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Abstract

Highly toxic phenol causes a threat to the ecosystem and human body. The development of bioremediation is a crucial issue in
environmental protection. Herein, Rhodococcus biphenylivorans B403, which was isolated from the activated sludge of the
sewage treatment plant, exhibited a good tolerance and removal efficiency to phenol. The degradation efficiency of phenol
increased up to 62.27% in the oligotrophic inorganic medium (MM) containing 500-mg/L phenol at 18 h. R. biphenylivorans
B403 cultured in the MM medium showed a higher phenol degradation efficiency than that in the eutrophic LB medium. On the
basis of the transcriptomic and proteomic analysis, a total of 799 genes and 123 proteins showed significantly differential
expression between two different culture conditions, especially involved in phenol degradation, carbon metabolism, and nitrogen
metabolism. R. biphenylivorans B403 could alter the phenol degradation pathway by facing different culture conditions. During
the phenol removal in the oligotrophic inorganic medium, muconate cycloisomerase, acetyl-CoA acyltransferase, and catechol
1,2-dioxygenase in the ortho-pathway for phenol degradation showed upregulation compared with those in the eutrophic organic
medium. Our study provides novel insights into the possible pathway underlying the response of bacterium to environmental
stress for phenol degradation.

Keywords Rhodococcus biphenylivorans - Phenol removal - Nutrient condition - Transcriptomic analysis - Proteomic analysis -
Ortho-pathway

Introduction

Phenol has been extensively used in a variety of industrial
application such as wood industry, petrochemical, and leather
processing (Zhou et al. 2016). As a highly toxic aromatic
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pollutant, phenol is listed as the priority pollutant and causes
health risk to humans (Duan et al. 2018; Mukherjee and De
2014). Short-term exposure to phenol causes skin diseases and
eye burns. Chronic and long-term exposure to this pollutant
causes fatigue; damage to the nervous, respiratory, and im-
mune systems; and even cancer (Talaiekhozani et al. 2017;
Villegas et al. 2016). To date, bioremediation of phenol at-
tracts a great concern due to their advantages of high degra-
dation efficiencies, low costs, low energy consumption, sim-
ple operations, and not creating secondary pollution. Thus,
finding new candidate from natural environment for phenol
removal is a key on the development of bioremediation.

In nature, bacteria respond to the environmental stress for
survival in different environmental conditions. Simultaneously,
the aromatic pollutants derived from natural and artificial activi-
ties can be degraded by many bacterial species (Gong et al. 2016;
Paisio et al. 2012; Wang et al. 2015). Noticeably, Rhodococcus
genus is one of the bacterial strains in the natural environment
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that can effectively degrade phenolic and its derivatives (Arif
et al. 2013; Paisio et al. 2012; Zidkova et al. 2010). Further
researches focus on the mechanism toward response of
Rhodococcus genus to phenol. Sz6kal et al. found that the phenol
hydroxylase of Rhodococcus erythropolis, a key enzyme in the
phenol degradation pathway, was significantly reduced in the
transcriptomic analysis when succinic acid and phenol coexisted,
while glucose and glycerol had no inhibitory effect on the activity
of phenol hydroxylase (Sz6kol et al. 2014). Phenol hydroxylase
plays an important role in phenol degradation by Rhodococcus
ruber (He et al. 2014). The gene cluster coding for enzymes of
the phenol degradation in Rhodococcus erythropolis has been
verified to increase phenol hydroxylase activity (Zidkova et al.
2013). During the phenol catabolism, phenol is firstly
decomposed into catechol, which is further cleaved through the
ortho- and meta-pathways (Kim et al. 2018). Bacteria are able to
degrade phenol through two independent metabolic systems: the
ortho-pathway (Lin 2017) and meta-pathway (Basak et al. 2014).
Roell et al. used 1-13C phenol labeling and showed that when
Rhodococcus PD630 was grown in a medium containing a high
concentration of phenol, it simultaneously induced catechol 1,2-
dioxygenase and catechol 2,3-dioxygenase (Roell et al. 2019).
Margesin et al. detected the activities of 1,2-dioxygenase and
catechol 2,3-dioxygenase and showed that the degradation of
phenol through the ortho- and meta-pathways occurred in the
Rhodococcus NO20-3 strain (Margesin et al. 2005). The nutri-
tion is also important for aromatic pollutant removal by
Rhodococcus genus (Suhaila et al. 2013). However, relatively
less attention on the phenol removal by Rhodococcus genus
was focused in the presence of different culture conditions.

