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Abstract

The Xanthomonadaceae family comprises the genera Xanthomonas and Xylella, which include plant pathogenic species that affect
economically important crops. The family also includes the plant growth-promoting bacteria Pseudomonas geniculata and
Stenotrophomonas rhizophila, and some other species with biotechnological, medical, and environmental relevance. Previous work
identified molecular signatures that helped to understand the evolutionary placement of this family within gamma-proteobacteria. In the
present study, we investigated whether insertions identified in highly conserved proteins may also be used as molecular markers for
taxonomic classification and identification of members within the Xanthomonadaceae family. Four housekeeping proteins (DNA
repair and replication-related and protein translation enzymes) were selected. The insertions allowed discriminating phytopathogenic
and plant growth-promoting groups within this family, and also amino acid sequences of these insertions allowed distinguishing
different genera and, eventually, species as well as pathovars. Moreover, insertions in the proteins MutS and DNA polymerase 111
(subunit alpha) are conserved in Xylella fastidiosa, but signatures in DNA ligase NAD-dependent and Valyl tRNA synthetase
distinguish particular subspecies within the genus. The genus Stenotrophomonas and Pseudomonas geniculata could be distinguish-
able based on the insertions in MutS, DNA polymerase III (subunit alpha), and Valyl tRNA synthetase, although insertion in DNA
ligase NAD-dependent discriminates these bacteria at the species level. All these insertions differentiate species and pathovars within
Xanthomonas. Thus, the insertions presented support evolutionary demarcation within Xanthomonadaceae and provide tools for the
fast identification in the field of these bacteria with agricultural, environmental, and economic relevance.
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Introduction comprise bacteria that differ in lifestyles and inhabit a variety
of environments, including some that live in extreme condi-
tions [1]. In previous studies, molecular signatures have been

identified in highly conserved DNA repair and replication-

Xanthomonadales is an order of bacteria currently classified in
the class Gamma-proteobacteria. The species of this order
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related proteins that provide evidence for the evolutionary
placement of Xanthomonadales. This order is one of the
deepest branching lineages within the Gamma-proteobacteria
clade, and some signatures exclusive to certain genera includ-
ed in Xanthomonadales have been identified [2]. Based on the
study of Conserved Signature Indels (insertions and dele-
tions—CSIs) and the result of phylogenetic analysis per-
formed on a concatenated sequence alignment of 15 highly
conserved housekeeping proteins, Naushad and coworkers
proposed the division of Xanthomonadales (synonym for the
order Lysobacterales) into two families, Xanthomonadaceae
and Rhodanobacteraceae. These authors described 10 CSls
specific for Xanthomonadaceae and 11 specific for
Rhodanobacteraceae [3].

The family Xanthomonadaceae, proposed by Naushad and
colleagues as emended description of the family
Lysobacteraceae, includes the genera Arenimonas,
Luteimonas, Lysobacter, Metallibacterium,
Panacagrimonas, Pseudoxanthomonas, Silanimonas,
Stenotrophomonas, Thermomonas, Xanthomonas, and
Xylella [3]. This family comprises phytopathogenic bacteria
that produce serious agricultural and economic impacts, main-
ly grouped within the genera Xanthomonas and Xylella [4].
For example, Xanthomonas harbors a vast number of species
in which all reported strains are plant-associated and most are
recognized as being pathogenic to particular plant hosts such
as rice [5], citrus and crucifers [6, 7], tomatoes and pepper [8],
onion and garlic [9], sugarcane [10], and aroids [11].
Similarly, Xylella fastidiosa causes Pierces’s disease of grape-
vines [12], variegated chlorosis in citrus [13], olive quick de-
cline syndrome [14], and leaf scorch diseases of almonds and
oleanders [15].

In contrast, members of the genus Lysobacter represent a
source of biocontrol agents against a broad range of phyto-
pathogenic fungi [16]. The species L. enzymogenes strain
3.1T8 inhibits mycelial growth of Phytophthora
aphanidermatum, which causes damping-off in many plants,
including the tobacco (Nicotiana tabacum L.) [17]. Moreover,
L. enzymogenes strain B25 has been reported to promote plant
growth and protect plants against parasitic nematodes [18].

In addition to these genera, the family also includes the
genus Stenotrophomonas that harbors S. maltophilia, a
multidrug-resistant opportunist human-pathogen species re-
sponsible for important nosocomial infections [19].
However, three S. maltophilia strains isolated from healthy
tomato plants have been identified as plant growth-
promoting bacteria able to produce indole-3-acetic acid; two
of these strains had phosphate solubilization ability [20].
Moreover, S. maltophilia P9 was recovered from algal bio-
mass and identified as capable of producing pectinase with
biotechnological relevance [21]. Some other genera are eco-
logically important and may be used for soil and water bio-
degradation. Members of the genus Pseudoxanthomonas, for
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example, have been isolated from biofilters, anaerobic di-
gesters, organic fertilizers, human urine, and urban riverside
soil [22].

Proteomics studies and the availability of completely se-
quenced genomes for a large number of bacteria constitute an
opportunity for taxonomic and phylogenetic studies. The
alignment of homologous protein sequences from different
species makes possible the identification of CSIs. These inser-
tions and deletions can be specific for taxonomic clades
placed at different branching depths and represent molecular
synapomorphies useful to identify and demarcate specific bac-
terial groups in clear molecular terms [23, 24].

