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Abstract N\
This study is to analyze the functional genes and metabolic pathways of dexamethasone degradation in Burkholderia through |
genome sequencing.

A new Burkholderia sp. CQQ001 (B. CQO01) with dexamethasone degrading activity was isolated from the hospital wastewater
and sequenced using lllumina Hiseg4000 combined with the third-generation sequencing technology. The genomes were
assembled, annotated, and genomically mapped. Compared with six Burkholderia strains with typical features and four Burkholderia
strains with special metabolic ability, the functional genes and metabolic pathways of dexamethasone degradation were analyzed
and confirmed by RT-gPCR.

Genome of B. CQO01 was 7,660,596 bp long with 6 ring chromosomes. The genes related to material metabolism accounted for
80.15%. These metabolism related genes could participate in 117 metabolic pathways and cover various microbial metabolic
pathways in different environments and decomposition pathways of secondary metabolites, especially the degradation of aromatic
compounds. The steroidal metabolic pathway containing 1 ABC transporter and 9 key metabolic enzymes related genes were
scattered in the genome. Among them, the ABC transporter, KshA, and KshB increased significantly under the culture conditions of
dexamethasone sodium phosphate as carbon source.

B. CQO01 is a bacterium with strong metabolic function and rich metabolic pathways. It has the potential to degrade aromatics and
other exogenous chemicals and contains genes for steroid metabolism. Our study enriches the genetic information of Burkholderia

and provides information for the application of Burkholderia in bioremediation and steroid medicine production.

Abbreviations:
trichlorethylene.
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3B-HSD = 3B-hydroxy steroid dehydrogenase/isomerase, PCBs = polychlorinated biphenyls, TCE =

1. Introduction

Burkholderia was divided into an independent genus in 1993
from Palleroni rRNA homologous groups of Pseudomonas
according to the 16S rRNA sequences, DNA / DNA homology,
cell lipid and fat characteristics. Burkholderia is widely found in
the natural environment.'!! It has been reported in recent years
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that Burkholderia has a very unique metabolic ability and can
use more than 200 kinds of organic matter as carbon sources,
nitrogen sources and energy for growth and reproduction. A
small number of bacteria in the Burkholderia are the plant and
human pathogens.*?! Some bacteria of Burkholderia can
produce a variety of metabolites with antibacterial activity,
which has been used in drug production, such as phenazine,™!
phenylphrrole,® etc. Some bacteria of Burkholderia can
degrade toxic compounds such as trichlorethylene (TCE),
polychlorinated biphenyls (PCBs), and phenanthrene in waste-
water and have been used in biological control®® However, the
role of Burkholderia in degrading steroid hormones has not
been reported.

Steroid compound is an important element of life and the basic
material of sterols, steroids, bile acids, and vitamin D. Steroid drugs
are widely used in medicine, and dexamethasone is a commonly
used steroid in clinic. Due to the particular molecular structure of
the steroid compounds, steroid drugs are mainly produced through
converting sterols into useful steroid drug intermediates by specific
microorganisms, such as Rbhodococcus and Mycobacterium.”'°!
The mechanism of metabolism of steroidal compounds in micro-
organisms has been widely studied. The steroid metabolic gene
clusters have been identified and the functions of some key enzymes
have also been identified."'™"3) However, the degradation path-
ways and functional genes related to the degradation of steroid
hormone still need further investigation.
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The steroid hormone is stable and difficult to be degraded in the
natural environment. Drug residues of steroid hormone can
pollute the environment in various ways, especially in those in
hospital and urban wastewater. Several papers have reported
different degrees of dexamethasone contamination in factories,
hospital wastewater, urban wastewater, and drinking water.''+-17]
Some of them also suggest that environmental dexamethasone
contamination can have adverse effects on organisms.!*®! Thus,
understanding the mechanisms by which microorganisms metab-
olize steroid compounds is also of great value in the prevention and
control of environmental pollution by steroids.

In our previous study, a dexamethasone-degrading strain was
isolated from the wastewater, which was identified as a
Burkholderia strain via 16S rDNA sequencing.'®! This is the
first reported Burkholderia strain that can degrade steroid
hormone, which is named as Burkholderia sp. CQO01. In this
paper, the whole genome sequencing analysis of Burkholderia
CQO001 was carried out to explore its genetic and metabolic
characteristics and the mechanism of dexamethasone degradation.
Our results may provide valuable information for the construction
of engineering bacteria that can degrade dexamethasone.

2. Material and methods

2.1. Ethics statement

This article does not involve materials from humans or animals.
Thus, ethical approval is not necessary.