We isolated and identified a bacterium from activated
sludge naming as Rhodococcus biphenylivorans B403, which
demonstrated capacity to utilize phenol as sole carbon source.
The aim of this study was to investigate the effect of different
culture conditions on the phenol degradation efficiency and
growth characteristics of R. biphenylivorans B403. Moreover,
comparative transcriptomic and proteomic analyses were used
to elucidate the possible metabolic pathway involving in phe-
nol removal under different culture conditions based on the
differentially expressed genes and proteins profiles.

Materials and methods
Bacterial strain and culture media

The bacterial strain R. biphenylivorans B403 (CCTCC NO:
M2019087) was isolated and screened from the activated
sludge of the sewage treatment plant in Xiaochang County,
Hubei Province, China.

A Luria-Bertani bacterial culture medium (LB, L") includ-
ed 5 g of yeast extract, 10 g of peptone, and 10 g of NaCl. An
inorganic salt medium (MM, L") contained 0.2 g of NaCl, 1 g

of NH4NOs3, 0.2 g of MgSO,4-7H,0, 0.5 g of KH,POy,, 0.5 g of
K,HPO,, and a trace amount of FeSO47H,0. The pH value
of culture medium was adjusted to 6.5—7.0 and then steriliza-
tion at 121°C for 30 min. The stock solution of phenol was
prepared (5 g/L) and then was added into the cultures of
R. biphenylivorans B403 at final concentration of 500 mg/L.
All chemicals used in this study were of analytical grade.

The growth conditions of bacterial strain

R. biphenylivorans B403 was initially activated in LB medi-
um at 28°C with shaking at 200 rpm for 48 h. The activated
bacterial strain was inoculated into phenol containing LB and
MM medium, respectively. The initial optical density at
600 nm was adjusted to 0.1. The LB and MM media without
the addition of phenol were set as the control. The superna-
tants were harvested each 3 h. The growth was spectrophoto-
metrically determined at 600 nm after centrifugation (UV-
1000 spectrophotometer). The growth curves of
R. biphenylivorans B403 were drawn based on the measure-
ment of OD600 values.

Analysis of phenol degradation by high-performance
liquid chromatography

The samples collected from bacterial culture at different time
interval were centrifuged for 5 min at 12000 rpm. Fifty-fold
dilution of the supernatant with double distilled water was
used for phenol determination by high-performance liquid
chromatography (HPLC, Agilent 1200 HPCL System,
Agilent, Santa Clara, CA) equipped with an Agilent
ZORBAX Eclipse XDB-C18 column (5 um, 4.5 x 150
mm). The mobile phase was composed of 50% methanol:50%
water (v/v). The flow rate was 0.5 mL/min and the injection
volume was 10 pL. Phenol was determined at 270 nm at 25°C
temperature. Phenol degradation (%) was calculated with the
following equation: phenol degradation (%)=(C,-C,)/C*100,
where Cy was the initial concentration of phenol and C; was
the concentration of phenol determined along the time. All
experiments were performed in triplicate.

RNA extraction

R. biphenylivorans B403 was cultured in both LB and MM
media which contain 500-mg/L phenol for 14 h, respectively.
The bacterial cells were collected by centrifugation at 4°C and
washing three times with phosphate buffered saline (PBS).
The quick-freezing of the bacterial cells was carried out by
using liquid nitrogen. The RNA of each sample was extracted
using the Ribo-off ™ rRNA depletion kit (Bacteria). Both two
RNA samples with different treatment in LB and MM medi-
um were prepared in triplicate.
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Transcriptomic sequencing

The Qubit and Agilent 2100 systems were used to detect the
concentration and integrity of the extracted total RNA of the
samples, followed by the use of Ribo-Zero™ rRNA removal
kit to remove the ribosomal RNA (rRNA) and the addition of
fragmentation buffer for fragmentation. The fragmented
mRNA samples were used as templates for the synthesis of
the first cDNA strand and further synthesize the second cDNA
strand. The cDNA library was constructed by PCR enrich-
ment. The cDNA library was used for prokaryotic
transcriptomic sequencing. The sequencing was performed
using [llumina HiSeq 2500 system. L1, L2, and L3 were trip-
licate for bacterial sample harvested from LB medium con-
taining 500 mg/L of phenol. W1, W2, and W3 were triplicate
for bacterial sample harvested from MM medium containing
500 mg/L of phenol.

Differential expression analysis

The clean data was obtained from the raw data by quality
control. Then the clean data was assembled into transcripts
using Rockhopper with the reference genome (McClure
et al. 2013). All sequence of the transcripts was extracted
and further annotated based on NCBI non-redundant protein
sequences (Nr) database. Thereafter, the analyses of the dif-
ferentially expressed genes (DEGs) were performed by Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
with a fold change > 2 and a false discovery rate (FDR) <0.01.