Because Xanthomonadaceae includes not only important
plant and human pathogens but also species with biotechno-
logical and environmental relevance, studies on this important
family are necessary. The order Xanthomonadales has been
extensively studied, but few studies have been conducted to
identify CSIs for taxonomy purposes specifically within
Xanthomonadaceae [2, 3]. These CSIs could be used as mo-
lecular markers to distinguish members of this family from
other groups of bacteria, considering that the 16S rRNA gene
sequence has shown limited ability to resolve the relationships
among members from Xanthomonadales [2, 3].

Insertions in highly conserved proteins have been used to
assess the evolutionary placement of Xanthomonadales [2]. In
the present study, we investigated whether these insertions
may be used as molecular markers to delineate subgroups
within Xanthomonadaceae and distinguish genera with agri-
cultural, environmental, and economic relevance within this
diverse family, based on variations in amino acid residues.

Materials and methods
Identification of conserved signature sequences

In this work, we carried out comparative proteomic analyses
on members of Xanthomonadaceae, including species from
Rhodanobacteraceae family and other proteobacteria as
outgroup. Four housekeeping proteins were analyzed: DNA
polymerase III (subunit alpha), NAD-dependent DNA ligase,
Valyl tRNA synthetase, and the mismatch repair protein
MutS, which evidenced useful signatures in previous work
[2, 3]. The evolutionary rate for these proteins in
Xanthomonadaceae varies from 0.85 for MutS to 1.08 for
DNA ligase NAD-dependent (https://www.orthodb.org) [25].

The ortholog sequences were mainly obtained from the
UniprotKB/Swiss-Prot database available at the Universal
Protein Resource (UniProt) and increased from the GenBank
non-redundant databases by similarity BLASTp searches [26,
27], using the default parameters on each protein and the se-
quences of Xylella fastidiosa 9a5c as query. The result of blast
searches was analyzed in order to select high scoring similar
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proteins from Xanthomonadaceae, those with E value <
0.001, identity > 35%, and Bit score > 50 [28]. To assess the
specificity of the insertions identified, recursive BLASTp
searches against the NCBI database were performed, using
as query the sequence region containing the insertion and
the flanking regions [2, 3].

Multiple sequence alignments were performed using
ClustalX2 [29] by progressive alignment strategies, and the
alignment parameters considered were pairwise alignment
(gap opening, 35.0 and gap extension, 0.75) and multiple
alignment (gap opening, 15.0 and gap extension, 0.30) [30].
The results of the sequence alignments were analyzed by vi-
sual inspection in order to identify CSIs. Only insertions were
considered for this work and those flanked on both sides by at
least 5 conserved residues in the neighboring 30-40 amino
acids were selected [31].

Phylogenetic analysis

Phylogenetic relations were inferred through Maximum
Likelihood (ML) and Bayesian inference (BI). Protein trees
were constructed for a concatenated sequence alignment of the
four proteins and for each protein alignment sequence inde-
pendent. Escherichia coli, Pseudomonas aeruginosa, and sev-
eral Rhodanobacteraceae were used as outgroups in all
analyses.

Models of molecular evolution for each independent pro-
tein alignment sequence were selected through Bayesian in-
formation criterion (BIC) with ProtTest. In the case of
concatenated sequences, best-fit partitioning schemes and
models of molecular evolution for each partition were selected
through the BIC with PartitionFinderProtein v1.1.0 [32].

The ML and BI analysis were conducted with RaxML-
HPC2 and MrBayes v.3.2.6 respectively through the web
portal Cyberinfrastructure for Phylogenetic Research:
CIPRES (http://www.phylo.org) [33, 34]. ML trees were
inferred by heuristic searches with the Randomized
Axelerated Maximum Likelihood algorithm. The
robustness of ML inferences was assessed with a bootstrap
analysis. One thousand bootstrap replicates were set
automatically with the “autoMRE” criterion (auto
Majority Rule Criterion) [35]. The BI analyses were
conducted with default priors in two independent runs of 2
million generations (sampled each 1000 generations) and
four Markov-chain Monte Carlo (MCMC). Convergence
of the two runs onto a stationary distribution was assessed
by examining the average standard deviation of the split
frequencies, in MrBayes v.3.2.6 [34] and trace plots and
effective sample size (ESS) of the parameters (ESS > 200
was considered acceptable) in Tracer v.1.7 [36]. Burn-in
samples (25%) were discarded, and the remaining samples
were combined in a majority rule consensus tree with node
posterior probabilities equal to bipartition frequencies.

Results

The insertions identified in the proteins NAD-dependent
DNA ligase and MutS were reported in a previous work, but
only species from the genera Xanthomonas, Xylella, and
Stenotrophomonas were included [2]. The presence of these
signatures, in addition to the insertion evaluated in the protein
Valyl tRNA synthetase, was later analyzed for a larger number
of genera in the order [37].

In the present work, the signatures were evaluated spe-
cifically for members of the family Xanthomonadaceae
(emended description of Lysobacteraceae) including some
genera that were not analyzed before such as Arenimonas,
Luteimonas, Lysobacter, Silanimonas, and Thermomonas
and the species Pseudomonas geniculata [2, 37]. We in-
vestigated whether these insertions may be used as molec-
ular markers useful to distinguish subgroups within
Xanthomonadaceae, as a continuation of the study in
which the signatures were analyzed only to uncover taxo-
nomic relationships of the Xanthomonadales order within
the proteobacteria based on the presence or absent of the
markers [2].