2.2. Whole genome sequencing and analysis of B. CQ001

B. CQO001 was cultured in medium containing dexamethasone
sodium phosphate at 37°C, 180r/minute for 18hours.!'®!
Bacterial DNA was extracted using DNA preparation kit
(TaKaRa). The purified DNA was sequenced using Illumina
Hiseq4000 platform and the 3rd sequencing technology by
Shanghai Meiji Biological Medicine Technology Co., Ltd.
(Shanghai, China).

PE library (500bp) and PacBio library (8-10kb) were
prepared. The resulted sequences were examined and analyzed
via bioinformatic analysis, and the genome was sketched by
DNAplotte. Barrnap 0.4.2 and tRNAscan-SE v1.3.1 were used to
predict the rRNA and tRNA. Glimmer3.02 was used to predict
the genes. The sequences were compared against NR, GENES,
and STRING. The annotation of COG (Clusters of Orthologous
Groups of proteins) (http://www.ncbi.nlm.nih.gov/COG/) and
KEGG (Kyoto Encyclopedia of Genes and Genomes) (http://
www.genome.jp/kegg/) were obtained.

2.3. Comparative genomics analysis

Totally, 6 typical Burkholderia strains were selected out from
NCBI database (Burkholderia xenovorans LB400, Burkholderia
vietnamiensis G4, Burkholderia mallei ATCC23344, Burkhol-
deria cenocepacia J2315, Burkholderia pseudomallei K96243,
and Burkholderia gladioli BSR3). The basic characteristics of B.
CQO001 genome were analyzed and compared with these 6
strains, including length of genes, GC content, numbers of genes,
tRNA, and rRNA.

According to the 16S rRNA, 4 strains with high homology
and special metabolic ability were chosen (Burkholderia
phenoliruptrix BR3459, Burkholderia xenovorans 1B400,
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Burkholderia kuruiensis M130, and Burkholderia vietnamiensis
G4). Their genomes were downloaded from NCBI database, and
the MUSCLE software was used for multiple alignment. All the
homologous genes were clustered at the genome level, and the
genome - based phylogenetic tree was constructed according to
the NJ method. OrthoMCL software was used to analyze the
amino acid (or nucleotide) sequences of all the tested strains. The
homologous genes between different strains and the specific genes
in each strain were obtained after clustering.

2.4. Confirmation of the dexamethasone-degrading genes
via RT-qPCR

The related genes of ABC transporters and the KSH enzyme
(KshA, KshB1, and KshB2) were tested by RT-qPCR. Briefly, B.
CQO001 was cultured in media containing dexamethasone
sodium phosphate (induced group) and inorganic sucrose broth
(non-induced group) at 37°C, 200 r/minute for 24 hours. The
total RNA was extracted using RNAprep Pure Bacteria Kit
(TTANGEN). cDNA was reverse-transcribed using RT reagent
Kit with gDNA Eraser (TaKaRa). RT-PCR was carried out using
2-step method via SYBR Premix Ex Taq Il (TaKaRa) and Applied
Biosystems 7300 Real Time PCR System (Bio-Rad). The 16S
rRNA that stably expressed in different hosts was used as the
housekeeping gene. The primers used in this study were listed in
Table 1, which were designed and synthesized in Sangon Biotech
Co., Ltd., (Shanghai, China). The relative expression level was
calculated as fold change using the 224" method.

2.5. Statistical analysis

All data are expressed as means + standard deviation (SD). Values
of P < .05, .01, or .001 were considered to be statistically
significant (*), highly significant (**), or extremely significant
(**%), respectively. Data were analyzed using SPSS 12.0 (SPSS
Inc., Chicago, IL) for Windows.

3. Results

3.1. Whole genome sequencing and analysis of B. CQ001

To better understand the gene information of B. CQ001, we
carried out whole genome sequencing via Illumina Hiseq4000
and 3rd generation sequencing technology. The resulted genome
has been uploaded to the GenBank database. The number is
PRJNA329146. B. CO001 harbored 6 circular chromosomes.
We speculate that the genome of B. CQO001 contains 2
chromosomes and 4 giant plasmids according to the genomic
characteristics, chromosome size and reported gene information
of Burkholderia.™® The 6 circular chromosomes are shown in
Figure 1, and the information of B. CQ001 genome is shown in

Primer sequences used in the RT-qPCR experiment.

