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Hexabromocyclododecane (HBCD) is one of the most frequently used brominated flame retardants (BFRs).
However, the HBCD degradation method’s development has become vital because it readily bioaccumulates and
is persistent in the environment. A previous study showed Rhodopseudomonas palustris degrades HBCD through
several possible metabolic pathways based on transcriptomic analysis of compared samples. This study in-
troduces multiple time-course transcriptomic analysis approaches to identify the specific HBCD metabolic
pathway in R. palustris inbubated at different temperatures. The transcriptome profiles revealed that the addition
of HBCD triggered 126 transcripts in cells at 25°C and 35°C. Further KEGG analysis showed several HBCD
induced metabolic pathways, including ABC transporter, butanoate metabolism, dephosphorylation, lipid
glycosylation pathways, etc. The principal component analysis further provides evidence of genes directly
affected by HBCD. The increased expression level of transcriptional regulator LysR, two-component system
regulators, HBCD degradation enzymes, including haloacid dehalogenases, glutathione-S-transferase, cyto-
chrome p450, hydrolases, and dioxygenases in R. palustris were confirmed by qRT-PCR analysis. Combining the
transcriptomic profiles and gene expression level analysis, we proposed the HBCD metabolic pathway in
R. palustris. Briefly, HBCD signal transferred from cell membrane to transcriptional regulator LysR, then further
to downstream degradation working enzymes. Overall, our results highlight the value of systematic tran-
scriptomic approaches to discover and elucidate the intrinsic microbial metabolisms for HBCD degradation in
R. palustris. The results of this study provide a novel perspective on the degradation of persistent organic pol-
lutants (POPs) such as HBCD using a bio-omics approach.

1. Introduction

Hexabromocyclododecane (HBCD) is one of the most frequently used
brominated flame retardants (BFRs) alongside polybrominated diphenyl
ethers (PBDEs) and tetrabromobisphenol A [1-3]. Since HBCD was first
manufactured in the 1960s, its production capacity had reached more
than 20,000 tonnes per year in the 2000s [4]. Because of the extensive
use of HBCD as an additive flame retardant in textile and electronic
products, and the fact that it had been declared as one of the persistent
organic pollutants (POPs) by Stockholm Convention, and had been

detected in a diverse range of environments, including water bodies,
sediments, and poultries [2,5-8], it is vital to address the accumulation
and the toxicity of HBCD in the environments.

Numerous environmental remediation measures for HBCD have been
studied, ranging from physical or chemical approaches to more eco-
friendly bioremediation methods. HBCD was eliminated in the UV/
TiO/potassium persulfate homo/heterogeneous photocatalysis system
[9]. Nanoscale zero-valent iron aggregates were also shown to remove
HBCD through the debromination process rapidly in an aqueous solution
[10]. Despite the high HBCD removal ratio of physiochemical
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remediation approaches of HBCD, they pose technical and economic
challenges. Bioremediation has long been considered an efficient, eco-
friendly, and cost-effective measure to address a wide range of envi-
ronmental contaminations [3,11,12]. Pseudomonas sp. HBO1 was re-
ported to remove 80 % of HBCD treated within 5 days [13]. Pseudomonas
aeruginosa HS9 could degrade 70 % of 1.7 mg/L HBCD in 14 days by two
metabolic pathways. One by series of debromination followed by
oxidation pathways; and second through simultaneous debromination
with hydroxylation process [14].

Rhodopseudomonas palustris is a phototrophic purple non-sulfur
bacterium (PNSB) with one of the most versatile metabolisms known
in bacteria. R. palustris can use both organics and inorganics, and light as
an energy source. It can also get energies from chemoautotrophic, che-
moheterotrophic, photoautotrophic, and photoheterotrophic metabo-
lisms [15-18]. The highly adaptive characteristics and the diversity to
metabolize organic compounds, such as aromatic pollutants or plant-
derived compounds of R. palustris makes it ideal for bioremediation
application [15,17]. In the previous study, HBCD was degraded by
R. palustris strain YSC3 with the optimal removal condition at 35 °C, pH
7, and aerobic culture [19]. Despite the HBCD metabolites pentabro-
mocyclododecenes (PBCDEs) and pentabromocyclododecanols
(PBCDOHs) were found during the biotransformation process, the full
scheme of functional genes and enzyme mechanisms were still unclear
[19,20].

The advancement of the high-throughput sequencing technique
allowed us to investigate the biodegradation of emerging organic con-
taminants with a more profound perspective and obtain detailed
genomic, transcriptomic, and proteomic metagenome-guilded bio-
information. With the new insights from -omics approaches and the
web-based analyses of gene ontology (GO terms) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database, we can now address the
contaminants in a more precise, eco-friendly, and efficient way [20,21].
Previously, Wang et al. [20] had proposed the possible molecular re-
sponses of R. palustris to HBCD degradation. However, with limited and
late - observation time points, many possible crucial functional enzymes
for initiating the HBCD degradation process were overlooked. Therefore,
this study aims to uncover the functional genes, metabolic pathways,
and R. palustris HBCD biotransformation system by the time course
transcriptomics study.