Protein preparation, digestion, and labeling

The protein obtained from the bacterial grown on the differ-
ential media supplemented with phenol was used for compar-
ative proteomic analysis. The bacterial pellets were mixed
with lysis buffer containing 100-mM Tris-HCI (pH 8.0) and
2.5% (w/v) SDS. The samples were ultrasonicated on ice for
10 min. The supernatants obtained after centrifugation at 12,
000 g for 15 min were further precipitated by acetone.
Consequently, the precipitated protein was dissolved and in-
cubated in 100-mM Tris-HCI (pH 8.0) containing 8-M urea
and 10-mM dithiothreitol at 37 °C for 1 h. And then 40-mM
iodoacetamide was added. The quantitative analysis of protein
was performed by the Bradford method (Ontafion et al. 2018).
The samples were diluted by 100-mM Tris-HCI (pH 8.0) until
the urea concentration decreased to 2 M. Proteins were
digested by trypsin at 37 °C overnight. The digestion was
terminated by adding trifluoroacetic acid, and the pH was
adjusted to 6.0. After centrifugation at 12, 000 g for 15 min,
the desalination of supernatant was performed via Sep-Pak
C18. The peptide digests were concentrated and over-dried
before labeling. Tandem Mass Tag (TMT) labeling was
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conducted using TMT 10plex ™ Isobaric Label Reagent Set
(Thermo Scientific, USA) according to the instructions of the
manufacturer (McAlister et al. 2012). High pH reverse phase
fractionation was finally carried out. Each sample was per-
formed in triplicates.

MS analysis

The LC-MS/MS analysis was carried out on Thermo
Scientific Q Exactive™ HF-X mass spectrometer. The pep-
tides were trapped and separated through trapping column and
analytical column (75 wm x 250 mm, 3 pm particle size, 100
A pore size), respectively. The mobile phase A was composed
of 0.1% formic acid in water, and the mobile phase B was
composed of 0.1% formic acid in 80% acetonitrile. The flow
rate was 300 nL/min. MS spectra were obtained across the
scan of m/z ranging from 350 to 1800 in a resolution of
60,000 using an injection time of 50 ms. The twenty most
abundant precursors were selected for fragmentation in a res-
olution of 30,000 using an injection time of 100 ms.

Bioinformatics analysis of proteomic analysis

Protein identification was carried out using MaxQuant
(Version 1.6.6.0) together with its integrated search engine,
Andromeda (Tyanova et al. 2016), which further searched
against Uniprot Rhodococcus biphenylivorans reference pro-
teomic database. The main search parameters were set as 0x-
idation (M) and acetyl (Protein N-term) as the variable mod-
ifications, carbamidomethyl (C) as the fixed modification, and
trypsin as the digestion. The identified proteins were analyzed
with a FDR < 0.01. The differential expressed proteins were
screened with a threshold of p <0.05 and fold change > 1.5 or
< 0.667. Based on the identified differential expressed pro-
teins, the annotation, classification, and enrichment analysis
were performed using GO, KEGG, and COG (Clusters of
Orthologous Groups of proteins).

Real-time PCR analysis

The samples of bacterial cultures were collected on hour 14.
Based on the results of transcriptomic and proteomic analyses,
the key gene expression in phenol degradation and carbon
metabolism was validated via quantitative real-time PCR
(qPCR). The primer sequences used in this study were listed
in Table S1. The program of qPCR was carried out using a
Bio-Rad CFX96 system associate with TB Green™ Premix
Ex Tag™ (Takara). The parameters were set as follows: 95 °C
for 30 s, followed by 40 cycles at 95 °C for 5 s, and 60 °C for
30 s. The melting curve procedure was detected followed by
95 °C for 10 s, 65 °C for 5 s, and 95 °C for 5 s. The relative
expression fold in selected genes was calculated using the
2722 method with 16S rRNA normalized Ct value.
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Results and discussions

Growth characteristics and phenol degradation of
R. biphenylivorans B403

The growth characteristics of R. biphenylivorans B403 in the
MM medium and LB medium were assessed in this study, as
well as the degradation of phenol. As shown in Fig. la, as
expected, R. biphenylivorans B403 showed much higher
growth in eutrophic medium (LB) than oligotrophic medium
(MM). However, R. biphenylivorans B403 which incubated
in MM medium still entered the exponential phase from 6 to
27 h and further reached the stationary phase after 36 h. This
result implied that it might be used as the sole carbon source
by R. biphenylivorans B403, even in the oligotrophic environ-
ment. The efficiency of R. biphenylivorans B403 on phenol
degradation was shown in Fig. 1b. R. biphenylivorans B403
which is incubated in LB medium showed faster degradation
efficiency of phenol than that of the culture in MM medium.
The phenol degradation efficiency increased up to 85.87% in
the LB medium and up to 35.26% in the MM medium at 15 h,
respectively. After 18 h of treatment, the phenol showed al-
most complete elimination (99.67%) in the LB medium and
further degrades up to 62.27% in the MM medium. The bio-
mass of R. biphenylivorans B403 in LB medium showed in-
creasing 13.2-fold higher than that of the culture in the MM
medium. However, compared with the treatment in the MM
medium, only 1.6-fold increase in phenol degradation by
R. biphenylivorans B403 in the LB medium was observed.
Moreover, R. biphenylivorans B403 which incubated in MM
medium exhibited complete removal of 500 mg/L phenol on
33 h.

