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Abstract. Many plants and animals have symbiotic relationships with microorganisms, including bacteria. The inter-
actions between bacteria and their hosts result in different outcomes for the host organism. The outcome can be neu-
tral, harmful or have beneficial effects for participants. Remarkably, these relationships are not static, as they change
throughout an organism’s lifetime and on an evolutionary scale. One of the structures responsible for relationships in
bacteria is O-antigen. Depending on the characteristics of its components, the bacteria can avoid the host’s immune
response or establish a mutualistic relationship with it. O-antigen is a key component in Gram-negative bacteria’s
outer membrane. This component facilitates interaction between the bacteria and host immune system or phages.
The variability of the physical structure is caused by the genomic variability of genes encoding O-antigen synthe-
sis components. The genes and pathways of O-polysaccharide (OPS) synthesis were intensively investigated mostly
for Enterobacteriaceae species. Considering high genetic and molecular diversity of this structure even between
strains, these findings may not have caught the entire variety possibly presented in non-model species. The current
study presents a comparative analysis of genes associated with O-antigen synthesis in bacteria of the Oxalobactera-
ceae family. In contrast to existing studies based on PCR methods, we use a bioinformatics approach and compare
O-antigens at the level of clusters rather than individual genes. We found that the O-antigen genes of these bacte-
ria are represented by several clusters located at a distance from each other. The greatest similarity of the clusters
is observed within individual bacterial genera, which is explained by the high variability of O-antigens. The study
describes similarities of OPS genes inherent to the family as a whole and also considers individual unique cases of
O-antigen genetic variability inherent to individual bacteria.
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AHHOTauua. MHOrMe pacTeHUA W >KUBOTHble CMOCOGHbI YCTaHABMMBaTb CMMOMOTMYECKME B3aVIMOOTHOLUEHMA C
MUKpPOOpraHu3Mamu, B ToM ymciie ¢ 6aktepramun. Cneyndurka STmx B3aMMOAENCTBUA MOXKET MPUBOAUTL K Pa3HbIM
nocnefCcTBMAM ANA OpraHn3Ma-xo3avHa. B3aumooTHoLweHnA MoryT 6biTb HENTPaNbHbIMY, HEraTUBHbIMK NGO Bbl-
rogHbIMN ANs OfHOW Uy 06erx CTOpoH. MNprMeyaTenbHO, YTO B3aMMOOTHOLLEHUA GaKTepuA-X03ANH He ABAAIOTCA
CTaTVYHbIMW: OHN MOTYT U3MEHATbCA B TEUYEHME XKM3HW OPraHn3MOoB 1 B XoAe ux 3sonouunn. OQHON 13 CTPYKTYP,
onpeensoLmMX HanpasieHne N3MEHUNBOCTY, ABNAeTcA O-aHTUreH. B 3aBUCMMOCTI OT 0COBEHHOCTEN ero Komro-
HeHTOB 6aKTepUA MOXeT n3beratb UMMYHHOMO OTBETa CO CTOPOHbI OPraHn3Ma-X03A1Ha, CTaHOBACH NaToreHom, 6o
yCTaHaBNMBaTb C XO3AUHOM MYTyannCTUYECKME OTHOLWEHNA. O-aHTUMEH — 3TO KJTI0UYEBOW KOMMOHEHT Hapy»KHON MeM-
6paHbl rpaMoTpurLaTesbHbIX 6aKTePUIA. DTOT KOMMOHEHT obecneyrBaeT B3aMOAeNCTBME MeXAY OaKTepruaMmn n um-
MYHHOW CUCTEMON X03ArHa nnv dparamu. BapnabenbHOCTb CTPYKTYpbl O-aHTUFEHOB TECHO CBA3aHa C U3MEHUMBOCTLIO
reHOB, KOAVPYIOLNX KOMMOHEHTbI ero cMHTe3a. [eHbl 1 NyTn cuHTe3a O-aHTUreHoB Hanbonee AeTasbHO M3yYeHbl Y
6akTepuin 13 cemeinctaa Enterobacteriaceae. C yyeToM BbICOKOrO reHETUYECKOrO 1 MOJIEKYSIIPHOIO pasHoobpasua
3TON CTPYKTYpPbl AaXKe MeXAY LTaMMaMu 3TV pe3ynbTaTbl MOTYT He OTpaXkaTb BCe pa3Hoobpasue O-aHTUreHOB, Npes-
CTaBNEeHHOE Y HEMOAENbHbIX BUAOB. B HacToAwwel paboTe npoBeeH CpaBHUTENbHbI aHaN3 FeHOB, YYaCTBYOLLMX B
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CpaBHUTENbHbIN reHETUYECKNIA aHanu3 O-aHTUreHoB 6akTepuin
cemelictBa Oxalobacteraceae: yHMKanbHOCTb MAN TPUBUANBHOCTbL?