2. Material and methods
2.1. Chemicals

Technical HBCD (C;2H;8Brg) mixture (95 % purity) was purchased
from Sigma-Aldrich (USA) and was dissolved in dimethyl sulfoxide as a
stock solution (50 mg/L). PNSB medium was used to cultivate the bac-
teria [18]. The composition of PNSB medium was as followed (per 1 L):
KH2POy4, 1.0 g; NH4CL, 1.0 g; MgS04-7H30, 0.2 g, FeS04-7H20, 0.01 g;
CaCly, 0.02 g, MnCly-4H,0, 0.002 g; NasMoO4-2H50, 0.001 g; yeast
extract, 0.5 g; malate, 10.0 g; pH adjusted to 7.0 + 0.05. The culture was
incubated for 24 hr at 37 °C at 150 rpm to reach a optical density (OD) to
the log phase of 0.4 ODggonm/mL (~4 x 108CFU/mL).

2.2. R. Palustris batch experiments and chemical analysis

R. palustris YSC3 was used in this study was provided by Dr. Chi-Te
Liu (Insitute of Biotechnology, National Taiwan University, Taiwan)
[18-20]. The whole genome of R. palustris stain YSC3 was available in
NCBI (CP019967.1) [18]. R. palustris was first activated and cultured
with PNSB medium at 35 °C in the dark under aerobic conditions. Series
of batch experiments were conducted with the time course of hours 0, 4,
12, 24, 48, and 72.

HBCD was extracted with 3-fold volume hexane to aqueous bacterial
culture. The mixtures were vortexed under room temperature for 40 min
followed by centrifuge at 5,000 x g for 5 min. The extraction process
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continued until the HBCD concentration of the extract was less than the
detection limit. The analytical condition for HBCD was set as described
previously [10,22]. In sum, the recovery rate for HBCD extraction
reached 90 to 105 %. The concentration of HBCD was detected with a
GC/micro-electron capture detector (Agilent, 6890 N) equipped with a
DB-5HT column (15 m x 0.25 mm x 0.1 pm film, J&W). The analytical
condition for HBCD was programmed as described previously [5,19,20].
In short, the injector temperature was 170 C and the flow rate was 21.1
mL/min. The oven temperature was initially maintained at 150 °C for
0.5 min, and then increased to 300 °C at the rate of 50 C/min, and
sustained for 2 min. The detector temperature was set to 300 °C.

2.3. RNA extraction and high throughput sequencing

The gene expression in response to HBCD treatment was analyzed
with RNA-sequencing process. The RNA of R. palustris cell culture at 4 hr
and 12 hr of incubation under 25 °C and 35 °C was extracted using
Geneaid PrestoTM Mini RNA Bacteria Kit according to the manufac-
turer’s protocol. The OD photometrically at 280 nm and 260 nm
(NanoDrop ND-2000, Thermo-Fisher Scientific Inc., United States) were
measured to assess the purity and quantity of the eluted total RNA. An
OD 260 /280 py ratio of greater than 1.8 was considered protein-free
RNA. The c¢DNA library construction had followed the protocol of Tru-
Seq RNA Library Prep Kit v2, and the resulting cDNA libraries were
sequenced using Illumina HiSeq in single-end 101 nt format.

3. Functional annotation of R. Palustris genome and co-
expression network analysis

R. palustris strain YSC3 assembled genome is generously provided by
Dr. Chi-Te Liu also. The R. palustris YSC3 genome description had been
discussed in the previous work [18,19]. In brief, the genome size is 5.3
Mb and has 4907 coding sequences (CDS) which can be translated into
4907 proteins. GO annotations were granted with detectable Pfam do-
mains according to Pfam2GO. Furthermore, we mapped the protein-
coding genes to the canonical pathway database KEGG pathway using
KAAS (KEGG Automatic Annotation Server, http://www.genome.jp/too
Is/kaas/[23]).

RNA-seq raw files, FASTQ files, were processed by a docker, docex-
press_fastqc, by us (available at https://hub.docker.com/r/Isbnb/doce
xpress_fastqc), which is supported by Linux container virtualization
and Galaxy platform [24]. A complete workflow for computing the
transcriptomic profile in each sample was deployed on this platform
(Fig. S1). In short, each sample was preprocessed by Trim Galore (htt
p://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) [25]
to control read quality by trimming adapter strings and low quality bases
(Table S1). After quality control steps, reads were aligned to the
R. palustris genome by HISAT2 [26], which is a fast and sensitive spliced
alignment program. Then we used StringTie [27] to count read align-
ments to the presumed transcriptome. The output is the R. palustris
transcriptional profiles in fragments per kilobase per million (FPKM)
value [28]. Lastly, we load the transcriptional profiles into our devel-
oped web-based analysis platform, MOLAS (http://molas.iis.sinica.edu.
tw, unpublished), for downstream analysis.

