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ABSTRACT

Corynebacterium pseudotuberculosis is a pathogenic bacterium with great veterinary and economic
importance. It is classified into two biovars: ovis, nitrate-negative, that causes lymphadenitis in small
ruminants and equi, nitrate-positive, causing ulcerative lymphangitis in equines. With the explosive
growth of available genomes of several strains, pan-genome analysis has opened new opportunities
for understanding the dynamics and evolution of C. pseudotuberculosis. However, few pan-genomic
studies have compared biovars equi and ovis. Such studies have considered a reduced number of
strains and compared entire genomes. Here we conducted an original pan-genome analysis based on
protein sequences and their functional domains. We considered 53 C. pseudotuberculosis strains from
both biovars isolated from different hosts and countries. We have analysed conserved domains, com-
mon domains more frequently found in each biovar and biovar-specific (unique) domains. Our results
demonstrated that biovar equi is more variable; there is a significant difference in the number of pro-
teins per strains, probably indicating the occurrence of more gene loss/gain events. Moreover, strains
of biovar equi presented a higher number of biovar-specific domains, 77 against only eight in biovar
ovis, most of them are associated with virulence mechanisms. With this domain analysis, we have iden-
tified functional differences among strains of biovars ovis and equi that could be related to niche-
adaptation and probably help to better understanding mechanisms of virulence and pathogenesis.
The distribution patterns of functional domains identified in this work might have impacts on bacterial
physiology and lifestyle, encouraging the development of new diagnoses, vaccines, and treatments for
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Introduction

The gram-positive and intracellular bacterium
Corynebacterium pseudotuberculosis (C. pseudotuberculosis)
has veterinary and medical relevances. It belongs to the
Corynebacterium, Mycobacterium, Nocardia, and Rhodococcus
group of the actinobacteria phylum (Baird & Fontaine, 2007;
Dorella et al., 2006). These bacteria have specific features in
common, such as high DNA G+ C content and a specific
organization of the cell wall (Dorella et al., 2006). The genus
Corynebacterium is composed of pathogenic species such as
C.  pseudotuberculosis  (Dorella et al, 2006) and
Corynebacterium diphtheriae (Cerdeno-Tarraga et al., 2003),
opportunistic pathogens such as Corynebacterium jeikeium
(Tauch et al, 2005) and non-pathogenic species such as
Corynebacterium glutamicum (Kalinowski et al., 2003).

C. pseudotuberculosis causes significant economic loss to
animal production all over the world due to reduced produc-
tion of wool, milk and meat, carcass condemnation, as well

as the death of infected animals (Almeida et al., 2016;
Dorella et al., 2006; Trost et al, 2010). C. pseudotuberculosis
can also affect humans, causing distinct types of lymphaden-
itis. Contamination occurs through contact with infected ani-
mals and consumption of infected food (Dorella et al., 2006;
Peel et al, 1997; Trost et al, 2010). C. pseudotuberculosis
strains are classified into two biovars depending on host
preference and nitrate reduction: ovis and equi. Biovar ovis
(nitrate negative) is the causative agent of Caseous
Lymphadenitis (CLA), a chronic disease affecting goats and
sheep (Baird & Fontaine, 2007; Williamson, 2001). C. pseudo-
tuberculosis biovar ovis has been isolated from cattle
(Yeruham et al., 2004), camels (Hawari, 2008), and humans
(Baird & Fontaine, 2007; Heggelund et al., 2015; Trost et al.,
2010). Since 1960s CLA has also been reported in wildlife
species as aardvark (Orycteropus afer) (Roth & Vickers, 1966),
pronghorn antelope (Antilocapra americana) (Clark et al,
1972), white-tailed deer (Odocoilecus virginianus) (Stauber
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et al., 1973), cheetah (Acinonyx jubatus) (Boomker & Henton,
1980), alpine chamois (Rupicapra r. rupicapra) (Bassano et al.,
1993), fallow deer (Dama dama) (Perez et al., 1996), alpine
ibex (Capra ibex) (Silinski & Walzer, 2004), Arabian oryx (Oryx
leucorix) (Tarello & Theneyan, 2008), elk (Cervus canadensis
nelsoni) (Jane Kelly et al., 2012), spanish ibex (Capra pyrena-
ica) (Colom-Cadena et al., 2014), red deer (Cervus elaphus)
(Matos et al., 2015), white-tailed gnu (Connochaetes gnou)
(Mdaller et al, 2011), and huemul (Hippocamelus bisulcus)
(Morales et al., 2017). On the other hand, isolates from the
biovar equi (nitrate positive) can manifest in several forms;
Oedematous Skin Disease (OSD) in buffaloes (Selim, 2001)
and ulcerative lymphangitis abscesses in internal organs as
well as external abscesses in equines (Britz et al., 2014; Foley
et al., 2004; Spier & Azevedo, 2017). Equi isolates have also
been found in cattle (Yeruham et al, 1996, 2004), camels
(Tejedor-Junco et al., 2008) and chamois (Domenis et al,
2018), with different manifestation in each host species.
Biovar ovis has never been found in horses or buffalo and,
no sheep or goats have been infected by any strain belong-
ing to the biovar equi (Viana et al., 2018).