The analysis of the proteins evidenced four signature in-
sertions in important housekeeping proteins, which are sum-
marized in Table 1. The first one is a five amino acid insertion
(variable in sequence) found in the mismatch repair protein
MutS (Fig. 1). This signature is present in the genera
Xanthomonas, Xylella, and Stenotrophomonas, and curious-
ly is shared with the species Pseudomonas geniculata,
Pseudoxanthomonas spadix, Lysobacter arseniciresistens,
and Luteimonas abyssi. Most ofthe members from the genera
Lysobacter and Pseudoxanthomonas, in addition to
Luteimonas, Arenimonas, Thermomonas, and Silanimonas,
lack the insertion which is also absent in members from the
family Rhodanobacteraceae and in other proteobacteria.

All the subspecies of Xylella fastidiosa included share the
amino acid sequence TYEGG in this insertion. Despite most
of the species belonging to Xanthomonas share the sequences
SHAGG, this marker has some variation within the genus,
allowing some species discrimination; the sequence for
X albilineans is PVEGG and X. translucens has valine and
glutamine at the positions 2 and 3, respectively. Moreover
X. translucens pv. translucens has valine at the second posi-
tion and glutamic acid at the third position and X. retroflexus
has glutamine at the first position and glutamic acid at the
position 3.

The genus Stenotrophomonas shares the amino acid se-
quence QHEGG with the species Pseudomonas geniculata,
except for S. acidaminiphila, which has proline instead of glu-
tamine at the first position. Otherwise, Pseudoxanthomonas
spadix and Luteimonas abyssi share the sequence SFEGG,
whereas Lysobacter arseniciresistens has the sequence
PNRSG.

@ Springer
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Table 1

Insertions identified and their specificity within the family Xanthomonadaceae

Protein name Description

Specificity within Xanthomonadaceae

Genera and species with conserved
sequence insertions

Mismatch repair 5 amino acid

Xanthomonas, Xylella, Stenotrophomonas, Pseudomonas

Xylella fastidiosa,

protein length insertion geniculata, Pseudoxanthomonas spadix, Lysobacter Stenotrophomonas-Pseudomonas
(Fig. 1) arseniciresistens, Luteimonas abyssi geniculata (except for
S. acidaminiphila)

DNA 14-15 amino acid ~ Xanthomonas, Xylella, Stenotrophomonas, Pseudoxanthomonas, — Xylella fastidiosa, most of the members
polymerase length insertion Thermomonas, Pseudomonas geniculata from Xanthomonas
111 (subunit (Fig. 2) Stenotrophomonas-Pseudomonas
alpha) geniculata

DNA ligase 39-53 amino acid  Xanthomonas, Xylella, Stenotrophomonas, Pseudomonas Most of the subspecies from Xylella
NAD-depen- length insertion geniculata, Most of the members from Pseudoxanthomonas and ~ fastidiosa
dent (Fig. 3) Luteimonas

Valyl tRNA 19 amino acid Xanthomonas, Xylella, Stenotrophomonas, Pseudoxanthomonas, ~ Most of subspecies from Xylella fastidiosa
synthetase length insertion Luteimonas, Thermomonas, Silanimonas, Pseudomonas Stenotrophomonas-Pseudomonas

(Fig. 4)

geniculata, Arenimonas metalli, A. composti

geniculata.

Another signature, not reported in previous works, is a 14—
15 amino acid insertion identified in the protein DNA poly-
merase I1I, subunit alpha. This marker is presents in the genera
Xanthomonas, Xylella, Stenotrophomonas,
Pseudoxanthomonas, Thermomonas, and Pseudomonas
geniculata, but absent in homologs from the genera
Luteimonas, Lysobacter, Arenimonas, and Silanimonas, as
well as the family Rhodanobacteraceae and the other
proteobacteria (Fig. 2). The amino acid sequence of this inser-
tion distinguishes the different genera sharing it. For example,
the homolog sequences from Xylella fastidiosa are character-
ized by a conserved insertion that, considering the amino acid
residues (EKPEQAHPKKAKQA), distinguishes these bacte-
ria from the rest of members of Xanthomonadaceae. The in-
sertion present in Xanthomonas is also distinctive in amino
acid sequences for this genus (EKPDQADPKKAKQA), al-
though the species X. fragariae has asparagine at the position
4 and Xanthomonas citri is differentiated by a threonine at the
second position.

A similar distinction is possible to observe for
Stenotrophomonas maltophilia, S. rhizophila, the three strains
of Stenotrophomonas sp. and Pseudomonas geniculata based
on the shared conserved sequences of their insertion
(AKPDQADPKKAKQA) which, as the signature described
in MutS, support a close relation for these species. In contrast,
the insertion in Pseudoxanthomonas has variations at the po-
sitions 5, 6, 7, 13, and 14 differentiating members of this
genus. Whereas the species Thermomonas fusca has a very
particular sequence in its one amino acid longer signature.

The protein DNA ligase NAD-dependent is characterized
by a 39—49 amino acid insertion common to the genera
Xanthomonas, Xylella, Stenotrophomonas,
Pseudoxanthomonas, and Luteimonas and the species
Pseudomonas geniculata, but is not found in homologs from
Arenimonas, Lysobacter, Thermomonas, and Silanimonas,
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neither in homologs from the family Rhodanobacteraceae
and other proteobacteria (Fig. 3). The fact that Luteimonas
mephitis and Pseudoxanthomonas suwonensis also lack the
insertion points to an old divergence of these species within
their specific groups. This signature has some variation in
length, indicating that the region of the protein affected has
some structural flexibility due to low-selective pressure [2].
The most parsimonious explanation is that the insertion prob-
ably arose in the branch including the genera Xanthomonas,
Xylella, Stenotrophomonas, Pseudoxanthomonas,
Luteimonas, and Pseudomonas geniculata and the event was
followed by deletions in specific lineages.