Gene Forward primer Reverse primer
sequence (5'—>3') sequence (5'—>3')

16S rRNA GGAGGAAGGCGATAAGGTT ACATCCGACTTGACAGACC

KshA ATGTCCGCACGCCCTTAC TCACTGCGGCTCGAACAC

KshB1 ATGAGCGATTCGCGCTTC TCAGTCGGGAAACACCACG

KshB2 GTGGACAGCCGGGTCAC CTACTTGTCGATCACGAGATCC

ABC ATGGAAAACAAATCACATGCGTTC TCACTGCCCGGCCGTCG
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Figure 1. Genome of Burkholderia sp. CQO01. The genome size, GC content, COG category, homologous genes were analyzed via GenomeViz and Circos
softwares. The outermost circle represents CDs on the sense strand. Going inwards, the next circle represents CDs on the antisense strand. Different colors
represent different COG categories. The third circle represents rRNA and tRNA. The next circle indicates GC content (below average GC content (blue) and above
average GC content (yellow)). The innermost represents GC skew value (G-C/G+C). The value is positive when CDs locate on the positive strand, and negative

when CDs locate on the negative strand. COG = Clusters of Orthologous Groups of proteins.

characteristic replicons. The existence of the 4 giant plasmids was
critical for the specific metabolic pathways of B. CO001. The
whole genome of B. CQ001 reveals the high plasticity, specificity,
and variability of the bacterium at the genetic level.

3.2. Functional annotation and classification of B. CQ001

Table 2. We found that chromosome 1 was a typical
Burkholderia chromosome and was also the core chromosome.
The main function of chromosome 1 was related to regulation of
DNA replication and cellular physiological and biochemical
activities. Most of the metabolic genes located on chromosome 2,
which were associated with the transport of carbohydrates, the
. . ) genes

generation and transformation of energy, and the synthesis,

transport, and decomposition of secondary metabolites, which ~ To better understand the function of the B. CO001 genome, we
determined the niche of the strain. The 4 giant plasmids were  compared the sequences against the STRING database (V9.05).
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The information of B. CQ001 genome.

Gene number 8758
Gene total length 7660596 bp
Gene average length 874 bp

Gene density 0.971 genes per kb

GC content in gene region (%) 66.9
Gene/Genome (%) 84.9
Intergenetic region length 1358764 bp
GC content in intergenetic region (%) 61.0
Intergenetic length/genome (%) 15.1
Circle_1 3735298 bp
Circle_2 3260157 bp
Circle_3 1537783 bp
Circle_4 385838 bp
Circle_5 97411 bp
Circle_6 2873bp

Approximately 69.8% of the coding genes were classified (Fig. 2A),
which included 408 genes associated with energy generation and
transformation (C), 396 genes associated with carbohydrate
transport and metabolism (G), 388 genes associated with cell wall
and outer membrane synthesis (M), and 262 genes associated with
secondary metabolic product synthesis, transport and decomposi-
tion (Q). These results indicate that this bacterium possesses
abundant metabolic genes, and has powerful ability in energy
generation and conversion. The genes associated with secondary
metabolism synthesis are also abundant, resulting in a strong
metabolic ability. Additionally, 429 genes were not classified (S),
suggesting that there still are many genes to be investigated.

3.3. Analysis of metabolic pathways

To better understand the metabolic pathways of B. CO001, we
compared the genes against KEGG database. We found that B.
CQO001 could participate in 117 metabolic pathways (Fig. 2B).
About 80.15% of the genes were related to material metabolism,
covering almost all the microbial metabolic pathways in different
environments and the decomposition pathways of secondary
metabolites, especially the degradation pathways of aromatic
compounds. The number of genes involved in metabolism and
degradation of exogenous chemicals (A: Metabolism/Xeno-
biotics biodegradation and metabolism) were relatively higher.
We found that a pathway involved in steroidal metabolism,
which contained 1 gene encoding the transporter of steroidal
metabolism and 9 genes associated with the key enzymes of
steroidal metabolism (Table 3). Therefore, B. CQO001 is a
powerful bacterium with strong metabolic ability and various
metabolic pathways, which can metabolize the steroids.

To further understand the distribution of dexamethasone-
degrading related genes in B. CQ001, we found out the location
of these genes according to relative position of the coding genes
(Fig. 3). We found that ABC transporter (ORF03369_1), KshA
(ORF05568_1),KshB1 (ORF05593_1),and KshB2 (ORF06355_1)
showed dispersed distribution, which provides information for
further study of the mechanism of steroidal degradation.