cnHTe3e O-aHTWreHa, AnA 6akTepuii n3 cemeiictea Oxalobacteraceae. B oTnnume oT cyLiecTByOWMX NCCIEA0BAHNN,
NpenmyLLecTBeHHO OCHOBaHHbIX Ha MeTofe MNUP, B Hawel paboTe ncnonb3oBaH 6rorHdopMaTyecKuii Noaxoa, a
CpaBHEHVE NPOBEAEHO HE Ha YPOBHE OAUHOYHBIX FEHOB, @ Ha YPOBHE KinacTepoB. Mbl 06HapYXUnu, YTo B Cllyyae
Oxalobacteraceae reHeTnueckas opraHusauua O-aHTUreHa NpefCcTaBeHa HECKONbKMI KNacTepamu, HaxoaaLWmnumMmn-
€A Ha 3HAUMTENIbHOM YAaNIeHNM APYT OT Apyra B reHoMe 6akTepuid. Hanborbluee CXOACTBO KNlacTepoB Haboaanocb
BHYTPY OTAENbHbIX POAOB GaKTEPUIA, UTO OBBACHAETCA BbICOKOW N3MEHUYNBOCTbIO O-aHTUreHOB. B paboTe onncaHo
CXOACTBO reHoB O-aHTWIeHOB, MPUCYLLee CeMENCTBY B LIENIOM, @ TaKXKe PacCMOTPEHbI OTAENbHbIE YHUKaIbHbIe CITy-
Yan U3MEHUMBOCTU UX FEHETUYECKON CTPYKTYPbl Y OTAENbHbIX 6akTepuii.

KnioueBble cnoBa: Knactepbl reHoB O-aHTWreHa; reHbl NMNOMNONMCaxapuaa; CPAaBHUTENbHDBIN aHanms; O-aHTWreH;
Oxalobacteraceae; Massilia; Collimonas; Janthinobacterium; Knactepbl reHOB CaxapyaoB.

Introduction

The Oxalobacteraceae family belongs to the Burkholderiales
order of Proteobacteria. According to the Integrated Taxo-
nomic Information System (www.itis.gov) this family includes
55 verified species of 12 genera. Members of the Oxalobacte-
raceae family are stained negatively by Gram and presented in
awide range of habitats (outlined in Supplementary Materials,
Table S1)!. Species were found in soils, including grassland,
volcanic and heavy metal polluted soils, in water and glaciers
(Baldani et al., 2014). Some of them are free-living, others
may form various relationships with plants. Symbiotic spe-
cies (Massilia, Herbaspirillum) are known to exhibit plant
growth-promoting features, and can be beneficial in agricul-
ture (Ofek et al., 2012; Peta et al., 2019; Grillo-Puertas et al.,
2021). Occasionally, these relationships lead to plant diseases,
for example, red stripe and mottle stripe diseases (Tuleski et
al., 2020). The negative effect depends on the environment
conditions. Examples of opportunistic features are described
for Janthinobacterium and Herbaspirillum genera. Some spe-
cies can be found in clinical samples and act as opportunistic
pathogens for humans (Dhital et al., 2020).

Beneficial effects from Oxalobacteraceae bacteria are re-
lated to agriculture and medicine. Farming industry utilizes
these bacteria to improve plant growth. Mutualistic bacteria
facilitate nitrogen assimilation to increase crops productivity.
In medicine, bacterial lipopolysaccharides (LPS) can be used
for vaccine development. This modern medicine develop-
ment is called glycoconjugate vaccines. The methodology is
already verified on the members of Enterobacteraceae family
(Bazhenova et al., 2021) and can be scaled to other bacteria.
Beyond vaccines, information related to LPS lies in biosen-
sor systems. Systems are able to identify bacteria in samples
based on their LPS composition, in particular O-antigens
(Sannigrahi et al., 2020).

O-antigen became a convenient feature for serotyping due
to its variability. Diversity of the oligopolysaccharide units
and the selection of the host immune system directed at them
highly contribute to the variability of O-antigens. In addition to
this selection, there is the bacteriophage effect on the bacterial
cell (Xietal., 2019). All these factors explain the emergence
of different serotypes within the same bacterial species.