The R. palustris co-expression networks were constructed by the
weighted gene co-expression network (package "WGCNA") [29,30] in R.
Transcript expression profiles were used to build networks, and the trait
“HBCD_Time” was used to create the plot of the module-trait relation-
ship. For the intramodular analysis, the gene significance (GS) and
module membership (MM) were defined as the absolute correlation
value of transcript expression pattern to each trait or each module
eigengene, respectively.

3.1. Analysis of differentially expressed genes (DEGs)

In order to identify the DEGs in each HBCD-treated group, the gene
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expression profiles of each sample were first loaded into the genome
analysis platform built-in MOLAS. The threshold of a gene to be
considered as a DEG was set at the absolute value of log2-fold
(llog,FPKM| > 2) with p-value < 0.05. Therefore, we then had four
DEG sets, including two of the 4 and 12-hour of HBCD treatment groups
at 25 °C and the 4 and 12-hour of HBCD treatments at 35°C. As
mentioned above, only genes with loga FPKM>2 and logy FPKM<2 were
considered to be the up-regulated and downregulated genes, respec-
tively. Besides, the DEGs with ([FPKM| > 5) of the 12-hours-HBCD-treat-
ment group at 35 °C were randomly chosen for the principal component
analysis (PCA) analysis (Table S2). This enables one to visually assess
the similarities and differences between sample groups of the gene
expression data.

The heatmap and hierarchical clustering analysis were implemented
in R package "ComplexHeatmap" [31]. To explain the difference in gene
expression between different treatments, we used z-scores of the raw
value for the heatmap construction. Raw transcript values above the
mean have positive z-scores and vice versa. The hierarchical clustering
analysis of samples and transcripts was constructed by calculating the
Euclidean distance and Spearman’s rank correlation, respectively. Then
objects were clustered by the average linkage, representing the distance
between clusters was considered as the average distance from any
member of one cluster to any member of the other cluster.

3.2. Quantitative real-time polymerase chain reaction

First-strand cDNA was synthesized from the extracted RNA (4 pg) by
reverse transcription (RT) with SuperScript® IV First-Strand Synthesis
System (Invitrogen™, Thermo-Fisher Scientific Inc., United States) and
the random primers (for bacteria). The synthesized cDNA was stored at
—20 °C. The primer design for qRT-PCR was conducted with NCBI Pri-
merBlast [32,33]. Primers with no additional terminal or other modifi-
cations were synthesized by Mission Biotech (Taipei, Taiwan). The qRT-
PCR was carried out with the LightCycler 480 system (Roche, Germany)
and SYBR Green mix (KAPA Biosystems, United States). All primer se-
quences are listed in Table. S1. Gene clpX was used as an internal
standard [34,35]. Results are expressed as mean + SD. The data were
processed with LightCycler 480 software (Version 1.5). All tests were
performed with three independent biological replicates. Statistical
evaluations were performed using Student’s t-test using GraphPad Prism
version 5 (GraphPad Software, San Diego, CA, USA). A value of p < 0.05
was considered as statistically significant.

3.3. Genotoxicity test

The Bacillus subtilis Rec-assay was conducted to assess the possible
genotoxicity of HBCD to R. palustris. Briefly, the survival rates of re-
combinant proficient strain (Rec") and recombinant deficient strain
(Rec™) were compared to evaluate the potential genotoxic effects of
HBCD. 4-Nitroquinoline 1-oxide (4-NQO) was considered a positive
control. The genotoxicity was calculated as Rsp, the ratio of median
inhibitory concentration (ICs0) of Rec™ and
Rec™ (Rso = ICs0 rect /ICs0,rec—) [36,371.

4. Results and discussion
4.1. HBCD biodegradation by R. palustris

The activated R. palustris (YSC3) and the sterilized cell culture
(SYSC3) in PNSB medium were subjected to HBCD treatment with a
concentration of 1 mg/L. Sole 1 mg/L HBCD in the PNSB medium was
considered as a positive control. The residual HBCD concentration was
determined at hours 0, 4, 12, 24, 48, and 72. HBCD was removed by 20
% at 24 hr, and in a total 60 % of HBCD was degraded after 72 h
(Fig. S2). However, around 20 % of HBCD removal was also observed in
SYSC3, suggesting that the absorbance effect by R. palustris. Therefore,
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the actual degradation percentage of HBCD by viable R. palustris was
approximately 40 % after 48 hr of incubation.