Phenol is a well-known hazardous aromatic pollutant for hu-
man and environment, which is widely distributed in man-made
ecosystems (Zhou et al. 2016). To date, a variety of Gram-
positive bacteria are able to aerobically degrade aromatic pollut-
ants (Ye et al. 2020). In our study, R. biphenylivorans B403,
which is screened from the activated sludge of the sewage
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treatment plant, has a potential on degradation of aromatic pol-
lutant. R. biphenylivorans play an important role in environmen-
tal bioremediation (Su et al. 2015b). Previous reports also dem-
onstrate that R. biphenylivorans is able to degrade
polychlorinated biphenyls (Su et al. 2015a; Ye et al. 2020).
Therefore, these results indicated that R. biphenylivorans B403
not only could utilize phenol as sole carbon source but also
promote phenol removal in the medium.

Impact of different nutrition on the gene expression
profiles of R. biphenylivorans B403 during the phenol
degradation

To investigate the possible molecular mechanism toward phe-
nol removal by R. biphenylivorans B403, comparative
transcriptomic analysis was performed. The good correlation
among the three biological replicates in both two treatment
groups was observed (Figure S1). Compared with the bacteri-
um growth in the eutrophic medium (LB), a total of 799 genes
are differentially expressed in R. biphenylivorans B403 on oli-
gotrophic medium (MM). Accordingly, 409 genes and 390
genes were upregulated and downregulated in comparison with
the sample from the eutrophic medium (LB) (Fig. 2).

The functional classification of these DEGs was performed
by GO analysis. These DEGs were successfully enriched with
GO terms and further classified into three major GO catego-
ries, including molecular function (red), cell component
(blue), and biological process (green). The DEGs were divid-
ed into 32 subcategories (Fig. 3). Among these 409 upregu-
lated DEGs, genes related to the catalytic activity comprised
the highest percentage (176 genes, 43%), whereas genes re-
lated to metabolic processes (171 genes) comprised 41.8% of
all the upregulated genes. Thereafter, the upregulated DEGs
were enriched in cellular processes (103 genes, 25.2%), bind-
ing (129 genes, 31.5%), single-organism processes (113
genes, 27.6%), cellular processes (103 genes, 25.2%), mem-
branes (91 genes, 22.3%), and membrane parts (87 genes,
21.3%), respectively. Among these 390 downregulated
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Fig. 2 Heatmap of the
normalized fold change of all
differentially expressed gene
clusters between two groups with
different nutrition. The x-axis 12 14 16
represents the sample name and
its clustering result, and the y-axis
represents the differential gene
and its clustering result

Color Key

DEGs, the most important proportions were related to meta-
bolic processes and catalytic activity (159 genes, 40.8%),
followed by binding (115 genes, 29.5%), single-organism
processes (104 genes, 26.7%), cell process (98 genes,
25.1%), membranes (65 genes, 16.7%), and membrane parts
(65 genes, 16.7%).

A total of 260 DEGs were annotated in the KEGG database
(Fig. 4), and these DEGs were classified into 5 categories, in-
cluding cellular processes, environmental information process-
ing, genetic information processing, metabolism, and organis-
mal systems. Most of the annotated DEGs were involved in
“metabolism,” implying that the lack of nutrition significantly
impacts the gene expression profile of R. biphenylivorans
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B403. The “metabolism” was closely related to phenol catabo-
lism, such as amino acid metabolism, energy metabolism, car-
bohydrate metabolism, xenobiotics biodegradation and metab-
olism, lipid metabolism, and nucleotide metabolism. The phe-
nol catabolic pathway of R. biphenylivorans B403 might be
activated in the MM medium more efficiently than that in the
LB medium.