O-antigen is one part of bacterial LPS. Lipopolysacchari-
des are a specific structures (plural form) binding to the outer
membrane of Gram-negative bacteria. It consists of three parts
that are linked to each other in a particular order: phospholipid
anchored to the membrane (lipid A or endotoxin), core region
and O-antigen repeats. Lipid A is the hydrophobic domain an-

1 Supplementary Materials 1-6 are available in the online version of the paper:
https://doi.org/10.5281/zenodo.7410337.

choring LPS in the membrane. In chemical structure, lipid A is
a phospholipid based on glucosamine. It forms the monolayer
of the outer membrane. Lipid A is responsible for the toxicity
of Gram-negative bacteria. The second component of LPS is
the core part. The first and the second LPS components are
synthesized on the cytoplasmic side of the inner membrane
of the bacterial cell, after which they are transported by ABC
transporters into the periplasmic space (Valvano, 2015). The
third component of LPS is O-antigen, which is synthesized
separately from the previous parts. In a periplasmic space, all
parts of LPS are combined together, then the fully synthesized
LPS is transported to the outer leaflet of the cell membrane
(Doerrler, 2006).

The composition of LPS and its parts varies between dif-
ferent species and between strains (Caroff, Karibian, 2003).
In some strains O-antigen can be absent, thus referred to as
“rough” LPS, others containing it are “smooth” (Erridge et
al., 2002). The O-antigen consists of a series of repeating
oligosaccharide units. The length and composition of the
monomers vary quite widely among strains (Perepelov et al.,
2009). Repeats can be homodimers or heterodimers. In ad-
dition, units can be linked linearly or can create a branched
structure (Liu et al., 2020).

Sugar nucleotides are basic molecules that form an O-anti-
gen backbone. The most common can be divided into several
groups:

» dTDP-sugars (rfb/rml genes);

» CDP-sugars (ddh genes);

* GDP-sugars (man genes, gmd, col);

» UDP-glucoses (ugd, gla, galE);

» UDP-N-acetylglucosamines (gne, gna, fnl and mna genes).

Other nucleotide sugar genes include nna genes (N-acetyl-
neuraminic acid synthesis), 4dd genes and gmh (LD-manno-
heptose and DD-manno-heptose) and dmh genes of 6-deoxy-
D-manno-heptose synthesis pathway (Samuel, Reeves, 2003).
The O-antigen chain is assembled via glycosyltransferases,
which are responsible for combinations of sugar nucleotides.

The mechanisms of generating O-antigen and flipping
are described in two variants: Wzy-dependent pathway and
ABC-transporter pathway. The former is predominant among
better-characterized O-antigens. A third variant is the synthase-
dependent pathway. Unfortunately, it is poorly described and
has been observed rarely, for instance, in Salmonella species
(Kalynych et al., 2014).

The initiation of all O-antigen synthesis pathways is a trans-
fer of a sugar monophosphate to the undecaprenyl phosphate
(Und-P) molecule, resulting in sugar-pyrophosphate-undecap-
renyl (sugar-Und-PP). Sugar-Und-PP is able to accept further
glycosylation reactions (Kalynych et al., 2014).
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Uniquely to the Wzy-dependent pathway, Und-P-linked
units are polymerized by Wzy (wzy gene) and subsequently
flipped via Wzx (wzx gene). The chain length is controlled
by Wzz protein (wzz). The completed structure is ligated to
the outer core region via WaaLL O-antigen ligase encoded by
waalL (rfal) gene (Han et al., 2012).

On the contrary, the ABC-transporter pathway needs only
a single initiation reaction per O-antigen chain. Moreover,
the entire polymerization process via glycosyltransferases is
carried out in the cytoplasm. Then the completely generated
O-antigen-Und-PP molecule is flipped to the periplasmic space
by an ABC transporter, which is encoded by wzt and wzm
genes. Similarly to the previously characterized pathway, the
O-antigen ligase protein WaaL connects it to the core-lipid A
(Samuel, Reeves, 2003).

In view of the above described, O-antigen becomes a highly
variable structure. This feature makes the O-antigen attractive
to a wide range of researchers. Nevertheless, there are rather
few studies on comparative analysis of O-antigens and their
genetic structure between bacteria at the family level. Most
publications are devoted to single pathogenic or potentially
pathogenic bacteria and avoid features of free-living or mu-
tualistic species.

Detection and study of O-antigens have been made pos-
sible by the emergence of several methods involving both
experimental and bioinformatics analysis of bacterial data.
One of the traditional methods belonging to the first group is
the bacterial glycotyping method based on the somatic antigen.
In 2020, E.T. Sumrall et al. (2020) proposed a new method
for quantitative separation of O-antigens. It is based on the
use of a set of recombinant proteins that can interact with
bacterial envelope receptors and domains. Bacterial O-anti-
gens can also be detected by serological and agglutination
test methods using sera specific to somatic antigens (Thakur
et al., 2018). Another way to study O-antigen composition is
the polymerase chain reaction method, which is widely used
to compare O-antigens in several bacteria.