The metabolically diverse and well-characterized features of
R. palustris had been proved to be capable of utilizing aromatic com-
pounds under both aerobic and anaerobic environments [38,39]. There
had been reports relating to the degradation of 2-chlorophenol by
chlorophenol dehalogenase and chlorophenol nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidoreductase (CNOR), which re-
sults in the formation of exopolysaccharide to prevent the effect of
genotoxicity [40]. It was also applied to wastewater treatment to
remove cyhalofop-butyl by enhanced expression of cyhalofop-butyl-
hydrolyzing carboxylesterase through activation of mitogen-activated
protein kinase (MAPK) signal transduction pathway [41]. In previous
studies, the HBCD removal and bromide ion release by R. palustris
intracellular enzyme in carbon source depleted L2 medium with the
degradation kinetics of 0.17 4+ 0.0048 (day’l) was observed [19,20,42].
The detection of HBCD metabolites, PBCDE, PBCDOH, and TBCDOH
after 2 days of incubation indicated the potential contributions of
debromination and hydroxylation pathways in the biotransformation of
HBCD in R. palustris [19,20].

Previously, Wang et al. [20] have hypothesized the HBCD degrada-
tion was likely through the debromination pathway, which was cata-
lyzed by the dehalogenases, followed by hydroxylation to cleave the ring
structure. Then glutathione S-transferases (GSTs) and haloacid dehalo-
genases (HADHs) further completed the HBCD debromination process,
and the residues were metabolized possibly through the glyoxylate cycle
[20]. However, what specific functional genes and enzymes could
contribute to the HBCD metabolism were yet unclear. HBCD was known
to have cytotoxic effects on Escherichia coli and human hepatoma HepG2
cell on multiple levels, including amino acid metabolisms, DNA damage
repair, and fatty acid metabolism. [43,44]. The B. subtills Rec assay
presented an adverse effect on the survival rate when the HBCD con-
centration exceeded one uM (Fig. S3b). However, Chang et al.[19]
showed that R. palustris YSC3 could maintain growth after being treated
with 1 ppm HBCD, suggesting minimal toxicity. Furthermore, the HBCD
metabolites after 10 days of treatment also showed no genotoxicity ef-
fect (Fig. S3c). With this, we hypothesized that R. palustris YSC3
modulated its regulatory response to detoxify HBCD and utilized it as
biomass in the process.

4.2. RNA-seq assembly and co-expression network analysis

In order to investigate the molecular mechanism of the R. palustris
response to HBCD treatment, the R. palustris transcriptional profiles in
variate conditions by Illumina sequencing platform were performed.
Raw data was average 1.92E + 07 reads. Quality control of raw data was
conduct by Trim Galore (Table S1). Clean reads were average of 1.92E +
07 reads. Reads with quality control were mapped to R. palustris strain
YSC3 assembled genome by HISAT2 and assembled to transcripts by
StringTie. The results showed 4961 transcripts and 4907 genes were
mapped against the reference genome [18]. Gene expression profiles
were normalized to FPKM value and import into MOLAS system, the
web-based analysis platform, for further analysis. In oder to remove low-
quality transcripts, transcripts with FPKM values lower or equal to 0.001
were regarded as the noise signal, and their FPKM value would set to 0.

To analyze the gene expression in the response of R. palustris to HBCD
treatment, we used WGCNA to examine the highly correlated gene
clusters. Genes with high topological correlation were grouped into the
modules. The network was built according to the transcriptional profiles
at 25 °C and 35 °C, separately (Fig. 1a). Furthermore, the up-regulated
gene transcripts increased in response to HBCD treatment over time
were examined. The “HBCD_Time” definition was set to represent this
trait and made correlations with gene modules (Fig. S5). The blue
module in the 35 °C networks and the turquoise module in the 25 °C
networks were the highest correlated with “HBCD_Time.” As R. palustris
YSC3 had higher HBCD removal efficiency at 35 °C, we analyzed the
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Fig. 1. Co-expression network analysis on R. palustris transcriptome. (a) The cluster dendrogram plot for 4961 transcripts. The dendrogram was derived from
transcriptomic expression at 35 °C. There were 18 modules in the 35 °C network and 15 modules in the 25 °C network, each module with a different color. (b) The
blue module’s scatter plot represents the gene significance for “HBCD_Time” versus the module membership in the blue module. The genes overlapped with the
turquoise module in the 25 °C networks are marked with turquoise color. (c) The heatmap plot of overlapping transcripts. Each column and row represents sample

and transcript expression, respectively.

intramodular performance of the blue module in the 35 °C networks
(Fig. 1b). The results showed that transcripts in the blue module also
showed a high correlation (cor = 0.57, P = 2.7e-64) between GS and
MM. We further inspected the overlap between blue and turquoise
modules and found 126 overlapping transcripts marked with turquoise
color in Fig. 1b. We build the heatmap to examine the transcript
expression (Fig. 1c). The HBCD treatment group contained the most
significant number of highly expressed genes, such as ferredoxin, ABC
transporter, cytochrome P450, et cetera. According to the hierarchical
results, the control and HBCD treated groups were separately clustered.
Besides, 99 transcripts expressed higher at 35 °C and 27 transcripts at 25
°C.