The insertion in Xanthomonas and Xylella is long (4849 aa)
and conserved, whereas the other genera have a smaller insert
that differs in sequences. Based on the insertion size, this marker
is useful to differentiate these two genera from other members of
the family. However, based on the amino acid sequence, we can
distinguish Xanthomonas and Xylella; although the insertion
present in Xylella fastidiosa has some variation at the 39th posi-
tion for X. fastidiosa 9a5c, X. fastidiosa Mul-MD, and
X fastidiosa Temecula, which share a lysine at this position,
the rest of the sequence is conserved (PTMLLREARDHVT
GMRYQQLEEILRTVGVDLSGEGDVPEHWQIDVLRA).
This signature has variations in sequence for Xanthomonas
that allows for the distinguishing of species within this
genus. The species Stenotrophomonas maltophilia,
Stenotrophomonas sp. SKA14, S. rhizophila, and
P. geniculata share a 40 aa length insertion which has
variations that distinguish these bacteria with each other,
especially for S. rhizophila. The signature was also previ-
ously reported, but some genera belonging to the family
and the species Pseudomonas geniculata were not included
and the amino acid sequence was not analyzed [37].

On the other hand, the alignment of the protein Valyl
tRNA synthetase evidenced a 19 amino acid length
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Other Escherichia coli NP 289284 LAWACAENALTLFATHYFELTQLPEK MEGVANVHLDALEHG
Pseudomonas aeruginosa AAF42850 .A..D.F -N
i .Vibrio wvulnificus NP 935600 ...S. e
Gammaprotecbactaria Xylella fastidiosa 9aSc NP 299005 .D.V. .S
Xylella fastidio Dixon zP 00038530 ..D.V. .S
Xylella fastidiosa Ann-1 zP 00040293 ..D.V. .S
Xylella fastidiosa temeculal NP 779288 ..D.V. .S
Xylella fastidiosa PLS229S Z9JHS52 ..D.V. .S
Xylella fastidiosa multiplex U2A2N3 - «D.V. .S
Xylella fastidiosa sandyi Ann-1 AIC10071.1 ..D.V. .S
Xylella fastidiosa M23 B2I5C9 ..D.V. -S
Xylella fastidiosa GBS514 E1RNA4 « DV .S
Xylella fastidiosa MUL0034 AIC13015.1 .«D.V. .S
Xanthomonas albilineans D2UEW6 ..D.V. o
Xanthomonas axonopodis pv citri NP 641638 ..D.V. sis
Xanthomonas campestris pv. vesicatoria YP 363083.1 s 3BV e
Xanthomonas oryzae pv. oryzicola ZP 02244246.1 .D.V. o
Xanthomonas perforans FOBLX1 ..D.V. .
Xanthomonas fuscans aurantifolii D4SYS3 ..D.V. ..
Xanthomonas arboricola pv. pruni W4RZK8 ..D.V. ..
Xanthomonas fragariae ROE7A6 ..D.V. .
Xanthomonas translucens L7GJ35 ..D.V. sie
Xanthomonas vesicatoria FOBDG1 + <DL N oo
Xanthomonas gardneri FOC1W?7 ..D.V. i
Xanthomonas translucens pv. translucens L0OSYSO ..D.V. a5
Xanthomonas citri pv. mangiferaeindicae HS8FD1S ..D.V. .e
Xanthomonas hortorum pv. carotae V7ZFB3 -.D.V. .-
Xanthomonas retroflexus WP 088100499.1 «DsVe -
Xanthomonas bromi WP 065469171.1 ..D.V. s
Xanthomonadaceae Stenotrophomonas ac1dam1n1phlla WP 054664294.1 .D.V. o
Stenotrophomonas indicatrix WP 099783279.1 .D.V. QHEGG| ..
Stenotrophomonas maltophilia R551-3 ZP 01643395.1 .D.V. .ADERHEGGRS. ..
(Lysobacteraceae) Stenotrophomonas sp. AG209 WP 119007125.1 .D.V. .ADERHEGGRS. ..
Stenotrophomonas sp. SAUl4A 108771338.1 ..D.V. -ADERQHEGGRS . .-
Stenotrophomonas rhizophila tr |A0A023Y549] ..D.V. .ADERHEGG['S . aiie
Stenotrophomonas pavanii WP 074726214.1 ..D.V. .ADEQHEGGRS . ..
Pseudomonas geniculata ATCC 19374 KRG47081.1 ..D.V. .ADERHEGGRS . ois
Lysobacter arseniciresistens AOAOAOEX67 s sBamis .AGEPNRSG[GS . —
Pseudoxanthomonas spadix G7URV3 n.V. . o
Luteimonas abyssi WP 058835077.1 ..D.V. B .D
Pseudoxanthomonas suwonensis E6WRR2 ..D.V. 5 i
Pseudoxanthomonas sp. GW2 WP 019398738.1 ..D.V. . ..
Thermomonas fusca WP 051246692.1 ..D.V. .A. %
Luteimonas sp. FCS-9 WP 047136281.1 ..D... . .R
Luteimonas sp. J29 WP 027071842.1 ..E... . .H
Luteimonas mephitis WP 027081269.1 ..DS.. .A. .R
Luteimonas huabeiensis WP 024889912.1 ..D.V. -A.P .-
Silanimonas lenta WP 028771200.1 ..Q.V. .AGE e
Lysobacter concretionis AOAOAOEMS2 | R - — .A.P ..
Lysobacter capsici AOA021VZX2 «.E.. .A.P .H
Lysobacter daejeonensis tr|AOAOROETDS| --E.. .A.P ..
Lysobacter dokdonensis AOAOA2X3MS « oD .A.P @
Lysobacter antibioticus WP 057917559.1 ..E.. -A.P .
Arenimonas metalli AQA091BB12 --E.. -A.P -
Arenimonas oryziterrae AORO091BROO «.E... A.P Siais
Arenimonas composti AQOAQ91BHY2 -.E... -A.P e
Arenimonas malthae AOA091BSz8 ..E... -A.P R
Arenimonas donghaensis AOAO087MF83 ..E... .A.P e
Luteibacter yeojuensis WP 045830661.1 -.-.R.A. . Y.
Luteibacter sp. 9133 WP 052191491.1 ..R.A. ¥e
Rhodanobacter thiooxydans I4WUF4 9 --R.A. -FH
Rhodanobacter denitrificans I4WY99 9 «R.A. . YH
Rhodanobacter sp. Root561 WP 056767440.1 ..R.A. -LH
Rhodanobacter sp. So0il772 WP 056384817.1 ..R.A. .Y.
Rhodanobacter fulvus I4VLX3 -R.A. .Y,
Rhodanobacteraceae Rhodanobacter spathiphylli I4W449 --R.A. -Y.
Frateuria aurantia WP 052318001.1 ..K.A. .Y,
Rudaea cellulosilytica WP 018974676.1 -..Q... -YD
Frateuria sp. So0il773 WP 056006514.1 ..R.A. oXs
Dyella jiangningensis AOAO023NQA2 ..R.A. X
Dyella thiooxydans WP 063671319.1 ..R... Xs
Dyella ginsengisoli WP 017460934.1 ..R... B 2
Dyella japonica WP 019465684.1 ..R.A. Yo
Neisseria meningitidis NP 283087 HoVas Qs
Other Ralstonia metallidurans zP 00275074 «..I.RHSH.............. cies
Bradyrhizobium japonicum NP 767564 % 8 5 LPRMF. ATVRVK R
Proteobacteria Caulobacter crescentus AAK22000 .ETR .AF.S.LS.R.K.WN
Geobacter metallireducens ZP 00299996 .AVT RGKIK.CNVAVK.WN
Geobacter sulfurreducens AAR35199 .AVT RNR.K.CNVAVK.WN