Effect of different nutrition on phenol degradation
pathways of R. biphenylivorans B403

To elucidate the possible mechanism on the effect of changing
nutrition for metabolic pathways, especially phenol
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degradation, carbon metabolism, and nitrogen metabolism,
DEGs related to these three pathways are listed in Table S2.
The phenol degradation pathway (ko00362) shown in the
KEGG database belongs to a branch of the sodium benzoate
degradation pathway (Yergeau et al. 2018). In our study, the
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The intermediate product of phenol degradation, catechol, is
able to catabolize to pyruvate, acetyl-CoA, and succinyl-CoA
through several DEGs, including dmpB (catechol 2,3-
dioxygenase), mhpE (4-hydroxy 2-oxovalerate aldolase),
catB (muconate cycloisomerase), fadA (acetyl-CoA acyltrans-
ferase), and pcal (3-oxoadipate enol-lactonase) in the meta-
and ortho-pathways (Fig. 5). The normalized fold change of
dmpB and mhpE in the meta-pathway and the fadA in the
ortho-pathway for phenol degradation were downregulated
by 1.23-, 1.21-, and 1.19-fold compared to those in the eutro-
phic medium (LB), respectively. However, in the oligotrophic
environment (MM), the normalized fold change of catB and
pcalL in the ortho-pathway for phenol degradation were up-
regulated by 1.01- and 1.36-fold compared to those in the
eutrophic medium (LB), respectively.

With the addition of inorganic sources, the genes involved
in the ortho-pathway for phenol degradation were downregu-
lated. However, the genes involved in the meta-pathway for
phenol degradation were upregulated in the presence of inor-
ganic sources. The muconate cycloisomerase and 3-
oxoadipate enol-lactonase in the ortho-pathway for phenol
degradation were highly expressed, implying that
R. biphenylivorans B403 degraded phenol mainly through
the ortho-pathway. The needs of carbon source for growth
were enhanced when only inorganic sources were supplied
to R. biphenylivorans B403. This condition may promote the
catabolism of phenol by R. biphenylivorans B403. Thus, the
change of nutrition from organic to inorganic source not only
benefits to phenol degradation but also alters the degradation
pathway of phenol by R. biphenylivorans B403.

Effect of different nutrition on carbon metabolism of
R. biphenylivorans B403

The sufficient carbon sources play a key role in bioremedia-
tion because the carbon metabolism provides energy for cell
growth and pollutant removal (Song et al. 2009). In our study,
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8 DEGs related to carbon metabolism of R. biphenylivorans
B403 exhibited downregulation in oligotrophic-treated sam-
ple (MM) compared with the eutrophic-treated sample (LB),
including fdoG (formate dehydrogenase major subunit), gcvP
(glycine dehydrogenase), serB (phosphoserine phosphatase),
gapA (glyceraldehyde 3-phosphate dehydrogenase), aceF
(pyruvate dehydrogenase), mmsA (semialdehyde dehydroge-
nase), acnA (aconitate hydratase), and fumA (fumarate
hydratase). However, cysK (cysteine synthase), maeA (malate
dehydrogenase), aceA (isocitrate lyase), atoB (acetyl-CoA C-
acetyltransferase), and fadJ (3-hydroxyacyl-CoA dehydroge-
nase) were upregulated by 1.58-, 1.47-,2.00-, 1.16-, and 1.09-
fold, respectively.

Bacterial species are widely distributed to contaminated
sites and enable use of the aromatic pollutants as growth sub-
strates (Djokic et al. 2013; Gu et al. 2018). The carbon metab-
olism plays a central role in microbial activity. The aceA and
atoB are able to change the carbon source flow in the meta-
bolic pathway, which was beneficial to the accumulation of
carbon sources (Bringaud et al. 2006). When the bacterial
strain suffered phenol in the oligotrophic environment, these
upregulated genes might be beneficial for the use of phenol by
R. biphenylivorans B403. Among the R. biphenylivorans
B403 cultured in the LB medium, most of genes involved in
carbon metabolism were upregulated. In nature, bacteria can
adapt their catabolic metabolism in response to their nutrition-
al situation. The carbon catabolite repression may be en-
hanced by changing the culture medium from oligotrophic
(MM) to eutrophic condition (LB), which may further influ-
ence gene expression related to carbon metabolism.
Generally, the induction of stress by microorganisms occurs
when they are grown in stress condition or primary food-
deficient condition. Previous study demonstrate that the in-
duction of stress obviously improved the removal of aromatic
pollutants by microorganisms (Liu et al. 2020). In our study,
not only the nutrition-deficient condition but also the phenol
stress may enforce R. biphenylivorans B403 to utilize phenol
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as carbon source, which may further improve the phenol deg-
radation capacity of R. biphenylivorans B403.