Strains of biovar equi and ovis present a significant vari-
ation in their molecular characteristics. Pan-genomic studies
have helped to reveal the content, organisation and the evo-
lution of C. pseudotuberculosis genomes (Oliveira et al., 2016;
Soares et al, 2013; Viana et al,, 2017). So far, such studies
did not assign the different symptoms of C. pseudotuberculo-
sis infections to specific genes or proteins. Since protein
domains are responsible for a particular function or inter-
action and contribute to the overall function of a protein, we
have investigated if a comparative pan-genomic analysis of
C. pseudotuberculosis strains, based on functional domains,
could explain the differences of the phenotype reported in
C. pseudotuberculosis biovars. Studies identified genotypic
and phenotypic modifications responsible to differentiate
biovar ovis and equi as nitrate reduction, changes in serotype
and diseases manifestation, and pathogenicity islands that
are specific for each biovar (Barakat et al., 1984; Biberstein
et al.,, 1971; Oliveira et al., 2016; Soares et al., 2013). With
domain analysis, we aimed to identify functional differences
among strains of biovars ovis and equi. For that, we com-
paratively analysed the complete genome sequences of 53 C.
pseudotuberculosis strains (25 from biovar ovis and 28 from
biovar equi) isolated from different hosts and different coun-
tries. Domain sequences and domain properties that are dif-
ferent in both biovars have been highlighted, shedding light
on their potential of infection in different animals. We also
analyzed conserved and abundant domains shared by bio-
vars equi and ovis, as well as, specific/unique domains exclu-
sively found in each biovar.

Results and discussion

The main goal of pan-genome studies is to perform a gen-
ome comparison of different strains of the same species.
With the explosive growth of available bacterial genomes,
pan-genome analysis has opened new opportunities for
understanding the dynamics and evolution of bacterial
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genomes, mainly the pathogenic ones. Here we performed
an original pan-genomic analysis of 53 C. pseudotuberculosis
strains focusing on their functional domains. Domain com-
parisons play an important role in comparative genomics but
have been poorly explored in pan-genomics studies (Snipen
& Ussery, 2012). We analysed protein/domain properties of
strains in both biovars (equi and ovis) by searching for some
divergence and biovar specific-domains.

Proteins and domain identification

A total of 53 completed genomes of C. pseudotuberculosis
strains were chosen: 25 strains represent the biovar ovis,
which were isolated from Ovies aries (sheep), Capra aegagrus
hircus (goat), Lama glama (llama), and Connochaetes taurinus
(wildebeest) and other 28 strains represent biovar equi, iso-
lated from Equus caballus (horse), Camelus ferus (camel), Bos
taurus (cattle), and Bubalus bubalis (buffalo). Table 1 shows
the host, country, and the number of proteins for each strain,
and Figure 1 shows their phylogenetic relationships.

The complete phylogenetic tree of Corynebacterium
genus, including the 53 C. pseudotuberculosis strains is shown
in Figure S1, where we clearly observe two initial phylogen-
etic branch that separates C. pseudotuberculosis from other
genus; the tree was generated by Gegenees (Agren et al,
2012), see Methods. The total number of encoded unique
proteins identified in both biovars was 12562 of which 3282
(26.2%) exclusively belong to biovar ovis, 7086 (56.4%) to
biovar equi and, the core proteome is composed of 2194
(17.4%) proteins (Figure 2(A)).

Strains of biovar equi possess more than twice unique
sequences than strains of biovar ovis, probably indicating
more sequence variability in that biovar. To confirm this
hypothesis, an orthologue analysis using EDGAR software
(Blom et al., 2009) was carried out. 1138 orthologous groups
were detected in all strains of both biovars, despite those, 83
orthologous groups are exclusively for strains of biovar ovis
and 266 for strains of biovar equi (Figure 2(B)). This result
confirms lower sequence variability in biovar ovis compared
to biovar equi. The higher diversity of biovar equi can also be
confirmed by observing the number of proteins of each
strain (Figure 3(A) and Table S1). On average, biovar equi
strains contains 2022 proteins while biovar ovis strains con-
tains 2012 proteins. In biovar ovis, the strain with the lowest
number of proteins is P54B96, isolated from C. taurinus in
South Africa with 1950 proteins and the strain with the high-
est number of proteins is 1002, isolated from C. aegagrus hir-
cus in Brazil with 2090 proteins that represents a difference
of 140 proteins between them. In biovar equi, the difference
is much more apparent, the strain with fewer proteins is
1_06-A, isolated from E. caballus, in USA, with 1860 proteins
and the strain having more proteins is 258 with 2126 pro-
teins, also isolated from E. caballus but in Belgium, it makes
a difference of 266 proteins between them. Strains of biovar
ovis have more or less the same number of proteins with the
standard deviation of 26, while in biovar equi we observe an
important variation with a standard deviation of 61 (almost
3-fold higher than biovar ovis), see Table S1.
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Table 1. C. pseudotuberculosis strains general information.