The genes in the blue module which expression highly affected by
HBCD were selected for GO and KEGG pathway analysis to explore their
biological functions further. A total of 10 GO terms and 10 pathways
(p < 0.05) were identified, as shown in Fig. 2. The most significantly

enriched GO terms for HBCD treatment were DNA integration, single-
organism carbohydrate metabolic process, and dephosphorylation, as
shown in Fig. 2a. Similarly, the significant pathways for HBCD-related
mRNAs were mainly enriched in the ABC transporter, butanoate meta-
bolism, arginine/lysine biosynthesis, and bacterial secretion system, as
shown in Fig. 2b.

4.3. Differential expression genes analysis

Differential expression genes (DEGs) in every four HBCD-treated
groups were composed of genes up-regulated (logz FPKM>2) and
down-regulated (logo FPKM<2) according to their FPKM values. As
Fig. S4 shows, more genes were up-regulated upon the presence of HBCD
treatment. On average, the number of up-regulated genes was 5-times
more than the number of down-regulated genes in every HBCD-treated
group, which exemplified that HBCD under the experimental condition
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Sample group  Transcript group

Control 35°C > 25°C

I HBCD treament I35°C <25°C

RPYSC3_11090, hypothetical protein

RPYSC3_19660, acriflavin resistance protein
RPYSC3_31640, aspartyl/glutamyl-tRNA(Asn/GIn) amidotransferase subunit C
RPYSC3_37140, urease subunit beta

RPYSC3_07540, QacE family quaternary ammonium compound efflux SMR transporter
RPYSC3_34140, hypothetical protein

RPYSC3_22470, hypothetical protein

RPYSC3_43840, hypothetical protein

RPYSC3_47040, LysR family transcriptional regulator
RPYSC3_20430, ABC transporter permease
RPYSC3_47030, hypothetical protein

RPYSC3_38360, glycosyl transferase family 2
RPYSC3_25380, hypothetical protein

RPYSC3_31770, DNA processing protein DprA
RPYSC3_48110, phage capsid protein

RPYSC3_35580, AsmA family protein

RPYSC3_45840, ABC transporter permease
RPYSC3_42410, magnesium-translocating P-type ATPase
RPYSC3_26070, hypothetical protein

RPYSC3_35340, acriflavine resistance protein B
RPYSC3_45450, NA

RPYSC3_10680, oxidoreductase

RPYSC3_27550, hypothetical protein

RPYSC3_42780, LysR family transcriptional regulator
RPYSC3_20030, thiamine pyrophosphate protein domain protein TPP-binding protein
RPYSC3_35330, RND transporter

RPYSC3_20700, hypothetical protein

RPYSC3_34370, nitrate ABC transporter ATP-binding protein
RPYSC3_42490, two-component system response regulator
RPYSC3_15640, hypothetical protein

RPYSC3_19730, TetR family transcriptional regulator
RPYSC3_45570, hypothetical protein

RPYSC3_20740, ABC transporter ATP-binding protein
RPYSC3_26280, channel protein TolC

RPYSC3_08810, hypothetical protein

RPYSC3_05840, hypothetical protein

RPYSC3_12120, LytTR family transcriptional regulator
RPYSC3_47500, chemotaxis protein

RPYSC3_37440, ABC transporter permease
RPYSC3_37450, hypothetical protein

RPYSC3_01200, phosphodiesterase

RPYSC3_15650, DNA-binding protein

Fig. 1. (continued).

activated specific metabolic processes of HBCD-treated cells. To further
study the characteristics of gene expression profiles of the HBCD-treated
cells, several genes were randomly selected from the DEGs list of the 12
h-HBCD treatment group at 35 °C (Fig. 3a and Table S2) and were im-
ported for PCA procedure. The PCA of the gene expression data sepa-
rated HBCD-treated groups from the rest of the two control groups,
which were circulated by the green dashed lines, namely 25-0 and 35-0
(Fig. 3b). The PCA data also showed a separation within the four HBCD-
treated samples, namely 25-4-H, 25-12-H, 35-4-H, and 35-12-H.
Although the four HBCD-treated samples were clustered near each
other, the 25-4-H sample formed a relatively isolated group that sepa-
rated itself from the other HBCD treated samples, suggesting the gene
expression profile of the 25-4-H sample was unlike those of other HBCD
treated samples. The 35-4-H and 35-12-H samples regulated relatively
similar gene sets in cells containing those of the genes responsible for the
degradation of aromatic compounds (indicated by Tiffaney Blue) and
ABC transporters (indicated by Prussian Blue) according to the gene list
(Table S2). In other words, the patterns of genes regulated by the two