The emergence and subsequent decrease in the cost of se-
quencing opened new ways of O-antigen studying. In silico
analysis methods have significantly reduced the time required
for data processing, and many routine processes have been
automated. Extensive databases have appeared that lead to the
O-antigens analysis of several bacteria at once. In compari-
son to traditional methods of O-antigen detection, in silico
methods are able to revise taxonomy misunderstandings,
identify more genes related to O-antigen biosynthesis and
evaluate their environment in a short time. Predicted features
can be then verified by traditional laboratory methods. On the
example of an Oxalobacteraceae member called Janthino-
bacterium sp. SLBO1 (Belikov et al., 2021), the taxonomy
was revised by this combined approach.

Here we present comparative analysis of O-antigens for 20
genomes from the Oxalobacteraceae family. According to the
query in UniprotKB “(protein_name: O-antigen) AND (taxo-
nomy id:75682)” there are only 456 genes whose proteins
are annotated as O-antigen biosynthesis genes for this family.
Our bioinformatics approach based on homologues search
eliminates difficulties in gene annotation. We also shift from
describing single genes to comparing O-antigens at the level
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of their candidate gene clusters to broad information about
the gene content of Oxalobacteraceae O-antigens.

Materials and methods

Data. Initial data was derived from NCBI databases and in-
cluded 20 genomes. The main criterion of assembly selection
was a rather high quality, that is, no more than ten contigs. The
reason for such a criterion was to decrease the possibility of
gene clusters being disrupted by unresolved sequences. Over-
all, we selected two Collimonas species (C. arenae and C. fun-
givorans), one species of genera Herminiimonas (H. arseni-
toxidans), Oxalobacter (O. formigenes), and Undibacterium
(U. parvum), four Janthinobacterium (J. agaricidamnosum,
J. lividum, J. svalbardensis, J. tructae), two Oxalicibacterium
(0. faegigallinarum and O. flavum) species and nine Massilia
(M. albidiflava, M. armeniaca, M. flava, M. oculi, M. plicata,
M. putida, M. timonae, M. umbonata, M. violaceinigra). Their
RefSeq assembly accessions are presented in Supplementary
Materials, Table S2.

Quality control and annotation. All 20 assemblies were
additionally analyzed using QUAST tool, version 5.0.2 (Gu-
revich et al., 2013). The acceptable threshold number of
contigs and scaffolds was eleven, only genomes with a lower
number were selected. To obtain the most precise annota-
tion, we used two annotation tools, Prokka version 1.14.6
(Seemann, 2014) and eggNOG version 2.1.6 (Huerta-Cepas
et al., 2019).

Putative O-antigen genes search. Searching for genes
coding components for O-antigen synthesis and processing
based on their names was unproductive because of the abun-
dance of various synonymous tags. Therefore, we used an
approach based on orthology. All O-antigen related genes for
Escherichia coli strains described in the paper (Iguchi et al.,
2015) were obtained with their amino acid sequences and used
as reference. We also added genes from the KEGG database,
a pathway of O-antigen synthesis for E. coli https://www.
genome.jp/pathway/ecoi00541. We additionally analyzed the
O-antigen ligase gene rfalL (waal), because it was shown that
O-antigen may be absent in some bacteria (Kime et al., 2016).
As waal is essential for final stages of O-antigen processing
for the majority of bacteria, its absence may be associated with
a lack of OPS on the cell wall (Wang et al., 2010). This data
consisted of gene sets for each serogroup and approximately
420 unique genes in total (Supplementary Materials, Table S3).

In order to find unique genes among this data, sequences
were clustered using UCLUST (Edgar, 2010) algorithm with
the usearch32 tool, with threshold identity > 0.4. The reason
for the rather low threshold was the excessive amount of
clusters at higher numbers, mainly because of high gene varia-
tion. For the next step, we chose centroids of each cluster as
representative sequences.

To reveal genes that correspond to the processed O-antigen
genes of E. coli, we used the tool Orthofinder (Emms, Kelly,
2019) (version 2.5.4), which is able to find orthogroups and
orthologs. Centroids data was taken as a reference. We assign
functions of E. coli reference genes to all the Oxalobacteraceae
sequences that fall into the same orthologous group.

The gene cluster is defined as a set of genes involved in a
common metabolic pathway located within the genomic region

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 8


https://www.genome.jp/pathway/ecoi00541
https://www.genome.jp/pathway/ecoi00541

C.O. ApoHHMKOBA
A.C. Komunccapos, M.1. Kyuyp

0f 27,000 bp in length (Cimermancic et al., 2014). However,
another important parameter for our definition is genes on
borders. Thus, for an array of three genes, if genes on the
borders of the set coincide, we also define this set as a cluster.
A more detailed investigation of the obtained gene clusters
with respect to their structure, function and sequence similarity
was conducted using eggNOG and BLAST (v.2.5.0+) tools.