Biovar Equi Biovar Ovis
StrainID Host Country Number of Proteins StrainID Host Country Number of Proteins
262 B. taurus Belgium 2029 PA02 C. a. hircus Brazil 2024
137 B. taurus Israel 2026 T C. a. hircus Brazil 2018
29156 Bovine Israel 2023 1002 C. a. hircus Brazil 2090
119 Bovine Israel 2021 Cp13 C. a. hircus Brazil 2019
38 B. bubalis Egypt 2061 VD57 C. a. hircus Brazil 2012
31 B. bubalis Egypt 2093 1002B C. a. hircus Brazil 2016
39 B. bubalis Egypt 2065 MEX9 C. a. hircus Mexico 2022
43 B. bubalis Egypt 2029 P0222_4-1 C. a. hircus Portugal 2023
32 B. bubalis Egypt 2067 P0269-5 C. a. hircus Portugal 2014
46 B. bubalis Egypt 2026 226 C. a. hircus USA 1960
33 B. bubalis Egypt 2064 Ft_2193_67 C. a. hircus Norway 2017
48 B. bubalis Egypt 2068 cs 10 C. a. hircus Norway 2009
34 B. bubalis Egypt 2073 267 L. glama USA 2031
35 B. bubalis Egypt 2069 PAT10 O. aries Argentina 1983
36 B. bubalis Egypt 2064 42_02-A O. aries Australia 2015
Cp162 C. ferus UK 2031 231 O. aries Brazil 1993
258 E. caballus Belgium 2126 12C O. aries Brazil 2009
CIP_52.97 E. caballus Kenya 2044 PAO1 O. aries Brazil 2030
MEX31 E. caballus Mexico 2058 E56 O. aries Egypt 1992
MEX30 E. caballus Mexico 2008 E55 O. aries Egypt 1992
316 E. caballus USA 1919 N1 O. aries Egypt 2015
MB20 E. caballus USA 1902 MEX25 O. aries Mexico 2014
1_06-A E. caballus USA 1860 MEX29 O. aries Mexico 2030
E19 E. caballus Chile 2037 3_99-5 O. aries Scotland 2017
MB11 E. caballus USA 1928 P54B96 C. taurinus South Africa 1950
MB14 E. caballus USA 1965
MB30 E. caballus USA 1994
MB66 E. caballus USA 1961

Cor ium is strain VD57

Corynebacterium pseudotuberculosis strain Cp13
Corynebacterium pseudotuberculosis strain T1
Cor ium is strain 12C
Corynebacterium pseudotuberculosis strain CS_10
Corynebacterium pseudotuberculosis strain Ft_2193 67
Corynebacterium pseudotuberculosis strain PO222 4 1
Corynebacterium pseudotuberculosis 3 99 5
—{ Corynebacterium pseudotuberculosis 1002
L—— Corynebacterium pseudotuberculosis strain 1002B
Corynebacterium pseudotuberculosis strain MEX25
I_{_‘: Corynebacterium pseudotuberculosis strain MEX29
Cor ium is strain 226
|—: Corynebacterium pseudotuberculosis 42_02_A
Corynebacterium pseudotuberculosis P54B96
— Corynebacterium pseudotuberculosis strain PO269_5
—— Corynebacterium pseudotuberculosis strain MEX9

Cor ium strain PA02

Cor im PAT10
r—{ Corynebacterium pseudotuberculosis strain N1

—— Corynebacterium pseudotuberculosis strain PAOL
i is 267

or
— Corynebacterium pseudotuberculosis strain E56

L——{ Corynebacterium pseudotuberculosis strain E55
or ium i

orynebacterium pseudotuberculosis CIP 52.97
3 Corynebacterium pseudotuberculosis 258

Cory jum p is strain E19
4 Cor ium is strain MEX31
Corynebacterium pseudotuberculosis strain MB11
Corynebacterium pseudotuberculosis strain MB30
3 Corynebacterium pseudotuberculosis strain MB14

Corynebacterium pseudotuberculosis strain MB66
Cor ium is strain MB20
+ Cor ium p: is strain MEX30

i is 31

Cor
: Corynebacterium pseudotuberculosis strain 36
Corynebacterium pseudotuberculosis strain 48
4 Cor ium is strain 34
Corynebacterium pseudotuberculosis strain 32
Corynebacterium pseudotuberculosis strain 33
Corynebacterium pseudotuberculosis strain 35
' Corynebacterium pseudotuberculosis strain 46
Corynebacterium pseudotuberculosis strain 38
Corynebacterium pseudotuberculosis strain 39
3 Cor ium is strain 43
— Corynebacterium pseudotuberculosis 316
Corynebacterium pseudotuberculosis 1_06_A
— Corynebacterium pseudotuberculosis strain 137

—— Corynebacterium pseudotuberculosis Cp162
Corynebacterium pseudotuberculosis strain 29156

— Corynebacterium pseudotuberculosis 119
1 ]

Cor strain 262

] others

Figure 1. Phylogenomic tree of 25 strains of biovar ovis (solid rectangle), 28 strains of biovar equi (dotted rectangle) and other Corynebacterium species. 168 com-
plete genomes from the Corynebacterium genus were retrieved from the NCBI ftp site. Gegenees software was used to derive a variable content for each genome
and compute a distance matrix based on percentages of similarities. The distance matrix was used to build a phylogenomic tree with SplitsTree and UPGMA
method. Only phylogenetic relationships of C. pseudotuberculosis strains are shown, and other species were grouped in the branch “others”, the complete tree is

found in Figure S1.