3.4. Analysis of basic characteristics and homology of B.
CQO001 genomes

We further compared the B. CO001 genome with 6 other typical
Burkholderia genomes (Table 4). To better understand the
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metabolic characteristic of B. CQO001, we compared this
bacterium with 4 strains with high homology and specific
metabolic ability using OrthoMCL. Our results showed that
2856 homologous genes and 2758 specific genes in B. CQ001
(accounting for 33.2% of the coding genes), which were mainly
related to the metabolisms of different exogenous substances
(Fig. 4). The phylogenetic tree showed that B. CQ001 was close
to B. vietnamiensis G4 at the evolutionary level (Fig. 5). It has
been shown that B. vietnamiensis G4 can degrade biotoxic and
carcinogenic TCE in surface water and groundwater, indicating
the similar ability of B. CQO001.

3.5. Functional confirmation of dexamethasone-degrading
related genes

According to the mechanisms of multi-step degradation of
steroid,?*?!! the chemical structure of dexamethasone and the
genomic sequences of B. CQO001, we speculate that ABC
transporters and the KSH enzyme may be involved in the
degradation of dexamethasone. To confirm this speculation, RT-
qPCR was carried out to validate the expression of the related
genes. We found that the levels of these genes in the presence of
dexamethasone sodium phosphate were higher than those in the
presence of sucrose (Fig. 6). The change of the ABC transporter
was the highest (increased by 20.53 folds). These results confirm
that the genes studied are related to the degradation of
dexamethasone. We also speculate that KshA and KshB1 are
oxygenase and reductase that are strongly induced by dexameth-
asone, and KshB2 is not as sensitive to dexamethasone as KshB1,
which may be due to the regulatory mechanism of KstR2.11%2!

4. Discussion

In this study, we revealed the whole genomic sequences of a
previous identified dexamethasone-degrading Burkholderia
strain CQO001. We found that B. CQO001 had the basic
characteristics of Burkholderia strains and the largest chromo-
somes among known Burkholderia strains. The bacterium
possessed abundant metabolic genes, which participated in
various metabolic pathways, and had a strong potential of
metabolizing exogenous chemical.

Rhodococcus and Mycobacteria are the main steroid-
degrading bacteria being studied currently. However, the
functional genes involved are still unclear. In this study, we
sequenced and analyzed genome of B. CO001 and confirmed the
key genes involved in dexamethasone degradation. We found a
metabolic pathway of steroidal metabolism and genes responsible
for degradation of steroid hormone in B. CQ001. ABC trans-
porters encoded by Mce family may be involved in the active
uptake of dexamethasone.””! The gene encoding cholesterol
oxidase in the process of steroidal open-loop reaction was not
found,®®! while the gene encoding 3B-hydroxy steroid dehydro-
genase/isomerase (3B-HSD) was found.*”! We speculate that 3p-
HSD is the first key enzyme of steroidal degradation. This process
does not need the dehydrogenation and isomerization of 3-sterone-
Al-dehydrogenase due to the fact that dexamethasone hormones
are derivatives of steroidal metabolism. In the process of
dexamethasone degradation, the hydroxylation on B ring of
dexamethasone caused by 3-sterone-9a-hydroxylation enzyme
(KSH) is the most critical step in the open loop of steroidal nucleus.
The generated 9a-hydroxy-1,4-diene steroid is extremely unstable
and the high molecular energy can cause the automatical pyrolysis
of B ring on C9.1*%! The steroid after the open loop is catalyzed by

[23,24]
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Key enzymes involved in steroidal degradation in Burkholderia sp.CQO001.

Function Degrading enzymes Definitions ORF  Orthologou genes
Uptake and Transport ~ ABC transporter  Phospholipid/cholesterol/gamma-HCH transport system substrate-binding protein 0rf03369_1 K02067
Open loop of the 33-HSD 3 (or 17)beta-hydroxysteroid dehydrogenase [EC:1.1.1.51] 0rf05510_1 K05296
steroidal nucleous
KstD 3-oxosteroid 1-dehydrogenase [EC:1.3.99.4] 0rf05595_1 K05898
KshA 3-ketosteroid 9 alpha-monooxygenase subunit A [EC:1.14.13.142] 0rf05568_1 K15982
KshB 3-ketosteroid 9 alpha-monooxygenase subunit B [EC:1.14.13.142] 0rf05593_1 K15983
putative ferredoxin oxidoreductase protein 0rf06355_1 C0G1018
Catabolism of the HsaA 3-hydroxy-9,10-secoandrosta-1,3,5 (10)-triene-9,17-dione monooxygenase [EC:1.14.14.12] 0rf03896_1 K16047
opened steroid
HsaB 3-hydroxy-9,10-secoandrosta-1,3,5 (10)-triene-9,17-dione monooxygenase reductase component — orf05596_1 K16048
[EC:1.5.1.-]
HsaC 3,4-dihydroxy-9,10-secoandrosta-1,3,5 (10)-triene-9,17-dione 4,5-dioxygenase [EC:1.13.11.25]  0rf05585_1 K16049
HsaD 4,5:9,10-diseco-3-hydroxy-5,9,17-trioxoandrosta-1 (10),2-diene-4-oate hydrolase [EC:3.7.1.17]  0rf05553_1 K16050
Overall metabolism kstR2 TetR family regulatory protein 0rf00285_1 C0G1309

Hsa family protein and finally decomposed into ATP, small
molecule organic salt and the coenzyme.*®!