Verification of the identified candidate genes was performed
via functional Pfam domains search (Supplementary Mate-
rials, Table S4). Lists of domains were obtained manually,
from (Iguchi et al., 2015; Pereira et al., 2015). The HMMER
software hmmer.org version 3.3.2 allowed the detection of
those domains in FASTA amino acid sequences of all ge-
nomes. Some genes were checked manually using online
Pfam sequence search https://pfam.xfam.org (Mistry et al.,
2021). Characterization of genes shown to be uninvolved in
O-antigen biosynthesis processes was performed using KEGG
databases (Kanehisa, 2000).

Phylogenetic tree reconstruction. Phylogenetic tree was
constructed to explore evolutionary relationships between
the chosen Oxalobacteraceae taxa. Several species of the
Burkholderaceae family were selected to create an outgroup
(Burkholderia sordidicola, B. unamae, B. symbiotica, Ral-
stonia pickettii, Cupriavidus necator). 16S rRNA sequences
for 13 Oxalobacteraceae species were derived from published
papers (Lim et al., 2003; Caballero-Mellado et al., 2004;
Zhang et al., 2006; Sheu et al., 2012; Baldani et al., 2014; Koh
et al., 2017; Daniel et al., 2021; Jung et al., 2021). Barrnap
version 0.9 (RRID:SCR_015995) was used for seven other
genomes (C. arenae, C. fungivorans, J. agaricidamnosum,
J. lividum, J. svalbardensis, M. timonae, O. flavum) to derive
16S rRNA sequences (Supplementary Materials, Table S5).

16S rRNA sequences were aligned using R-coffee, the
T-coffee web-server RNA sequences alignment tool (Notre-
dame et al., 2000). This tool takes into consideration the RNA
secondary structure. Default multiple alignment options were
chosen. The resulting alignment was used for constructing a
phylogenetic tree using IQ-TREE web server (Nguyen et al.,
2015). DNA was selected for sequence type, other options
remained default. The best-fit model was TN+F+I+G4, the tree
constructed with the Maximum likelihood method. Consensus
tree was constructed from 1000 bootstrap trees and branch
lengths were optimized by Maximum likelihood on original
alignment. The results were visualized using Archaeopteryx
0.9928 (Han, Zmasek, 2009).

Gene clusters visualization. To visualize the found clusters
we developed a Python script based on the DnaFeaturesViewer
library (https://edinburgh-genome-foundry.github.io/DnaFea-
tures Viewer/index.html#more-biology-software). The code
is available on this page https://github.com/svetaafonnikova/
O-antigen-project/blob/main/draw_cluster.py. All steps of the
data analysis algorithm are schematically depicted in Fig. 1.

Results

Assembly quality characterization

Out of all 20 assemblies, 15 were at the level of complete
genomes. M. timonae assembly consisted of a single contig
with N50 equal to the length of this contig. Two assemblies
contained plasmid sequences (M. putida and M. violacei-
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Fig. 1. Schematic representation of the data analysis algorithm used
in the current study.

nigra). Another pair, O. faecigallinarum and O. flavum, con-
tained ten and nine contigs, respectively.

Using IGV (v. 2.11.1) (Robinson et al., 2011) we con-
firmed that the identified O-antigen gene clusters were not
located on plasmid fragments in case of plasmid containing
genome assemblies. Secondly, O-antigen gene clusters were
not situated on the borders of contigs, thus any breaks inside
clusters were excluded.

Description of gene clusters

In general, almost all of the analyzed species contained more
than two O-antigen gene clusters. These clusters are scattered
around the genome and include not only O-polysaccharide
genes, but genes of other functions. The visualization for all
20 species can be found in Supplementary Materials, Fig. S1.
In the text below, we will describe these clusters for each
genus used in the study.

Collimonas. In both C. arenae and C. fungivorans we
detected O-antigen ligase gene rfal (or waal) immediately
adjacent to ga/E gene involved in nucleotide sugar synthe-
sis. In addition, both genomes contain wzm and wzt genes.
Furthermore, they share the same cluster with manB and
wfaK on borders. All genes and their order coincide except
one glycosyltransferase gene wbasS, absent in C. fungivorans.

Regarding other differences, the former species consists of
three clusters, the latter consists of four. One of C. fungivorans
clusters contains O-antigen unit synthesis (rmd, gmd, manC),
processing genes (wzm, wzt) and a triplet of glycosyltransfe-
rase gene whaX. Remarkably, in C. arenae these processing
and unit synthesis genes are included in a single cluster with
rfbABCD and manB genes on the borders.