Identification of common domains

Functional domains were predicted with CLADE (Bernardes,
Zaverucha, et al.,, 2016) and DAMA (Bernardes, Vieira, et al.,
Pfam domains has

2016), 1694 non-redundant

been

identified, of which 1617 (~95%) are shared by both biovars
demonstrating high domain conservation between them.
Table S2 shows general information of common domains
such as: Pfam domain name, accession number, clan,
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B) Orthologous proteins

Figure 2. Venn diagram representing unique proteins and orthologous proteins for biovars equi and ovis. (A) Unique proteins identified in both biovars and exclu-
sively found in each biovar. (B) Orthologous proteins detected in all strains of both biovars, and exclusively found in each biovar.

A) B)
2150 630 -
2100 1 620 4
] 610 -
] 600
2000 590 1
1950 580 4
] 570
1900 ]
3 560 -
1850 550 1
1800 - ) 540 - )
Equi-Total Ovis-Total Equi-Multi Ovis-Multi
C) D)
320 ,
1210
300 ]
1190
‘ 280 1
1170
1150 260 1
1130 230
1110 220
1090 200 1
1070 1 y , 180 T )

Equi-Single Ovis-Single

Equi-Unkown Ovis-Unkown

Figure 3. Boxes plots representing sequence and domain properties for biovars equi and ovis. (A) Number of proteins per strain, p-value = 2.73E-12. (B) Number
of proteins having at least two domains, p-value = 1.85E-11. (C) Number of proteins annotated with only one domain, p-value = 0.0043. (D) Number of proteins
with no detected domain, p-value = 0.083. We used the t-student statistical analysis to obtain p-values. To highlight the dispersion profile of the boxes we consid-

ered only values between the 1st and 3rd quartiles.

description, GO terms (when available), and the number of
occurrences for each biovar. We split common domains into
three categories: (i) most frequent domains identified in both
biovars; (i) domains mainly identified in strains of biovar
equi and (iii) domains mainly identified in strains of biovar
ovis. For category (i) the focus was on common domains
with more than ten copies per genome (Table S2i). The most

abundant domains are associated to ATPase activity and
transmembrane transport and they were found in all strains
of both biovars with very similar proportion. BPD_transp_1 is
a domain described as bacterial binding protein-dependent
transport system and, is involved in the transmembrane
transport of inorganic ions, amino acids, sugars, large poly-
saccharides or even proteins (Higgins et al., 1990). Strains of
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biovar equi possess on average of 28 copies of BPD_transp_1
domain, while in strains of biovar ovis the average is around
26 copies. Another abundant domain is ABC_ATPase; it
belongs to the ABC transport clan (accession number
CL0023) that was the most frequent clan found in C. pseudo-
tuberculosis strains. ATP-binding cassete (ABC) systems are
universally distributed among living organisms and it works
in many different aspects of bacterial physiology. These
transmembrane proteins are involved in the export or import
of a wide variety of substrates ranging from small ions to
macromolecules (Davidson et al., 2008). A high number of
copies of ABC_ATPase domain were found in both biovars,
being this domain more frequent in strains of biovar ovis, 30
copies against 26 in biovar equi. The third most abundant
domain is ABC_tran that is associated to ABC_ATPase and
belong to the clan CL0023. A mean of 20 copies of ABC_tran
domain are present in strains of both biovars. Other domains
found in biovar ovis and biovar equi that are also related to
ATP binding activity and membrane transport are AAA_21,
cystathionine beta synthase (CBS) and major facilitator super-
family (MFS) domain (Kemp, 2004; Reddy et al., 2012).

Two abundant domains, FecCD and ZnuA, are associated
to high-affinity zinc uptake system and iron-citrate transport
proteins in the cytoplasmic membrane, respectively. FecCD
domain is required in periplasmic-binding-protein-dependent
transport mechanism for iron citrate transport (Staudenmaier
et al, 1989). Iron acquisition is one of the most important
factors for bacterial survival during infection in the host
environment (Brown & Holden, 2002). In C. pseudotuberculosis
the iron uptake is mainly regulated by the diphtheria toxin
repressor (DtxR) that modulates the expression of sidero-
phores and other compounds in the iron acquisition pathway
(Rodriguez & Smith, 2003; Xu et al, 1994). On average, 11
copies of FecCD domain were detected in all strains of both
biovars. ZnuA domain, described as Zinc-uptake complex
component and associated with metal ion transport, was
found ten times in each proteome of both biovars. Zinc
serves as an essential cofactor for many enzymes involved in
diverse biological processes but can be toxic at high concen-
trations. Cells regulate the uptake, distribution and excretion
of zinc through several systems, including the Zn*"-specific
uptake system (Znu). Znu domain belongs to the ATP-bind-
ing cassette (ABC) transporter family (Lee & Helmann, 2007;
Schroder et al., 2010). C. pseudotuberculosis genomes encode
for a copper, zinc- dependent superoxide dismutase (SodC)
protective enzyme, where zinc is necessary for the proper
activity of the protein. SodC is anchored in the cell mem-
brane (Trost et al., 2010) and the extracellular location of this
enzyme suggests that it may protect the surface of C. pseu-
dotuberculosis cells against superoxide generated externally
by the mammalian host cells (Trost et al., 2010). The protect-
ive activity of SodC is continuously associated with virulence
in C. pseudotuberculosis and other bacteria such as Neisseria
meningitidis and Haemophilus ducreyi (Santana-Jorge et al,
2016; Trost et al., 2010). Another abundant domain identified
in biovar ovis and biovar equi is helicase_C, a domain found
in a wide variety of DEAD-box RNA helicase proteins. These
enzymes are involved in many critical aspects of RNA