Fig. 1 Partial sequence alignment of the protein MutS, showing a five
amino acid length insertion present in some genera of Xanthomonadaceae
family. Dots (.) in this and other alignments denote identity with the
amino acid on the top line and gaps are indicated by empty spaces; the

insertion in a highly conserved region, common to the gen-
era Xanthomonas, Xylella, Stenotrophomonas,
Pseudoxanthomonas, Luteimonas, Thermomonas, and
Silanimonas and the species Pseudomonas geniculata,
Arenimonas metalli and A. composti. The signature is ab-
sent in the genus Lysobacter, most of the species that belong
to the genus Arenimonas and also in the family
Rhodanobacteraceae and the outgroup species Neisseria
meningitidis, Geobacter metallireducens, and Geobacter
sulfurreducens (Fig. 4).

insertion is highlighted by a box. Accession numbers are given after each
species name. CorelDRAW Graphics Suite 2019 was used to create the
artwork

The amino acid sequence has some variations at the posi-
tions 5 and 14 in Xylella fastidiosa. The subspecies Xylella
fastidiosa 9a5c has valine instead of isoleucine at the 5th po-
sition, and also shares an isoleucine with X. fastidiosa Dixon
at the position 14 which contrasts with the threonine shared by
X fastidiosa Ann-1 and X. fastidiosa Temecula. This signa-
ture has also variations within Xanthomonas at the positions 1,
5, 7, 12, and 13 that distinguish species within this genus
(Xanthomonas translucens pv. translucens, X. axonopodis,
X. campestris, X. fragariae, and X. albilineans). On the other
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Other Escherichia coli NP 285878 RFVHLRVHSDYSMIDGLAKTA PLVKKAAALGMPALAITDFTNL
Pseudomonas aeruginosa NP 252330 S..... L.TEF.LV...VRVK ..A.AV.G V.V..QS.M
Gammaproteobacteria Vibrio wvulnificus NP 935334 = K..... Tz s FaaVa INGVE A...QV .L
Xylella fastidiosa SaSc NP 297497 ...HI.TEF.LA.STIRVPERKPEQAHPKKAK .LSR. eV
Xylella fastidiosa Ann-1 ZP 00682933.1 ...HI.TEF.LA.STIRVPERPEQAHPRRAK .LSR. sV
Xylella fastidiosa M12 ACA11210.1 ...HI.TEF.LA.STIRVPEKPEQAHPKKAK -.LSR. Voo
Xylella fastidiosa temeculal NP 778410.1 ...HI.TEF.LA.STIRVPEKPEQAHPKKAK .LSR. «Va.
Xylella fastidiosa Dixon zP 00652665.1 ..HI.TEF.LA.STIRVPEKPEQRHPKKAK QAN.LSR. ..V
Xanthomonas campestris pv. campestris CAPS52299.1 .H..TEF.LA.STIRVE -LSR. <. V..
Xanthomonas campestris pv. arecae KGP57876.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..
Xanthomonas oryzae pv. oryzae ARW75216.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..
Xanthomonas oryzae pv. oryzicola ZP 02243954.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..
Xanthomonas bromi WP 065469070.1 H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. Ve
Xanthomonas axonopodis pv. phaseoli KHD68054.1 H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. -V
Xanthomonas axonopodis pv. citri NP 641741.1 H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. Ve
Xanthomonas axonopodis pv. vasculorum KGE52815.1 H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. WV..
Xanthomonas sacchari WP 010344052.1 HI.TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..
Xanthomonas gardneri WP 006452820.1 H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. V..
Xanthomonas translucens WP 003478442.1 H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..
Xanthomonas arboricola WP 039511572.1 H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. Voo
Xanthomonas fragariae WP 002810806.1 H..TEF.LA.STIRVPEKPNQADPKKAK .LSR. V.. ..
Xanthomonas vesicatoria WP 005993636.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. .V..LN..
Xanthomonas euvesicatoria WP 02981%021.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. V.. ..
Xanthomonas perforans WP 046935346.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..LN..