Herminiimonas. According to our analysis, H. arsenitoxi-
dans genome possesses three O-antigen gene clusters, with
rfal gene located outside all of them without any OPS genes
beside. Regarding genes involved in processing, only wzx was
observed. There are duplication instances for L-Rhamnose
biosynthesis gene rfbD, sugar transferase genes wbaT and
wbaS. One cluster contains a rather small number of genes
we are interested in compared to not O-antigen ones. These
unnecessary for OPS production genes partake in phosphate
metabolism.

Janthinobacterium. J. lividum carries two clusters and
J. agaricidamnosum comprises three gene clusters involved

KOMMbIOTEPHAA TEHOMUKA / COMPUTATIONAL GENOMICS 813


http://hmmer.org
https://pfam.xfam.org/search#tabview=tab0
https://edinburgh-genome-foundry.github.io/DnaFeaturesViewer/index.html#more-biology-software
https://edinburgh-genome-foundry.github.io/DnaFeaturesViewer/index.html#more-biology-software
https://github.com/svetaafonnikova/O-antigen-project/blob/main/draw_cluster.py
https://github.com/svetaafonnikova/O-antigen-project/blob/main/draw_cluster.py

S.D. Afonnikova
A.S. Komissarov, P.D. Kuchur

Unique or not unique? Comparative genetic analysis
of bacterial O-antigens from the Oxalobacteraceae family

Massilia albidiflava
rmd
gmd { whaX > whbaY >
287,500 288,000 288,500 289,000 289,500 290,000 290,500 291,000
hns |
D S - N oy~ S T R D on 3
544,800 545,600 546,400 547,200 548,000 548,800 549,600 550,400 551,200
< S .
690,400 691,200 692,000 692,800 693,600 694,400 695,200 696,000 696,800
<
730,000 730,250 730,500 730,750 731,000 731,250 731,500 731,750 732,000
manC galE mnaA - K - whgA
5,015,500 5,017,000 5,018,500 5,020,000 5,021,500 5,023,000 5,024,500
| whdH |
6,688,000 6,689,500 6,691,000 6,692,500 6,694,000 6,695,500 6,697,000 6,698,500 6,700,000

Oxalobacter formigenes

‘ rfbA ‘

| | | | |
1,122,500 1,125,000 1,127,500 1,130,000 1,132,500

Fig. 2. The O-antigen gene clusters from M. albidiflava and O. formigenes. Unannotated genes are designated as
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Colors code for biosynthetic pathways. Orange genes are involved in Wzx/Wzy pathway, violet are involved in Wzm/Wzt pathway, rose
genes partake in dTDP-sugar pathway, dark green, in UDP-sugar pathway, brown, in GDP-sugar pathway, rfal gene is coded in red.
UDP-N-Acetylglucosamine genes are blue, and transferase genes are light green. Genes involved in other pathways are white. The

complete graphical visualization of OPS gene clusters for other analyzed species can be found in Supplementary Materials, Fig. S1.

in O-antigen synthesis, whereas J. svalbardensis and J. truc-
tae include four. The latter two share identical clusters with
UDP-N-acetylglucosamine pathway, wbgA4 and whgB on the
one end and glycosyltransferase gene wbdH on the other.
All but J. agaricidamnosum have duplications of rfbABCD
genes. All four genes are duplicated in J. /ividum and J. sval-
bardensis, J. tructae possesses three copies of 7fbA and rfbB.
Furthermore, the J. tructae cluster with rfbBA and fnlA borders
is almost similar to a part of another larger O-antigen gene
cluster. In J. lividum and J. svalbardensis we found a common
OPS related gene cluster flanked by wbgB and wbhQ. This
gene set includes dTDP-glucose pathway genes rfbABCD and
vioA. Still, the latter species has glycosyltransferase wbaS
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next to wbgB, which J. lividum lacks in this position. To add,
wzx gene was located after vioA4 in J. lividum, however, we
didn’t observe any significant domains for J. svalbardensis in
that position. The O-antigen ligase was observed in all genus
members. It lies far from any depicted cluster.

Considering genes not included in our initial gene list, there
are genes involved in LPS core synthesis (waaD), polysac-
charide transport gene (wza), genes characteristic to O-antigen
production in other bacteria species (7/bG, rfbF).

Massilia. According to our analysis, Massilia is the genus
with the highest number of O-antigen gene clusters. M. oculi
has six clusters, M. flava, M. umbonata and M. violaceinigra
possess only four and others contain five clusters (Fig. 2).
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We observed some patterns in gene clusters between spe-
cies. All Massilia species carry the gmd rmd wbaX wbaY
(in exact order) cluster. Only in M. oculi and M. timonae
rfbBDAC genes (order in cluster) are presented as an in-
dependent cluster. In other genomes, these genes are sur-
rounded by various O-antigen related genes. The same cluster
with rfbBACD (order in cluster) genes and manB occurs in
M. violaceinigra, M. plicata, M. flava, M. armeniaca and
M. albidiflava. A single gene unrelated to O-antigen produc-
tion is DNA-binding protein gene Ans.