Effect of the nutrition on nitrogen metabolism of
R. biphenylivorans B403

Generally, phenol significantly affects the metabolism of mi-
crobial cells via the interaction with cell membranes and in-
tracellular macromolecules (Putrin$ et al. 2010). The nitrogen
metabolism-related genes in R. biphenylivorans B403 were
also regulated by nutrition. The nirD (nitrite reductase) and
gltB (glutamate synthase) in oligotrophic-treated sample
(MM) increased by 2.5- and 1.09-fold, respectively. On the
contrary, gdhA (glutamate dehydrogenase), an enzyme central
to glutamate metabolism, was downregulated in the oligotro-
phic environment (Log2 fold change = —5.70). Previous liter-
ature shows that increasing of phenol concentration leads to
suppression of nitrite reductase activity (Xia et al. 2019).
However, nirD in R. biphenylivorans B403 could be upregu-
lated in the presence of phenol. Besides, glutamate synthase
plays an important role in central nitrogen metabolism
(Guillamon et al. 2001), which is closely related to the syn-
thesis of glutathione. Glutamic acid is also the main amino
acid for nitrogen metabolism. Upregulation of gdhA in the
eutrophic environment benefits to the oxidative deamination
of glutamic acid. Therefore, although the partial nitrogen me-
tabolism of R. biphenylivorans B403 was inhibited without
sufficient organic sources, the phenol degradation capacity
of R. biphenylivorans B403 could be improved by facing
harsh environment.

Highly expressed differential genes of
R. biphenylivorans B403 in the presence of organic or
inorganic sources

Thirty-two DEGs higher than 16-fold differences were classi-
fied as highly expressed differential genes (HDEGS) in our
study. As shown in Table S3, a total of 32 HDEGs were
observed in oligotrophic-treated sample (MM) compared with
the eutrophic-treated sample (LB). Twenty-seven of 32 genes
were annotated, 17 genes were upregulated, and 10 genes
were downregulated in the MM medium compared with the
expression in LB medium. The cluster heatmap analysis for
HDEGs was carried out (Fig. 6). The expression of sulfonate
transport—related genes, including ssuAl (sulfonate transport
system substrate-binding protein), ssuC/ (sulfonate transport
system permease protein), ssuB (sulfonate transport system
ATP-binding protein), ssuA2 (sulfonate transport system
substrate—binding protein), and ssuC2 (sulfonate transport
system permease protein) showed significant increase (8.49-,
8.23-, 5.93-, 4.29-, and 4.00-fold, respectively) in the MM
medium. The expression of redox reactions—related genes,
including oxidoreductase (CEJ39 RS03315), FMN

coenzyme (CEJ39 RS03685), oxidoreductase
(CEJ39_RS03245), and monooxygenase (CEJ39 RS11875)
exhibited significant increase (5.97-, 5.81-, 4.17-, and 4.08-
fold, respectively) in the MM medium. Biotin is a coenzyme
for many hydroxylases, acts as a CO, carrier in the hydroxy-
lase reaction, and is an indispensable substrate for lipid and
protein metabolisms (Yao et al. 2018). Three biotin synthase
genes, including bioB (biotin synthase), bioD (dethiobiotin
synthetase), and bioF (8-amino-7-oxononanoate synthase),
were upregulated by 6.86-, 4.55-, and 4.33-fold, respectively.
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Fig. 6 Heatmap of the normalized fold change of 32 highly differentially
expressed gene clusters between two groups with different nutrition. The
red and blue colors in cells reflect high and low fold change, respectively
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The entC (isochorismate synthase), entB (bifunctional
isochorismate lyase), and entA (2,3-dihydro-2,3-
dihydroxybenzoate dehydrogenase) were upregulated by
4.60-,4.37-, and 4.29-fold, respectively. In addition, the genes
related to amino acid metabolism were upregulated in MM
treated R. biphenylivorans B403, including aspartic and orni-
thine metabolism. The expression of racD and pvdA increased
by 4.82-, 4.60-fold, respectively, in MM treated
R. biphenylivorans B403.

The sulfonate transport-related genes upregulated in our
study belong to the ATP-binding cassette (ABC) transporter.
Generally, ABC transporter is widely distributed from bacteria
to fungi (Cason et al. 2012; Gonzalez-Guerrero et al. 2010).
ABC transporter could be induced in the presence of a variety
of environmental stress, especially pollutants. The activated
sulfonate transport activity caused by oligotrophic environment
might accelerate the exchange between intracellular and extra-
cellular environment, which further improved the phenol re-
moval by R. biphenylivorans B403. Noticeably, the expression
of FMN coenzyme-related gene was significantly induced by
oligotrophic environment. The rate of oxidative deamination of
glutamic acid in R. biphenylivorans B403 might also be accel-
erated. The entC, entB, and entA generally involves in the syn-
thesis of iron carriers. When the iron carriers contacted the iron-
carrier receptor protein on the cell membrane, the iron atoms
were released directly into the cytoplasm or the entire iron-
carrier complex entered the cell through the ABC transporter
(Braun 2005). The environmental stress led to activation of the
resistance of R. biphenylivorans B403, which may contribute to
rebuild the cellular homeostasis and improve phenol removal
by R. biphenylivorans B403. The racD serves as a carrier for
K* and Mg”* ions to transport electrolytes while reducing ox-
ygen consumption (Ito et al. 2008). The pvdA has a detoxifying
effect on the ammonia accumulated in the cells (Alfakih 2014).
The upregulation of racD and pvdA in R. biphenylivorans B403
helps the bacterial cells to adapt to the environment when phe-
nol was added. In all, these results indicated that the oligotro-
phic environment only that contains inorganic sources could
obviously evoke the adaptive response of R. biphenylivorans
B403 to environmental stress and improve the removal of aro-
matic pollutant.