control groups (25-0 and 35-0) differed from that of the HBCD treated
groups (35-4-H and 35-12-H) to a greater extent than the non-HBCD
treated groups (25-4, 25-12, 35-4, and 35-12) (Fig. 3c), and notably
with p450, GST, two-component system response regulator (TCS), cy-
tochrome ¢ (CYTC), lysR family transcriptional regulator (LYSR),
ferredoxin (FER), and possible protocatechuate 4,5-dioxygenase small
subunit (PC-DiOXY) showing the most distinctly different pattern of
gene regulation.

To further illustrate the gene expression differences among all sam-
ples, without using the temperature as the grouping factor, 35 DEGs
with high- FPKM values in the 35 °C treatment group were selected out
for PCA analysis, two genes within these selected DEGs have the oppo-
site expression profiles. Heatmap plot and hierarchical clustering were
also performed. According to the heatmap results (Fig. 4), three groups
separated based on their gene expression. For example, the control
groups had more expression in oxidoreductase. The control groups
showed relatively higher expression in succinyl-CoA ligase, malate de-
hydrogenase, et cetera. The HBCD treatment group contained the most



Y.-J. Li et al.

(@

DNA mediated transformation

lipid glycosylation+

dephosphorylation |

DNA integration

-vall

% protein dephosphorylation p-value
] M o.04
8 1 I 0.08
[T) extracellular transport I o008

tidyl-tyrosi:
peptidyl-ty Y

glycosylation

ic process |

polysaccharide biosynthetic process <

1 2
Node gene number

Chemical Engineering Journal 425 (2021) 130489

(b)

ABC transporters ¢
Butanoate metabolism 1
Arginine biosynthesis {

N-Glycan biosynthesis |

(o] Ether lipid metabolism+ p-value
2 W 0.02
x Meiosis - yeast = gg:

Lysine degradation+
Dioxin degradation 1
Xylene degradation

Bacterial secretion system+

o
»

4
Node gene number

Fig. 2. GO (a) and KEGG (b) pathway enrichment analysis for HBCD-related mRNAs. Y-axis represents the enriched GO terms; X-axis (a) represents the amount of the
HBCD-related mRNAs enriched in GO terms; X-axis (b) represents the amount of the HBCD-related mRNAs enriched in KEGG terms. GO, Gene Ontology; KEGG, Kyoto

Encyclopedia of Genes and Genomes.
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significant number of highly expressed genes, such as ferredoxin, ABC
transporter, cytochrome P450, et cetera. Besides, after external stimu-
lation, cytochrome cbb3 oxidase expression increased in both the con-
trol and HBCD treatment groups.

4.4. Differential expressed genes of R. Palustris for HBCD
biotransformation

Besides the transcriptomics analysis for the response of R. palustris to
HBCD exposure, and the PCA analysis for the correlation of FPKM value
with HBCD treatment and temperature condition, the mRNA gene
expression level was also observed through qRT-PCR approach to verify

the results of RNA-seq. Based on the results of PCA analysis, we selected
out 12 specific gene transcripts for further qRT-PPCR analysis: cyto-
chrome p450 (P450), HADH, GST, LYSR, CYTC, TCS, epoxide hydrolase
(EH), FER, PC-DiOXY, 3,4-dihydroxyphenyl acetate 2,3-dioxygenase
(DHPA-OXY), monooxygenase (MONO-OXY), multiplex antenna com-
plex (ANTE). The overall results showed that the genes’ expression level
was affected more significantly in the 35 °C treatment group (Fig. 5a)
then cultured at 25 °C (Fig. 5b), which corresponded to the optimal
growth condition and HBCD degradation efficiency of R. palustris
[19,20].

After HBCD treatment, the expression level of TCS increased by 2
folds under 25 °C and 4 folds under 35 °C four hours immediate after the
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Fig. 4. Gene expression heatmap and hierarchical clustering based on DEGs between the initial, the control, and the HBCD treated groups. Each column and row
represents sample and transcript expression, respectively. Each cell’s color indicated a z-score of the corresponding gene. The top bar shows the type of sample. The
hierarchical clustering of samples and transcript expression was based on Euclidean similarity and Spearman’s rank correlation.

treatment. LysR family transcriptional factors are standard regulators to
mediate the catabolic operons for organic compounds degradations. The
expression level of LysR was suppressed under 25 °C but was signifi-
cantly induced (5-fold increment) under 35 °C after incubation. These
results suggested the potential involvement of TCS regulators and LysR
regulators in the signal transduction and metabolic pathways regula-
tions for HBCD biotransformation.