metabolism within eukaryotic and prokaryotic organisms.
Several studies have shown that these proteins play a key
role in mediating microbial pathogenesis and virulence
(Heung & Del Poeta, 2005).

Category (ii) clusters the most prominent domains (eight
in total) detected in strains of biovar equi, see Table S2ii.
ILVD_EDD domain belongs to the dehydratase family, which
is a group of lyase enzymes, forming double and triple
bonds. There are more than 150 different dehydratase
enzymes (Cook et al, 1992), making it difficult to assign a
specific function in C. pseudotuberculosis. The ILVD_EDD
domain is present in all strains of biovar equi, but in only 11
strains of biovar ovis, note that only one copy of ILVD_EDD
was found in the proteome of both biovars. UvrD_C_2
domain, described as UvrD-like helicase C- terminal domain,
was found in 25 strains of biovar equi, and just in one strain
of biovar ovis. This domain is often found in proteins with a
helicase activity. They are tightly integrated (or coupled)
components of various macromolecular complexes, which
are involved in DNA replication, recombination, and nucleo-
tide excision repair, as well as RNA transcription and splicing
(Gwynn et al, 2013). The Soluble-Ligand-Binding f-grasp
(SLBB) are known or predicted to bind soluble ligands, like
cobalamin or carbohydrates (Burroughs et al., 2007), and is
presented in 24 strains of biovar equi.

The most abundant domains observed in strains of biovar
ovis, category (iii), present a higher frequency when compared
to biovar equi, for instance, Glyco_hydro_15 domain is present
in all strains of biovar ovis against only six for biovar equi
(Table S2iii). Note that two copies of Glyco_hydro_15 were
found in both biovars. Glycoside hydrolases are a widespread
group of enzymes that catalyse the glycosidic linkage between
two or more carbohydrates, or between a carbohydrate and a
non-carbohydrate moiety, existing more than 100 different
families. Glycoside hydrolase family 15 comprises enzymes
with several known activities; glucoamylase, alpha-glucosi-
dase, and glucodextranase (Davies & Henrissat, 1995; Henrissat
et al., 1995; Henrissat & Bairoch, 1996). Another example is Cu-
oxidase 2 (multicopper oxidase) domain found in all biovar
ovis strains and only seven strains of biovar equi. Interestingly,
copper is utilised by macrophages to kill pathogenic bacteria
(Achard et al., 2012; Wolschendorf et al., 2011) and, multicop-
per oxidases are important in copper detoxification in many
bacteria and play a crucial role in the virulence of pathogens
(Achard et al, 2010; Rowland & Niederweis, 2013).
Phospholipase D (PLD) domain, which is associated to the
major virulence determinant, was identified in all strains of
both biovars, see line 1104 and 1115 of Table S2i. PLD play a
critical role in dissemination of the bacteria from the site of
infection to the lymph nodes (McKean et al., 2007). The PLD
exotoxin is the trigger to increased vascular permeability
through catalysis that dissociate the sphingomyelin, allowing
the spread of pathogen into a new host (5S4 et al., 2013).

Identification of biovar-specific domains

Remarkable is the difference in the number of biovar-specific
(unique) domains that was identified in both biovars, Table
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Figure 4. Pie charts showing the distribution of biovar-specific (unique) domains. (A) Unique domains found in strains of biovar ovis. (B) Unique domains found in

strains of biovar equi.

S3; Biovar equi possess a very high diversity with 77 unique
domains (Table S3ii) against eight in biovar ovis (Table S3i),
see also Figures 4-6. Unique domains of biovar equi were
grouped according to their protein function defined in the
Pfam database or their GO terms (Table S3iii). Note that nine
unique domains detected in strains of biovar equi were not
considered because they present similar function with those
found in both biovars (Table S3iii). In biovar ovis unique
domains were found in a few number of strains (just five
strains), while in biovar equi half part of unique domains (38/
77 ~50%) was constantly found in at least 20 strains, Table
S3ii - line 44. Figures 5 and 6 show the distribution of the
unique domains according to the strains, country and hosts
of biovars equi and ovis, respectively. A black circle repre-
sents the presence of a domain in a given strain, while a
white circle denotes the absence; strains are grouped by
host. In biovar equi, we observed a significant difference
among strains depending on the hosts and the regions
where the samples were collected. For instance, more unique
domains were revealed in Bubalus bubalis (buffalo) when
compared to Bos taurus (cattle), Equus caballus (horse) and
Camelus ferus (camel).