Correlation between differentially expressed genes,
bacterial strain growth, and phenol degradation

In our study, the differentially expressed genes showed obvi-
ous difference between two nutrient systems, especially relat-
ed to phenol degradation, carbon metabolism, and nitrogen
metabolism. Meanwhile, the growth and the phenol removal
efficiency also exhibited significant difference. The phenol
degradation was greatly improved in the LB medium because
the biomass of R. biphenylivorans B403 in the LB medium
was significantly higher than that in the MM medium.

@ Springer

However, the oligotrophic environment preferred induction
of stress-related genes in R. biphenylivorans B403. The
R. biphenylivorans B403 cultured in the MM medium re-
quired almost double the time to completely degrade 500
mg/L of phenol compared with the R. biphenylivorans B403
cultured in the LB medium. The utilization efficiency of the
organic source by the bacterial cells was high, resulting in a
significant increase in biomass of R. biphenylivorans B403 in
the eutrophic medium (LB). However, the unit biomass of
R. biphenylivorans B403 cultured in the oligotrophic environ-
ment (MM) showed a higher phenol degradation efficiency
than that in the LB medium (Figure S2). The degradation
efficiency of phenol per unit biomass in the MM medium
within 18 h was 63.12%, which was higher than that of the
culture in LB medium. Stronger phenol-induced stress en-
hanced the ability of single cell to degrade phenol. Due to
the higher biomass of the R. biphenylivorans B403 in the
organic source system, the bacterial community response pro-
moted the higher comprehensive degradation efficiency of
phenol by R. biphenylivorans B403.

Verification of the proposed mechanism via
proteomic analysis

To confirm whether the change of trophic condition could alter
the phenol degradation pathway by R. biphenylivorans B403, a
proteomic analysis was carried out. According to the proteomic
analysis, a total of 123 differentially expressed proteins were
identified. Among them, 61 of the 123 proteins were signifi-
cantly upregulated in the oligotrophic MM environment (Log2
fold change > 1) (Table S4), while 62 of the 123 proteins were
significantly upregulated in the eutrophic LB environment
(Log2 fold change < —1) (Table S5). On the basis of GO en-
richment analysis, the change of nutrient condition significantly
influenced the cellular process, metabolic process, cell, cell part,
catalytic activity, and binding in the three major GO categories
(Fig. 7). As expected, more proteins related to energy produc-
tion and conversion were activated in LB medium
(AOA2Z4AVFXS8, AOA2Z4AVEWG6, AOA2ZAVET2,
A0A27Z4VDS4, A0OA2Z4VP80, AOA2Z4VRF1, and
A0A2Z4VGDI1) than that in MM medium (A0A2Z4VL42,
A0A274VI169, and AOA2Z4VH72). The genes involved in
phenol degradation are also affected by the existence of avail-
able substrates (Szokol et al. 2014). As mentioned above in
transcriptomic analysis, the genes in both carbon metabolism
and phenol degradation showed significant differential expres-
sion under two different culture media. When the carbon catab-
olite repression was alleviated without the addition of rich nu-
trient, the ortho-pathway for phenol degradation in
R. biphenylivorans B403 may be activated for supporting
growth. Consistent with the result of energy production and
conversion, 7 of the 11 differentially expressed proteins related
to amino acid transport and metabolism were activated in
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Fig. 7 GO enrichment analysis of
the differentially expressed
proteins in MM treatment
compared with those in LB
treatment

120

100

Number of Genes
o S 3 3 8

84.51

70.42

%)

S
56.34 ~—

42.25

Percent of Genes

28.17

14.08

S
d §g5§&9§@§ééw.§&£§'@$\e§§AA4A§
S ST L EFF &8 § & & & S RI/§ 5§ 5§ 5 5 5
é”q%w@a\oé‘f@ﬁé”egé’yascg FS/FeFFFEFS
@ g F 5 L L T P
ECC S - O IO NS SO
g 885 T8 s/F £&8&F S
=2 b -3 ) & < & O£
€ Fry Fed &7 & FESES
g S & § S & S & PO
& 5 & 5 g & Biological Pr
& é?’ & & € Il Biological Process
$
$ & Il Cellular Component
§ .
& Il Volecular Function
A
&
S
&