KSH consists of the terminal oxygenase (KshA) and the iron-
sulfur protein reductase (KshB). Two isoenzymes, KshB1 and
KshB2, were found in B. CO00. KshB1 is a reductase that could
be strongly induced by dexamethasone, while KshB2 is a negative
regulator that is the key factor for the induction of steroidal
substrate, which is less sensitive to dexamethasone than B1.?"!
The regulatory mechanism of the open loop and the branch
catabolism of steroidal nucleus are not yet clear, and the
pathways after the open loop remain to be further explored.

Previous studies found that the genes associated with steroidal
metabolism tend to cluster together in most of microorganism
and the expression of many genes in the gene cluster increased

significantly under the induction of steroidal substrates.[3%3!!

However, other studies found that nearly 60% important genes
were not clustered and located outside the gene clusters.!''*? The
results in this study also confirmed that the genes associated with
steroidal metabolism were not clustered. In addition, unspecified
aggregation of steroid-related genes, the widespread presence of
isoenzyme coding sequences, and genes with unknown functions
have increased the difficulty to understand the degradation
mechanism of steroids. Thus, it is of great value to investigate the
upstream and downstream of the steroid-related genes, which
needs to be further studied.

In conclusion, we successfully isolated an effective dexameth-
asone sodium and dexamethasone-degrading strain from the
hospital wastewater before. To better understand the pathways
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Figure 3. Location of key genes in Burkholderia sp. CQ001 for degradation of dexamethasone. Each arrow represents a gene. The direction of the arrow indicates

the transcriptional direction. The length represents the size of each gene.
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Comparison of B. CQ001 with other Burkholderia genomes.

Genome Length (bp) G+C (%) Genes rRNA genes tRNA genes Isolated Signal P (%) NCBI accession
B.xenovorans LB400 9702951 62.6334 8596 18 65 Polluted water 9.52 GCF_000756045.1_ASM75604v1
B.vietnamiensis G4 8391070 65.7381 7592 18 68 Polluted water 9.32 GCF_000016205.1_ASM1620v1
B.mallei ATCC 23344 6835527 66.4885 5506 10 56 Human 7.39 GCF_000011705.1_ASM1170v1
B.cenocepacia J2315 8055782 66.8993 7273 18 73 Human 11.48 GCF_000009485.1_ASM948v1
B.pseudomallei K96243 7247547 68.0587 5935 12 61 Human 10.34 GCF_000011545.1_ASM1154v1
B.gladioli BSR3 9052299 67.3975 7708 15 69 Plants 9.98 GCF_000194745.1_ASM19474v1
B.CQO01 7660596 66.9 8756 18 69 Polluted water 7.42 PRJINA329146
B. CQ001 =Burkholderia sp. CQQ001.
Burkholderia kuruiensis M130
5783
Burkholderia sp.CQ001
Burkholderia phen
BR3459 8304
6248

Burkholderia vietnamiensis G4

6827

7534

10lderia xenovorans LB400

Figure 4. Homology analysis of Burkholderia sp. CQ001 and other Burkholderia strains (Burkholderia phenoliruptrix BR3459, Burkholderia xenovorans LB400,
Burkholderia kuruiensis M130, and Burkholderia vietnamiensis G4).
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Figure 5. Phylogenetic trees according to the whole genome sequences of Burkholderia sp. CQ001.
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Figure 6. The relative expression of genes in Burkholderia sp. CQ001 in the
presence of 2 carbon sources (induced group: dexamethasone sodium
phosphate; non-induced group: sucrose). Gene expression was detected with
RT-gPCR. All data are expressed as means +standard deviation (SD).

and mechanisms of dexamethasone degradation, we further
sequenced and analyzed its genome in the present study. The
genetic features of B. CQ001 disclosed herein not only enriched
the genetic information of Burkholderia but also provided further
information on the degradation mechanism of steroid hormones
and degradation-related enzymes. Our results lay the foundation
for further study on the mechanism underlying bacterial steroid
degradation and the development of valuable engineering
bacteria for bioremediation and steroid production.
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