Plenty have described the regulation of xenobiotics degradation
[45]. Typical TCSs comprised of a sensor histidine kinase (SHK) with a
periplasmic sensing and an intracellular phosphokinase domain, and a
response regulator (RR) that included a signal receiver and an output
domain [46,47]. TCSs could respond to various kinds of environmental
signals, e.g., pH, temperature, osmotic stress, xenobiotics, antibiotics,
and triggered downstream regulations. For instance, the dioxygenase-
mediated toluene degradation pathway in Pseudomonas putida F1 was
under the regulation of the todXFC1C2BADEGIH operon, which was
controlled by TodS-TodT two-component regulatory system [46,48].
LysR-type transcriptional regulators (LTTRs) composed one of the most
abundant identified regulatory proteins. Many of which have been
proved to be associated with the degradation of hydrocarbons or aro-
matic pollutants [45,49]. LysR family transcriptional factors, such as
CatR, ClcR and LinR, were mainly linked to the detection of aromatic

organohalides (e.g. chlorophenol, chlorobenzoate) [49].

Under 35 °C, Cyt C and p450 expressed increased by 3-fold and 5-
fold, respectively, 12 hrs after treatment; while the expression level of
HADH and GST raised by around 2-fold (Fig. 5b). However, these
functional genes with dehalogenation and oxidation capacities were not
considerably induced under 25 °C, which may explain the relatively low
degradation rate of R. palustris under 25 °C (Fig. 5a) [19,20]. Studies
have shown many applications of GST, Cyt C, p450, and HADH on
organohalides bioremediations. Fluoroacetate dehalogenase (FAcD) of
R. palustris (RPA1163), a member of HADH family, was reported to
break the C-F bond, which was considered the strongest C-halogen bond,
by a SN2 reaction, and degrade polyfluorocarboxylic acids [50,51]. The
GST31 and CYP71C3v2 in maize were described to have enantiomer’s
preference for HBCDs and degrade HBCD through debromination and
hydroxylation metabolisms [52]. Ring cleavage enzymes are essential
for microbial degradation of xenobiotics to convert to aliphatic com-
pounds, which could be more accessible for downstream metabolisms
[53]. Protocatechuate dioxygenases have long been recognized as
crucial enzymes for ring cleavages and were widely discovered in soil-
borne fungus or bacterium or marine bacterial ecology [54,55]. Our
study with R. palustris also revealed a higher expression level of proto-
catechuate 4,5-dioxygenase (Fig. 5) 4 hrs after HBCD treatment



Y.-J. Li et al.

Dol
wn

Chemical Engineering Journal 425 (2021) 130489

—
0 N

—

=51
X0

Relative expression
s
W

=
n

R
AR
SRR
R
RARRRRRNNY
AR

=5
AN

RN
SRR

SRR
SRR
RN
RRARAARRRAN

Relative expression
w

/E
7

p450 EH GST HADH TCS ANTE

1Rl RN
inRle ,

CtyC LysR Mono-Oxy DHPA-Oxy FER PC-diOxy

Y
AR

E4HR-CK BO12HR-CK m4HR wm12HR

Fig. 5. HBCD biotransformation-related gene relative expression in R. palustris. (a) The genes expression level of R. palustris at 25 °C. (b) The gene expression level of
R. palustris at 35 °C. The asterisks indicate significant differences between the treatment group and CK, p-value < 0.05.

indicated the ring cleavage metabolisms for HBCD degradation. Overall,
the gene expression level of enzymes with HBCD degrading functions
were elevated.

4.5. Presumed HBCD biotransformation pathway in R. palustris

Studies have delineated similar aromatic xenobiotic degradation
pathways in certain microbes. In the beginning, microbial photosyn-
thesis genes modulated according to light quality were generally
considered to be involved in the degradation of aromatic compounds
commonly found in agricultural wastes [16]. Similarly, a more recent

e

dio _J //\
____\1 « Y oH
e

Glyoxylate cycle
Carboxylic acid metabolism

study of the microbial HBCD degradation shown related genes anno-
tated to the photosynthesis system in the GO term and involved in the
redox signaling in KEGG pathways, including regulatory RegA
(RP05970) genes, CcoN (RP00220), CcoO (RP010210), CcoP (RP00190),
and CcoQ (RP00200) [20]. These cytochrome cbb3 oxidase-related
proteins mentioned above are present in R. pslustris in this study and
were responsible for the degradation of 2,4,6-trinitrotoluene in Pseu-
domonas putida [56]. Besides, enzymes such as dioxygenase, peroxidase,
P450 monooxygenase, and dehalogenase were previously shown for the
degradation of polychlorinated dibenzo-p-dioxins and polychlorinated
dibenzofurans [57-59], had their roles in HBCD degradation in this