Biological Process

eutrophic environment (AOA2Z4VIE7, A0OA2Z4VMO02,
AOA2Z4VE21, A0OA2Z4VNQ3, A0A2Z4VL81,
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from organic to inorganic source alters the phenol degradation
by R. biphenylivorans B403 from meta- to ortho-pathway

A0A2ZAVCEQ, and AOA2Z4VN11). Noticeably, KEGG en-
richment analysis demonstrated that the change of nutrition

(Table 1). Catechol 1,2-dioxygenase (catA), which is involved
in ortho-pathway for phenol degradation, was upregulated in

Table 1  Differentially expressed protein enrichment to benzoate degradation pathway in R. biphenylivorans B403
Accession Gene Description log2 FC Pathway
A0A2Z4VC04 catA Catechol 1,2-dioxygenase 0.66 (0]
A0A2ZAVFD6 CEJ39_04605 Enoyl-CoA hydratase 0.59
A0A27Z4VP11 CEJ39 20630 3-Hydroxybutyryl-CoA dehydrogenase 1.04
A0A2Z4VBMS CEJ39 00070 2-Keto-4-pentenoate hydratase —-1.15 M
A0A2Z4VC14 benD 1,6-Dihydroxycyclohexa-2,4-diene- —0.80
1-carboxylate dehydrogenase
A0A2Z4VCB7 CEJ39_00960 Oxidoreductase —0.61
A0A2Z4VCLS CEJ39 00975 Benzene 1,2-dioxygenase -0.93
A0A274VDIJ9 CEJ39 03690 Enoyl-CoA hydratase —0.66
AO0A2ZAVDR6 CEJ39 00065 4-Oxalocrotonate decarboxylase -1.51 M
AO0A2Z4VH26 CEJ39 10395 3-Hydroxyisobutyryl-CoA hydrolase —0.67
A0A2ZAVH62 CEJ39 08380 4-Carboxymuconolactone decarboxylase -0.91
A0A2Z4VHK7 CEJ39_10405 Enoyl-CoA hydratase —0.62
A0A274V147 pcaG Protocatechuate 3,4-dioxygenase subunit alpha —0.81
A0A274VJU7 CEJ39 16005 Dioxygenase -0.72
A0A2Z4AVMLA CEJ39 23370 Acetaldehyde dehydrogenase -0.81 M
AO0A2Z4VN37 CEJ39 05790 Enoyl-CoA hydratase -1.38
AO0A2Z4VNN3 dmpG 4-Hydroxy-2-oxovalerate aldolase —0.96 M
A0A2Z4VQC3 CEJ39 23380 5-Carboxymethyl-2-hydroxymuconate -0.72 M

semialdehyde dehydrogenase

O, ortho-pathway for phenol degradation; M, meta-pathway for phenol degradation
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MM medium. On the contrary, 2-keto-4-pentenoate hydratase,
4-oxalocrotonate decarboxylase, acetaldehyde dehydrogenase,
4-hydroxy-2-oxovalerate aldolase, and 5-car'ymethyl-2-
hydroxymuconate semialdehyde dehydrogenase were activated
in the presence of eutrophic condition, which involved in
meta-pathway for phenol degradation. Although a slight differ-
ence was observed between transcriptomic and proteomic anal-
ysis, the results still indicated that the change of nutrient condi-
tion could switch the metabolic pattern of phenol by
R. biphenylivorans B403. Additionally, the upregulation of
aceA, catB, and catA in MM medium was validated compared
to those in LB medium based on the qPCR analysis (Figure S3),
indicating that the change of growth condition could regulate
phenol degradation by R. biphenylivorans B403.

Conclusions

In summary, our study found that R. biphenylivorans B403, a
typical Gram-positive bacterium, is able to use phenol as sole
carbon source even in the oligotrophic environment. Based on
comparative transcriptomic and proteomic analysis, the gene
and protein expression profiles of R. biphenylivorans B403
exhibited significant difference between two different me-
diums, especially related to phenol degradation, carbon me-
tabolism, and nitrogen metabolism. Compared with the eutro-
phic environment for phenol degradation, R. biphenylivorans
B403 could alter the phenol degradation pathway by facing
the oligotrophic environment. The induction of stress simul-
taneously caused by deficient nutrition and xenobiotic pollut-
ant may be beneficial to phenol removal. Thus, a better and
deeper understanding of aromatic pollutant removal by a bac-
terium potentially provides an alternative for bioremediation
strategy.
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