Xanthomonas phaseoli WP 0576869%90.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. V.. ..
Xanthomonas floridensis WP 064509082.1 .H..TEF.LA.STIRVPERPDQADPRKAK .LSR. Ve ..
Xanthomonas codiaei WP 104542696.1 .H..TEF.LA.STIRVPEKPDQADPRKAK .LSR. V.. ae
Xanthomonas vasicola WP 010366143.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. V..LN..
Xanthomonadaceae Xanthomonas melonis WP 104588061.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..IN..
Xanthomonas prunicola WP 101363313.1 .H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..LN..
(Lysobacteraceae) Xanthomonas alfalfae WP 029819021.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. Vo IN: .
Xanthomonas nasturtii WP 116906169.1 -H..TEF.LA.STIRVPEKPDQADPKKAK -LSR. V..LN..
Xanthomonas cassavae WP 029221656.1 .H..TEF.LA.STIRVPEKPDQADPKKAK .LSR. . V..LN..
Xanthomonas citri WP 046832107.1 .H..TEF.LA.STIRVPETPDOADPKKAK .LSR.VE.D..... V.. .e
Stenotrophomonas maltophilia R551-3 zP 01643801.1 -H..TEF.LA.STIRVPRKPDQADPKKAK .LSRSVE..L....V..LN..
Stenotrophomonas sp. SKAl4 WP 008267563.1 .H..TEF.LA.STIRVPRKPDQADPKKAK .LSRSVE..L....V.. ..
Stenotrophomonas sp. TD3 WP 075674933.1 .H..TEF.LA.STIRVPRKPDQADPKKAK .LSRSVE..L....V.. ..
Stenotrophomonas sp. CC22-02 WP 133934200.1 .H..TEF.LA.STIRVPRKPDQADPKKAK .LSRSVE..L....V.. ..
Stenotrophomonas rhizophila WP 038689481.1 .H..TEF.LA.STIRVPRKPDQADPKKAK .LSR.VE.KL....V.. X
Pseudomonas geniculata ATCC 15374 KRG39720.1 .H..TEF.LA.STIRVPRARKPDQADPKKAK .LSRSVE..L....V.. ..
Pseudoxanthomonas spadix WP 014160974.1 -HL.TEF.LA.STIRVP D. A ..SAR.VQ.QL....V..RN..
Pseudoxanthomonas sp. J31 WP 028915571.1 .H..TE..LA.SIIRVPEKPDQADPAKAK .LSR.VE..L....V.. ..
Pseudoxanthomonas suwonensis WP 028920667.1 HL.TEF.LA.STIRVPEKPDQADPAKAK -LSR.VE..L....V..LN..
Thermomonas fusca WP 038053091.1 HL.TEF.LA.STIRVPEKPDYARPEKAGDRPN.LSC.VE.QL....V.. e q
Luteimonas mephitis WP 027081421.1 .HL..E..LA.STIRIP E..ARCV...Q..V.... ..
Luteimonas huabeiensis WP 024890694.1 .STIRIP Q..ARC...NQ....V..RN..
Silanimonas lenta WP 028771263.1 -.STIRLP A.AARV..H.Q..V.L..P...
Lysobacter arseniciresistens WP 036208351.1 -STIRIG E...RCVE..Q..V.L..LN..
Lysobacter daejeonensis GH1-9 KGM56063.1 -STIRIG E...RC.M.RQ..V.L..IN..
Lysobacter concretionis KGM52374.1 .STIRID E...RCV...Q..V.L..VN..
Lysobacter capsici WP 057921234.1 -STIRIG D...RCV...Q..V.L...D..
Lysobacter antibioticus WP 057917471.1 -STIRIG E...RCV...Q..V.L..ID..
Arenimonas metalli WP 034211850.1 -STIRIP E..GRC....... V.V..TS..
Arenimonas donghaensis WP 034225711.1 .SSIRIP E..SRC....L..V.V..TS..
Arenimonas oryziterrae WP 0229680 . STLRIP E...RC.E..L..V....TS..
Arenimonas composti WP 043797672.1 .STIRIP E..SRC....L..V.V..VS..
Luteibacter yeojuensis WP 045830239.1 .STIRIK Q.IAACVRA....V.L..EN.M
Luteibacter sp. 9133 WP 0436%2726.1 .STIRIK Q..AAC.RA .V.L..EN.M
Rhodanobacter sp. OR87 WP 027485152.1 .STIRIK A. .L..DS.M
Rhodanobacter sp. 115 WP 008211665.1 .STIRIK A .L..DS.M
Rhodanobacter thiooxydans WP 008437864.1 . STIRIK .L..DS.M
Rhodanobacteraceae Rhodanobacter fulwvus WP 007079949.1 .STIRIK A .L..DS.M
Rhodanobacter spathiphylli WP 007804441.1 .STIRIK A .L..DS.M
Frateuria aurantia WP 014402187.1 .STIRIK Q .L..DS.M
Dyella ginsengisoli WP 017461823.1 .STIRIK A .L..ES.M
Dyella jiangningensis WP 038620331.1 . STIRIK G. .L..DS.M
Dyella japonica = | WP 019464659.1 ..A..HL..E..LV.STIRIK G. ..V.L..DS.M
Other Neisseria meningitidis NP 274824 TYIP..L.TEF.IT..MVRIK K. g ..G.S.ILM.E
Ralstonia metallidurans zZP 00022859 @ ...... L..E..IV..IVRLD DA..A.. ..G...L..LA.A
. Bradyrhizobium japonicum NP 771506 G....H...A..LLK.SI.IG K.AEL.KKDHQ....L..TD..
Proteobacteria Caulobacter crescentus NP 420733 G ¢ sionn R.A..LLE.AI.AD QIG.L..EAK...AGLA.RA..
Geobacter metallireducens ZP 00081457 S....HL.TQ..LL..AIRLG D.I...KDTD...V....HGVM