Fig. 6. Presumed signal pathway of HBCD
degradation in R. palustris based on tran-
scriptomic approach. The green arrow rep-
resents the debromination metabolic
pathway; the blue arrow stands for the hy-
droxylation process. TCS: two-component
system regulator, p450: cytochrome p450,
LysR: LysR transcriptional regulator, GST:
glutathione S-transferase, HADH: haloacid
dehalogenase protein family. PC-diOxy: Pro-
tocatechuate 4,5-dioxygenase. EH: Epoxide
hydrolase. One novel strain, Rhodop-
seudomonas palustris YSC3, can degrade
HBCD.
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: Hydroxylation
{__) :Gene
(») :Bromide ion
838, : cen
membrane



Y.-J. Li et al.

study (Fig. 6). The carbon atom derived from the degradation of HBCD
could be used as a type of carbon source by Achromobacter sp. for growth
[60]. Wang et al. [20] proposed that the degradation of HBCD in
R. pslustris was first through the partial debromination reactions via
debromination enzymes with stereo-selectivity. These were followed by
an open-ring reaction before the completion of the debromination pro-
cess [20]. During the degradation, 2-bromo acetyl aldehyde and then 2-
bromoacetate were formed and sequentially dibrominated to form gly-
colic acid, which enters the glyoxylate cycle as a carbon source for cell
growth [20].

In this study, more genes involved in the degradation of HBCD were
identified. Accompany with the genes previously mentioned R. palustris
during HBCD degradation, we were able to propose a more compre-
hensive HBCD degradation pathway. Together with the results shown in
Fig. 6, we propose that during the degradation of HBCD, whether it is in
the degraded or original form of HBCD, it will first act as a ligand that
binds to the receptors of the TCS situated on the outer cell membrane, a
transmembrane protein with their ligand-binding domain on the outer
surface of the plasma membrane. This binding activates those signaling
pathways that immediately transfer the phosphate to a second intra-
cellular signaling protein [61]. Although this activation process co-
incides with HBCD treatment, a genetic feedback control system induces
HBCD degradation pathways when TCS expression is downregulated
(this can be seen in the 25-12-H group). The up-regulated p450
(RPYSC3_17240) gene in the 35-4-H and 35-12-H is the class II cyto-
chromes P450, which is one of the two-component systems made up of a
FAD-containing, flavin mononucleotide (FMN)-containing NADPH-
dependent cytochrome P450 reductase [62]. Therefore, it is involved
in the sensing of environmental stimulus and responsible for the
degradation of HBCD (Fig. 6). Indeed, the expression of GST increased
under the control of LysR-Type transcriptional regulators and this
relationship could be seen in another study, which uses Pseudomonas
aeruginosa as their studying material [63]. Interestingly, our results
provide further evidence that HAHD was possibly as well controlled by
LysR-Type transcriptional regulators that previously proposed in the
haloacid dehalogenase repressor (hdhR) knockout mutant of Sino-
rhizobium meliloti [64]. What is equally crucial about this paper is that
although some of the gene clusters were discussed in the HBCD degra-
dation pathways, genes that were down-regulated and had not been
thoroughly investigated still paved the way for future studies.

5. Conclusion

Time-course transcriptome analysis revealed that the cellular
mechanism by which HBCD degradation observed in this study, involves
unique expression characteristics (Fig. 5), i.e., both hydroxylation and
debromination pathways were used for HBCD degradation. This was
different from other microbial modes of HBCD degradation, i.e., aerobic
hydroxylation and anaerobic debromination, which demonstrate that
there are fewer restrictions on oxygen demand for both reactions to
occur. The strategies while integrating the time and temperature as
variables let us know more about the functions of gene clusters (or
modules mentioned in this study) that work together to tackle similar
biochemical tasks in terms of HBCD degradation. Expressly, the regu-
lators for HBCD degradation enzymes were confirmed, which include
transmembrane proteins of class II cytochromes P450 and the TCS;
higher levels of gene expression precisely controlled by the LysR-Type
transcriptional regulators including GST and HAHD during more
extended HBCD treatment condition reveals the appropriate tran-
sitioning of HBCD tolerance state to positive degradation. The gene
expression trends derived from the transcriptomic analysis showed good
correlations with the qPCR results. Although transcriptional regulation
is essential for studying new pathways, a clearer understanding of the
enzyme-substrate binding mechanism and specificity requires additional
efforts, including gene cloning, mutant cells, and byproduct analyses.
However, combining the transcriptomic profiles data and gene

Chemical Engineering Journal 425 (2021) 130489

expression level analysis, this work strongly demonstrates an in-depth
research way into the molecular basis to study the microbial biotrans-
formation mechanism and provides a web-based analysis platform,
MOLAS for researchers. The approaches introduced in this study were
relatively new in this field, which would become a template for future
studies for better understanding onmicrobial degradation of difficult
chemicals like BFRs or POPs in the environment.
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