One of the most abundant domains found in strains of
biovar equi (Figure 5) were related to (CRISPR) associated
proteins - Clustered Regularly Interspaced Short Palindromic
Repeats; among them, Cas_Cas2CT1978 and Cas_Casl
domain were identified in 25 strains of biovar equi, see Table
S3ii. Other frequent unique domains in biovar equi are ace-
tyl/methyl transferase (GCD14 and Acetyltransf_9 domain),
molybdopterin ~ (Mob_synth_C  domain), and phage
(Phage_capsid domain); these domains were detected in 25
strains. The proteins harbour these domains are important
for maintaining cell metabolism and defence mechanisms,
for example, CRISPR associated proteins play a crucial role in
the antiviral protection system of prokaryotes (Barrangou,
2015). The GCD14 domain is part of the tRNA methyltransfer-
ase complex (Anderson et al., 1998) and, Acetyltransf_9

domain is involved in transferase activities like chlorampheni-
col and amino acid acetylation (Caesar et al., 2006; Shaw
et al,, 1979). Molybdopterin is a cofactor and plays an essen-
tial role in the function of molybdoenzymes, such as sulfite
oxidase, nitrate reductase, and dimethyl sulfoxide reductase,
all of which play indispensable roles in bacterial metabolism
(Feirer & Fuqua, 2017). The biological function of bacterial
lipoproteins is mainly ascribed to bacterial cell growth and
triggering the host innate immune response (Nakayama
et al, 2012).

Interestingly, we observe the occurrence of many phage

domains in the strains of biovar equi (Phage_capsid,
Phage_int_SAM_5, Phage_r1t_holin, Phage_Cl_repr,
Sipho_tail, Phage_portal, ANT, Phage_int_SAM_3, and

Phage_GP20); it can be due to lysogenic phage infecting the
teriophage might to control bacterial virulence since several
toxin genes are phage encoded (Wagner & Waldor, 2002).
Furthermore, phages can alter host bacterial properties rele-
vant to all stages of the infectious process, including bacter-
ial adhesion, colonization, invasion, spread through host
tissues, resistance to immune defenses, exotoxin production,
sensitivity to antibiotics, and transmissibility among hosts
(Wagner & Waldor, 2002). The variation in the phage domain
frequency in strains of biovar equi might influence the patho-
teristics of biovar equi strains is the reduction of nitrogen
(Selim, 2001) and respiratory nitrate reductase domains
(Nitr_red_bet_C and Nitr_red_alph_N) were identified in 24
strains of biovar equi. The domain abundances of unique
domains in strains of biovar equi is shown in Table S3ii.
Geographical location seems to play an important role
when comparing unique domains of biovar equi strains
(Figure 5). For instance, all strains from B. bubalis isolated in
Egypt present a very similar domain context; the same for
strains of E. caballus isolated in Mexico. On the other hand,
strains isolated from the same host, but in different countries
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Figure 5. Unique domains of biovar equi. The distribution of biovar equi unique domains according to the strains, country and hosts. A black circle represents the
presence of a domain in a given strain, while a white circle denotes the absence; strains are grouped by host.

present remarkable differences, compare B. taurus strains iso-
lated in Belgium and Israel, and E. caballus strains isolated in
USA, Mexico, Chile and Kenya (Figure 5).

In B. taurus, the strain 262-Belgium presents fewer
domains compared to strain I37-Israel. In 262-Belgium strain,
we highlighted the absence of Transposase and Acetyl meth-
yltransferase, the most abundant domains uniquely detected
in biovar equi. In E. caballus, we highlighted the strains 1_06-
A isolated in USA, on which only one group of unique
domains, those associated to Acetylmethyltransferase func-
tion, was observed. Intriguing, 1_06-A presents the fewest
number of proteins suggesting an important loss of genes
during the evolution. The strain 316 isolated from E. caballus
also presents a different domain context when compared to
other strains of the same host. Note that any unique domain
was found in strains 29156 and 119 both isolated from B. tau-
rus in Israel. The great diversity of unique domains in biovar

equi, when compared to biovar ovis, could be because
unique domains belong to unique proteins. For instance, the
68 unique domains belong to 159 proteins exclusively found
in strains of biovar equi. In addition, these 159 proteins do
not have any orthologous with strains of biovar ovis.