Fig. 2 A partial sequence alignment of the protein DNA polymerase III subunit alpha in which is evident a 14—15 amino acid insertion

hand, Stenotrophomonas maltophilia, Stenotrophomonas sp.
RIT309, S. rhizophila, and Pseudomonas geniculata have the
same amino acid residues in the insertion shared by these
bacteria (SYEHVERDADGVETLRETR). This signature dis-
tinguished species within the genera Pseudoxanthomonas and
it is very variable in Luteimonas, Thermomonas, and
Silanimonas and even in the two species of Arenimonas that
share it.

This insertion has also been reported before for the genera
Pseudoxanthomonas, Stenotrophomonas, Xanthomonas,
and Xylella, and curiously partial insertion (6 amino acids)
was shared by several species belonging to the class
Alphaproteobacteria but having different amino acid se-
quence. The authors concluded that the shared presence of
the CSIs in these two groups was the result of independent
events [37]. Inthe present study, smaller insertions that differ
in sequences from those observed in the in-group species
were also observed in Pseudomonas aeruginosa,
Escherichia coli, Vibrio vulnificus, Ralstonia metallidurans,

@ Springer

Bradyrhizobium japonicum, and Mesorhizobium loti that
were included as outgroup species.

Discussion

The identification of CSIs constitutes a reliable and consistent
method for taxonomic and diagnosis studies and has been
applied before to determine evolutionary relationships [38,
39] and specifically in Xanthomonadales [2, 3, 37]. We se-
lected DNA repair and replication-related and protein transla-
tion enzymes which display slow rates of sequence evolution
allowing them to be used for phylogenetic analysis. These
evolutionarily conserved proteins participate in informational
processes and their function is dependent upon interaction
with other proteins [2, 3, 37].

Figure 5 shows schematic evolutionary flow of
Xanthomonadaceae based on the insertions identified. The
signatures found separate two main groups, the first one
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Escherichia coli

Pseudomonas aeruginosa

NP 416906.1

NP 250220.1]

