treatment, suggesting that dicarboxylic acids would
not alter the metabolic pathway of pyrene by strain PRd5.
As a key enzyme in the phthalate pathway, enzyme PDO
is responsible for initiating the aerobic decomposition of
phthalate to form cis-4,5-dihydro-4,5-dihydroxyphthalate
(Tarasev et al. 2006; Seo et al. 2009). Its activity showed
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significant differences between malonic acid treatment
and succinic acid treatment, which means succinic acid
stimulated this process and malonate acid inhibited it. The
enzymes 1H2NH, 1-NAH, SAH, C120, and G120 were
related to salicylic acid metabolism, which included dual
pathways of gentisic acid and catechol (Chowdhury et al.
2014). Enzyme 1H2NH is a flavoprotein monooxygenase
specific for 1-hydroxy-2-naphthoic acid, which catalyzes
the conversion of 1-hydroxy-2-naphthoic acid to 1,2-dihy-
droxynaphthalene under aerobic conditions (Deveryshetty
and Phale 2010). Enzyme 1-NAH catalyzes the conversion
of 1-naphthol to 1,2-dihydroxynaphthalene (Trivedi et al.
2014). Enzyme SAH catalyzes the oxidative decarboxyla-
tion of salicylic acid to catechol (Zhou et al. 2021). Enzyme
C120 has high activity towards the catalytic oxidation of
catechol and its methyl derivatives (Guzik et al. 2013).
Enzyme G120 is one of the class III ring-cleaving diox-
ygenases, which catalyzes the cleavage of aromatic rings
between hydroxyl and adjacent carboxyl groups in the sub-
strate (Subbotina et al. 2021). The difference between suc-
cinic acid and malonate acid alternating enzyme activities
indicated that the salicylic acid pathway was significantly
promoted by dicarboxylic acids.

Genes related to PAH degradation were induced to
express more under succinic acid treatment than under
malonic acid treatment, leading to a higher biodegradation
rate of pyrene. This is consistent with the previous results
(Fig. 1). The protocatechuate 4,5-dioxygenase encoded by
the gene ligA/ligB is a member of the class III exoglycol-type
catechin dioxygenase family. It is shared with the aromatic
ring-hydroxylating dioxygenase subunit alpha (PH00798)
catalyzing ring opening of aromatics under dicarboxylic acid
treatment (Liu et al. 2017b; Zeng et al. 2017). Naphthalene
1,2-dioxygenase encoded by the gene doxA is the main
enzyme involved in the degradation of naphthalene (Dutta
et al. 2018). Dioxygenases and dehydrogenases involved in
the remaining genes were used throughout the metabolism
of pyrene (Zada et al. 2021; Wang et al. 2018).

Amino acid metabolism is mainly used to synthesize
nitrogen-containing substances unique to the body itself or
to decompose into a-ketoacid through a series of biologi-
cal processes, enter the tricarboxylic acid cycle, and release
energy (Li et al. 2022). In addition, it is closely related to
the interaction of plants with microorganisms, providing
signaling molecules, nutrients, and defense compounds
(Moormann et al. 2022). A by-product of arginine biosyn-
thesis, fumarate is an important substrate of the tricarboxylic
acid (TCA) cycle (Dai et al. 2019). Histidine can reduce the
surface hydrophobicity of protein and improve the solubil-
ity and emulsifying of protein in salt solutions (Wang et al.
2021). Histidine metabolism is reported to lead to the syn-
thesis of glutamate, and its metabolite can enter the TCA
cycle to provide energy for cell growth and reproduction
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(Liu et al. 2017a; Brosnan and Brosnan 2020). Glutathione
composed of cysteine, glutamate, and glycine can help the
cell resist external stress, and reduce the toxic effect of PAHs
on cells (Liu et al. 2017c). Cysteine was found to enhance
the activities of dehydrogenase and peroxidase, alleviated
the negative effects of PAH on plants, and increased the
degradation of PAHs (Rostami et al. 2021). Pyruvate, a pre-
cursor of the TCA cycle, can also be derived from the break-
down of cysteine under anaerobic conditions. Furthermore,
other amino acid pathways involved in DEGs also contrib-
ute to cell growth. Serine and threonine generate pyruvate
through deamination. Valine, leucine, and isoleucine were
metabolized to propionyl-CoA, acetoacetyl-CoA, and acetyl-
CoA, resulting in NADH/FADH2 (Lu et al. 2017a). Lysine
was metabolized by transamination reaction to finally gener-
ate a-ketoglutarate and acetoacetyl-CoA (Hallen et al. 2013).
These metabolites eventually converged into the TCA cycle
to provide energy and activity for cell growth and develop-
ment, and increasing the solubility and bioavailability of
pyrene in strain PRd5.

Pyruvate is a major intermediate for the mutual conver-
sion of amino acids, fatty acids, sugars, and other substances
to generate energy (Fu et al. 2021). It can be further metabo-
lized to acetyl-coA into the TCA cycle (Liu et al. 2017b).
Gene malX belonging to the glycolysis pathway encodes PTS
maltose transporter subunit IICB, which is related to the bio-
film formation, ensuring the supply of extracellular proteins
and polysaccharides (Kong et al. 2021). Glyceraldehyde-
3-phosphate dehydrogenase encoded by the gene gap_1 was
reported to be the key enzyme of substrate phosphorylation
with multiple intracellular functions such as apoptosis induc-
tion; receptor-associated kinase, tRNA export, and DNA
repair (Ong et al. 2019). Gene-related pentose phosphate
pathway can achieve direct oxidation and decarboxylation
of glucose to produce nicotinamide adenine dinucleotide
phosphate (NADPH) as a reducing agent for biosynthesis
(Rashida and Laxman 2021). Dicarboxylic acids increased
the energy supply for the growth and metabolic activity of
strain PRd5, which may be one of the reasons why dicar-
boxylic acids significantly improve pyrene biodegradation.

ABC transporters are proteins that regulated the transport
of basic substrates (such as amino acids, sugars, and essen-
tial metals) across membranes by the binding and hydrolysis
of ATP (Rees et al. 2009). Up-regulated genes associated
with ABC transport indicated that the dicarboxylic acids
accelerated transmembrane transport of pyrene and energy
substrates in response to pyrene stress in strain PRdS5. More-
over, ABC transporters were found to assist the transfer of
PAHs from extracellular to intracellular, and mediate the
efflux of metabolites, thus preventing excessive accumula-
tion of toxic compounds (Voica et al. 2016).

In summary, dicarboxylic acids altered the expression
of the functional gene, increased cell growth and activity,
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stimulated the activities of pyrene degradation enzyme, and
ultimately accelerated PAH degradation. Those up-regulated
genes were distributed in the functional classification of sig-
nal transduction, membrane transport, energy metabolism,
carbohydrate metabolism, and amino acid metabolism.
Malonic acid mainly enhanced central carbon metabolism
and cell proliferation and activity, while succinic acid mainly
improved the expression of degrading genes, such as proto-
catechuate 4,5-dioxygenase and aromatic ring-hydroxylating
dioxygenase subunit alpha and naphthalene 1,2-dioxyge-
nase as well as providing energy for the PRdS5 cells. These
results provide new horizons for endophytic colonization
techniques.
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