To add more similarity between M. oculi and M. timonae,
they possess identical clusters consisting of wbrW, wbdH,
wbqB, ugd on the one end and wzx on the other end. Genes
located among them partake in infection initiation (espH),
amino acid biosynthesis (asnB1), acyl-CoA and fatty acids
biosynthesis ( fadD).

In all assemblies, we observed wzm and wzt genes. Most
of the species contain these genes in the order wzm, wzt,
unannotated gene and wbaX. The group with such a set
includes M. albidiflava, M. armeniaca, M. oculi, M. putida,
M. plicata, and M. timonae. Another gene context is larger,
the cluster is flanked by wzm/wzt and vio4. Between them are
two glycosyltransferase genes wbaX with different lengths,
unannotated genes and g#B. The latter is a viral gene, and
it can actually modify O-antigen structure. However, it was
not described for the E. coli OPS gene cluster. Finally, in
M. violaceinigra we found a unique set (not O-antigen bio-
synthesis gene cluster by our definition) of OPS processing
genes and wbaX. There are three unannotated genes and
two wzt. For the one beside wzm we didn’t verify a specific
domain, it was indicated as a gene not involved in O-antigen
synthesis. The domain structure for wz¢ laying further from
wzt was proved.

One of M. armeniaca clusters contains a full cluster de-
scribed for M. plicata. It starts with mnaA, proceeds with wbri
and three copies of wbdH. In the former species, wzx with
unannotated genes is added after the third wbdH. M. umbonata
shares the most part of this cluster with M. armeniaca, except
it lacks mnaA at the beginning. All genomes except M. plicata
include the galE, hddC and manC part in the exact order in
one cluster per genome.

Considering O-antigen ligase gene rfaL, in M. albidiflava,
M. oculi, M. plicata, M. timonae and M. violaceinigra this
gene is located next to wbasS. The rest of the species contain
rfaL outside O-antigen clusters.

It can be noticed that some genes, for instance, wbasS, rfbA
and rfbB, mnaA, wbdH, are presented in two or more copies
in genomes.

Oxalicibacterium. Three clusters were identified for each
species of the Oxalicibacterium genus. They share a cluster
flanked by wfaK and manC. Their content slightly diverges
from each other. O. flavum has more genes, including an ad-
ditional O-antigen related gene ugd. The OPS ligase gene rfal
was identified in both assemblies, however, they are located
in different contexts.

Oppositely to O. flavum, O. faecigallinarum carries UDP-
N-Acetylglucosamine pathway genes ( fnlA, fnlB, mnaA, gne,
wbgB). On top of'it, in the O. faecigallinarum we could locate
duplications of the rfbABCD part, lying in discrete clusters
and ordered in a different manner. However, /bD gene in the

CpaBHUTENbHbIN reHETUYECKNIA aHanu3 O-aHTUreHoB 6akTepuin 2022
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bigger cluster is rather dubious, the smaller length compared
to other 7/bD instances adds more uncertainty. We did not find
this gene using Orthofinder analysis, although there is a Pfam
domain corresponding to typical 76D (RmID _sub_bind) and
it was annotated as 7fbD by EggNOG.

We could detect wz#/wzm genes only in O. flavum assem-
bly. The second species probably either does not carry these
genes or they can be located outside clusters in unread spaces
between contigs.

Oxalobacter. For O. formigenes we identified a single
OPS cluster carrying dTDP-sugar pathway genes rfbABCD
and vio4 and UDP-glucose synthesis gene ga/E. The rest of
the genes in the cluster are involved in nucleotide metabo-
lism and cofactor synthesis. Also, any O-antigen processing
genes were undiscovered. We couldn’t detect rfal gene in
the given assembly. Moreover, even NCBI databases don’t
have any information considering this gene or protein in the
Oxalobacter genus.

Undibacterium. For U. parvum two clusters were identified,
wzt and wzm genes, were located outside them. Interestingly,
wzt gene is smaller in comparison to this gene’s length in other
Oxalobacteraceae species. Typical of them, wzt is longer than
wzm by approximately 400 bp. In contrast, U. parvum s wzt is
almost the same size as wzm. Using Pfam service, the gene’s
domain (ABC _tran) was verified.

Both clusters possess transferase and nucleotide sugar
genes. Most spaces between OPS synthesis genes are unanno-
tated genes, except dyp (peroxidase) and ansA (asparaginase)
genes. The cluster carrying rfbABCD genes has a copy of
manC gene and two whaX genes, which have different sizes.