Only nine strains of biovar ovis presented unique
domains (Figure 6 and Table S3i). Unlike the biovar equi,
domain patterns in biovar ovis seem to be related more to
the hosts. For strains isolated from O. aries, two domain
patterns were observed, strains E55 and E56 both isolated
in Egypt, and MEX29 in Mexico, share the domain
DUF2326 with unknown function, while strains N1 isolated
in Equatorial Guinea and PAO1 in Brazil, share the domain
Oxidored_q5_N defined in Pfam as oxidoreductase (NADH-
ubiquinone oxidoreductase). The sodium-pumping NADH
ubiquinone oxidoreductase (Na+-NQR) is the principal ion
pump and the primary entry site for electrons into the
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presence of a domain in a given strain, while a white circle denotes the absence; strains are grouped by host.

respiratory chain of many different types of pathogenic
bacteria. This enzymatic complex creates a transmembrane
gradient of sodium that is used by the cell to sustain ionic
homeostasis, nutrient transport, ATP synthesis, flagellum
rotation and other essential processes (Reyes-Prieto
et al, 2014).

No unique domain was detected in strains of biovar
ovis isolated in Argentina, Australia, Scotland and South
Africa. For the host L. glama just one unique domain was
observed, which is associated to the Metallo-beta-lactamase
function, in the strain 267, isolated in USA. Metallo-f-lacta-
mases are bacterial enzymes that catalyses the hydrolysis
of f-lactam antibiotics like: penicillins, cephalosporins, car-
bapenems, and monobactams. Consequently, these proteins
provide antibiotic resistance for the bacteria (Palzkill, 2013).
From the 12 strains isolated from C. aegagrus hircus only
three strains, which were isolated in Brazil, presented
unique domains. However, they present a very different
domain pattern with only two domains in common:
DUF2326, marked as unknown function, and VRR_NUC that
is associated with members of the PD-(D/E)XK nuclease
superfamily, which constitute a large and diverse superfam-
ily of enzymes involved in numerous nucleic acid cleavage
events essential for various cellular processes (Kinch
et al., 2005).

Conclusion

Corynebacterium pseudotuberculosis is a veterinary pathogenic
bacterium with a worldwide distribution and considerable
economic importance. The bacterium has been identified in
Europe, Australia, North and South America, Africa, and the
Middle East. It infects a variety of hosts, including camelids,
cattle, horses, buffaloes, wild ruminants and humans. Once
successfully established within the host, this pathogen will
easily evade the immune system causing chronic infections
in most cases. C. pseudotuberculosis strains are classified into
two biovars depending on host preference and nitrate reduc-
tion. Biovar ovis (nitrate negative) causes CLA, a disease that
affects the lymphatic system, resulting in abscesses in the
lymph nodes and internal organs. Biovar equi (nitrate posi-
tive) causes many infections, such as ulcerative lymphangitis,
which mainly affects horses, resulting in significant losses to
agribusinesses. The availability of the genome for several
strains of both biovars opens new opportunities to identify
novel gene sequences (functional domains) that may encode
virulence factors. Here we have conducted an original pan-
genome study centered in domain comparisons rather than
in the whole genome data as usually done in classical pan-
genome studies. Domains are often linked to protein func-
tion, and several works demonstrated a close relationship
between domain content and functional repertoire of a
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genome. We have compared domain functional annotations
of 28 strains of biovar equi against 25 strains of biovar ovis,
focusing on domain conservation/variations and domain con-
tent of all proteins in both biovars.

We observed a more significant variation in the number
of proteins per strain in biovar equi (Figure 3(A) and Table
S1) probably indicating more gain or loss gene events. 88%
of the coding genes of both biovars contained one or more
Pfam domains; 30% of proteins are multi-domain (Figure
3(B)), while single domain proteins were the most abundant
protein type with a percentage of 58% (Figure 3(C)); no-
domain proteins account for 12% of proteins on average
(Figure 3(D)). Strains of biovar equi present a higher number
of biovar-specific (unique) domains, 77 against only 8 in bio-
var ovis (Figures 5 and 6), in biovar ovis, unique domains
were simultaneously found in few strains (just nine), while in
biovar equi half part of unique domains (39/77 ~50%) was
constantly found in more than 20 strains, see line 44 in S3ii.
For both biovars, the number of unique domains varies
according to the host type and their geographic locations. In
strains of biovar equi, most of biovar-specific domains play a
role in the virulence mechanism and immune response such
as CRISPR, phage domains, GCD14, etc. In biovar ovis, the
most observed unique domain was DUF2326, an uncharac-
terized domain detected in five strains.

Domain characterisation of biovar equi and biovar ovis is
important for achieving a better understanding of C. pseudo-
tuberculosis, once it might pinpoint relevant features not yet
identified. This characteristic enables different strains to sur-
vive in diverse environmental niches. Our results could pro-
vide a better understanding of this organism and its
mechanisms of virulence and pathogenesis, as well as to
help in develop new diagnoses, vaccines, and treatments.

Material and methods

In this section, we describe methods and tools used to per-
form a pan-genomic analysis based on functional domains of
C. pseudotuberculosis strains (biovars ovis and equi). Such
analyses estimate the functional domain content of C. pseu-
dotuberculosis strains. For that, we first downloaded a set of
strains genome sequences isolated from different hosts in
several countries. Next, we performed sophisticated annota-
tion tools to obtain as many as possible domain regions for
each protein of all strains. To enrich the analyses, we also
identified orthologous groups and the most specific Gene
Ontology terms.