Phylogenetic tree

The phylogenetic dendrogram based on 16S rRNA showed
that the chosen species clustered together considering their
genera (Fig. 3). There had been no study including all species
and their exact strains used in the current work. Therefore,
we could compare only some clades of the tree. Similar to
other studies, the first species to branch off is Oxalobacter
species. Contrary to literature reports, our tree has a distinct
Oxalicibacterium group and Collimonas with the rest of the
species of the Oxalobacteraceae family (Baldani et al., 2014).
However, the bootstrap support is rather small at this node.
The Janthinobacterium group formation coincided with other
papers (Jung et al., 2021). Some Massilia species clustered
according to literature (Feng et al., 2016; Ren et al., 2018).
Also, we obtained an unresolved node between M. armeniaca
and M. plicata. The gene lengths used in the analysis varied
between 1400 and 1500 bp for most cases (see Supplementary
Materials, Table S5).

Discussion

In this work, we determined candidate genes involved in
O-antigen biosynthesis in bacteria from the Oxalobacteraceae
family. In comparison to well-studied E. coli O-antigen genes,
they are presented in the form of several clusters. A similar
situation has already been described for non-model bacteria
(Hug et al., 2010). These clusters are dispersed across the
genome. Clusters include O-antigen genes together with ad-
ditional genes, which are necessary for LPS biosynthesis (for
example, for core part synthesis and LPS parts binding) or
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Fig. 3. Phylogenetic reconstruction of Oxalobacterceae family members selected for the study based on 16S rRNA and created using Maximum

likelihood method.

The consensus tree was obtained from 1000 bootstrap trees. The sequence data is described in Supplementary Materials, Table S3.

partake in other processes. The E. coli O-antigen gene cluster
was studied by traditional laboratory methods, in particular,
by PCR (DebRoy et al., 2011; Iguchi et al., 2015). These me-
thods aim to detect specific genes, whereas in silico methods
take into account the gene environment. In other words, they
allow structures to be studied at the cluster level. Thus, our
approach helps to expand understanding of the O-antigen
genetic composition in bacterial genomes.

During OPS genetic structure comparison, we identified
common features presented in all species inside the Oxalobac-
teraceae family. In particular, the group of /bABCD genes was
detected in each bacterium. The order of these genes varies,
however, they are always placed together in one cluster. No
one gene has deletions, nonsense mutations and other sequence
abnormalities. According to the results, the studied bacteria
should have a correct dTDP-rhamnose synthesis.

More similarities were found within each genus. These
similarities relate mainly to individual genes or pairs of genes.
A possible explanation lies in the high level of variability of
O-antigens and the rate of bacterial mutations. O-antigens
undergo changes so frequently that most of the similarities
occur at the species or lower levels rather than at the genus
or family level (Liu et al., 2008).

In 13 bacteria species, wzm and wzt genes were detected.
We consider the Wzm-Wzt transporters pathway as the main
path of O-antigen biosynthesis in this case (Wang et al., 2010).
Wzx-Wzy pathway was not confirmed due to the absence of
wzy genes.

Another interesting finding concerns gene duplication. The
most repetitive genes were identified in Massilia species (see
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Fig. 2). Its O-antigens clusters may contain up to three copies
of the same gene. We suggest two possible explanations. The
first one is related to the biological features of LPS. The same
gene can provide the synthesis of several parts of LPS. The
appearance of additional gene copies can increase the amount
of protein in the cell or maintain its level in case one of the
gene copies is broken. The second explanation is linked with
an algorithm of O-antigen genes search. In our approach,
genes are detected according to the principle of homology,
so similar genes can be assigned the same name.

Symbiotic bacteria Oxalobacter formigenes lacks O-antigen
ligase gene (waal) in O-antigen clusters, which may indicate
the absence of O-antigen. The lack of the mentioned structure
was discussed by J.K. Kim et al. (2016) for Burkholderia
bacteria species. With our results, we confirm the possibility
of loss of O-antigen genes in symbiotic bacterial species.

Conclusion

Overall, the findings of this study indicate differences of non-
model bacteria from the model one by the example of the
Oxalobacteraceae family. We suggest that the characterized
OPS gene cluster composition is atypical. So far, most papers,
which explored these genes for other bacteria, described only
a single gene cluster. The O-antigen genetics of non-model
bacteria is highly diverse, which is proved by the bioinfor-
matic approach. The search for homologous sequences allows
us to expand and deepen our understanding of gene clusters
involved in O-antigen biosynthesis. Further investigation of
the Oxalobacteraceae O-antigen genetic composition can be
confirmed by laboratory methods.
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