Genome sequences

The complete genomes of 53C. pseudotuberculosis strains
were downloaded from the NCBI database (http://www.ncbi.
nim.nih.gov/genbank/ in January 2017); 25 strains belong to
biovar ovis and 28 to biovar equi. Strains of biovar ovis were
isolated from Ovies aries (sheep), Capra aegagrus hircus
(goat), Lama glama (llama), and Connochaetes taurinus
(wildebeest), while strains of biovar equi from Equus caballus
(horse), Camelus ferus (camel), Bos taurus (cattle), and Bubalus

bubalis (buffalo). The strains originate from several countries:
USA, Mexico, Chile, Argentina, Brazil, Israel, Egypt, Kenya,
Equatorial Guinea, Belgium, Portugal, Scotland, Norway, and
Australia. Table 1 shows host, country, and number of pro-
teins for each strain.

Domain annotation

Domain fusion/shuffling is one of the most critical events in
the evolution of proteins (Ye & Godzik, 2004). The majority
of proteins (especially in complex organisms) contain mul-
tiple domains (modules); Domains are sequence fragments
that can be independently stable and folded. They have a
shape, a function, can occur alone or in groups, and are the
building blocks of all proteins. The function of a protein to a
large extent structure is determined by the arrangement of
its constituent domains, termed as domain architecture.
Thus, domain identification is crucial for protein function
analyses. Several databases group domain types into families.
The most popular are Pfam (El-Gebali et al., 2019), SMART
(Schultz et al, 1998), PRODOM (Servant et al., 2002), and
INTERPRO (Mulder et al., 2003). From this, domains annota-
tion tools use sophisticated inference methods such as prob-
abilistic models and machine learning to detect potential
domains in proteins. Here we used CLADE (Bernardes,
Zaverucha, et al., 2016), a sensitive tool for domain annota-
tion. CLADE is a multi-source approach where several hun-
dred probabilistic models are used to represent each domain
in the Pfam database (El-Gebali et al., 2019), instead of just a
single model as traditional annotation methods. CLADE pro-
vides domains annotations based on the Pfam database, ver-
sion 30, containing 16306 different domain families, was
used in this work. In order to reduce the false predictions,
CLADE computes a specific E-value cut-off for each Pfam
domain family rather than a fixed cut-off. Specific e-values
are computed for minimizing the false discovery rate. This
strategy generates better results by allowing filter out a large
number of false positives due to suitable domain specific
cut-offs. To analyse the 53 C. pseudotuberculosis strains, we
first identify their unique sequences, a total of 12582 pro-
teins. Unique sequences were then scanned by CLADE to
identify a set of potential Pfam domains. Since a protein
sequence might contain overlapped domains, we used
DAMA (Bernardes, Vieira, et al., 2016), a multi-objective opti-
mization approach, to provide the most likely domain com-
bination or domain architecture for each unique protein.

Gene ontologies

The gene ontology (GO) initiative (Gene Ontology
Consortium, 2007) maintains and develops a controlled
vocabulary of gene and gene product attributes. The gene
ontology terms (GO terms) (Ashburner et al, 2000) is a
machine-readable vocabulary that provides a standard out-
put for functional predictions, avoiding the ambiguity of nat-
ural language. GO terms describe three aspects of gene
product function: molecular function, biological process, and
cellular location. Since GO terms are hierarchical, we only
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retained the most specific ones; those placed on the leaves
of the GO tree. Specific GO terms were only retained if their
hierarchical level is above three. If multiple GO terms with
identical hierarchy were found, all were kept. To obtain only
the most significant terms, we retained those with large
deviations, that is, its frequency is at least three standard
deviations greater than the arithmetic average of all consid-
ered specific GO terms.

Orthology information

The software EDGAR (version 2.3) (Blom et al., 2009) was
used to compare multiple-strain genomes providing orthol-
ogy information for C. pseudotuberculosis strains. EDGAR uses
a specific BLAST (Altschul et al., 1997) cut off that is automat-
ically adjusted to detect orthologous groups in a set of ana-
lyzed genomes. We directly downloaded orthologous groups
for the 53 strains of C. pseudotuberculosis from EDGAR web
interface, located at http://edgar.cebitec.uni-bielefeld.de.

Phylogenetic tree construction

We built a phylogenetic tree for all species of
Corynebacterium genus, including the 53 strains of C. pseudo-
tuberculosis. To end this, we used Gegenees (version 1.1.4)
(Agren et al, 2012) to construct a distance matrix for 168
Corynebacterium species, downloaded from NCBI ftp site, see
the list of species and amount of strains in Table S4. First,
Gegenees divided each genome into small sequences, and
performed an all-versus-all similarity search to determine the
minimum content shared among all genomes. Then, the
minimum content was subtracted from each genome to
obtain the variable contents. Next, the variable contents
were compared to generate the percentage of similarity for
each genome pair and derive a distance matrix. Finally, the
distance matrix was used as an input for the SplitsTree (ver-
sion 4.12.6) (Kloepper & Huson, 2008) to generate the phylo-
genetic tree using the UPGMA method (Unweighted Pair
Grouping Methodwith Arithmetic-mean).
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