vibrio vulnificus NP 759216.11
Xylella fastidiosa 9aSc NP 299833.1
Xylella fastidiosa Mul-MD EWG14776.1
Xylella fastidiosa temeculal NP 780121.1
Xylella fastidiosa M WP 020851963.1
Xylella fastidiosa Ann - 1 2P 00038686.1]
Xylella fastidiosa Dixon ZP 00651478.1
Xanthomonas cassavae WP 029220903.1
Xanthomonas vesicatoria WP 039428421.1
Xanthomonas campestris WP 014507403.1
Xanthomonas fuscans WP 007972434.1
Xanthomonas axonopodis WP 005926292.1
Xanthomonas citri WP 033836386.1
Xanthomonas azboncola WP 039527957.1
Xanthomonas alfa WP 014089860.1
Xanthomonas pexforans WP 008576272.1
Xanthomonas hortorum WP 023905704.1
Xanthomonas euvesicatoria WP 011347029.1
Xanthomonas vasicola WP 039440984.1
Xanthomonas fragariae WP 002804500.1
Pseudomonas geniculata P KOE97223.1
Stenotrophomonas sp. SKA: WP 008266565.1
Xunthchicnadicess Stenotrophomonas malcopmha M30 KDEE8385.1
(® rhizophila WP 038687665.1
& Pseudoxanthomonas spadix WP 014160403.1
Pseudoxanthomonas sp. GW2 WP 019399905.1
Luteimonas abyssi WP 058836432.1
Luteimonas sp. J29 WP 051322759.1
Luteimonas huabeiensis WP 024890517.1
i WP 024868799.1
Luteimonas mephitis WP 027079973.1
Thermomonas fusca WP 028839931.1
Lysobacter concretionis WP 036193350.1
Lysobacter antibioticus WP 031370793.1
Lysobacter capsici WP 036104453.1
Lysobacter daejeonensis WP 036136093.1
Lysobacter arseniciresistens WP 036208081.1
Lysobacter defluvii tr | AOAOAOMC17|
i composti tr|AOAO91BGH2 |
metalli tr |A0A091B2HE|
donghaensis tr|AOAOBTMMLA |
oryziterrae WP 022968851.1
Arenimonas malthae WP 043803780.1
Silanimonas lenta WP 028769656.1
Luteibacter rhizovicinus WP 046969232.1
Luteibacter sp. 9135 WP 036141955.1
Luteibacter yeojuensis WP 045831481.1
Rhodanobacter thiocoxydans WP 008436051.1
Rhodanobacter sp. S0il772 WP 056385583.1
Rhodanobacter denitrificans WP 007508178.1
Rhodanobacter fulvus WP 007081883.1
= Root561 WP 056765172.1
Rhodanobacter 0JW38299.1
Rhodanobacter glyclnls SFK83398.1
Dyella jiangningensis tr|AOAO23NQNS |
Dyella japonica tr |AOAQ7SK2R2 |
Frateurla aurantia tr|H8L2N1|
Rudaea cellulosilytica WP 026293265.1
Neisseria meningitidis NP 27370
Other Ralstonia metallidurans 2P 00598993
Bzadyzhxzobxum japonicum NP 773231
Caul ARK23501
Geobacter metallireducens 2P 00536823
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Fig. 3 Partial sequences alignment of NAD-dependent DNA ligase showing 39—-53 amino acid insertion

includes those genera that share all or most of the insertions
analyzed, and the second group is formed by the genera
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Fig. 4 Partial sequence alignment of the protein Valyl tRNA synthetase evidenced a 19 amino acid length insertion
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MutS
(5 aa insertion)

DNA polymerase III, alpha subunit
(14-15 aa insertion)

DNA ligase NAD-dependent
(39-49 aa insertion)

Xanthomonas,

Xylella,

Stenotrophomonas,
Pseudomonas geniculata,
Pseudoxanthomonas spadix,
Lysobacter arseniciresistens (*)
Luteimonas abyssi (*)

Pseudoxanthomonas sp.,
Pseudoxanth s suwonensis

Valyl tRNA
synthetase
(13 aa insertion)

Thermomonas fusca

Luteimonas abyssi,
Luteimonas sp.,
Luteimonas huabeiensis

Luteimonas mephitis,
Pseudoxanthomonas suwonensis (%),
Thermomonas fusca (*),
Silanimonas lenta,

Arenimonas composti,

Arenimonas metalli

Lysobacter,
Other Arenimonas

L Xanthomonadaceae
with insertions

p—

F

Xanthomonadaceae
lacking insertions

Fig.5 Schematic evolutionary flow of Xanthomonadaceae based on the insertions identified. Genera are grouped based on shared conserved insertions
and the signatures are placed in the branch with them probably arose. The asterisk symbol indicates anomalous grouping

Xanthomonas, Xylella, Stenotrophomonas,
Pseudoxanthomonas, Luteimonas, Thermomonas, and
Pseudomonas geniculata, from Arenimonas and Lysobacter
which most of their species lack the insertions.

This inference is congruent with the result of the phyloge-
netic analysis. The two concatenated protein sequence—based
phylogenetic trees obtained by performing different methods
(BI and ML) exhibited similar branching order for each
branch (Fig. 6). Members of the family Xanthomonadaceae
are divided into two subgroups. One group consisting of spe-
cies that belong to the genera Xanthomonas, Xylella,
Stenotrophomonas, Pseudoxanthomonas, and Thermomonas
and the species Pseudomonas geniculata formed a well-
supported monophyletic group, confirming that these mem-
bers share a common ancestor. The second group is not
forming a monophyletic group but branched out of the main
group. This last group includes the genera Arenimonas and
Lysobacter, which lack all the insertions identified (except for
A. composti and A. metalli, which share the insertion found in
the protein Valyl tRNA synthetase), and based on the phylo-
genetic analyses are confirmed as early-branching lineages
within the family.

The monophyletic grouping of Xanthomonas, Xylella,
Stenotrophomonas, and Pseudomonas geniculata based on
the shared presence of the insertion in MutS (Fig. 1) is con-
gruent with the phylogenetic analysis in which this clade is
supported by a high bootstrap and posterior probability values
(Fig. 6). Considering that the ecological niche of this group
includes species with agricultural relevance, the ancestor
could be plant-associated bacteria. These phylogenetic
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inferences are in agreement with the phylogenomic analyses
obtained in previous studies in which those genera are placed
in the same branch [3].

Moreover, Xanthomonas and Xylella are forming a well-
supported monophyletic group in the concatenated phyloge-
netic tree (Fig. 6). These two genera are differentiated from
other members of Xanthomonadaceae based on their charac-
teristic longer insertion in the protein NAD-dependent DNA
ligase. One important point is that the family harbors many
plant pathogens that affect economically important crops and
plants specifically included in Xanthomonas and Xylella.
Thus, the insertion could be considered a useful tool for mo-
lecular identification of these important phytopathogenic
bacteria.

The species Pseudoxanthomonas spadix, Lysobacter
arseniciresistens, and Luteimonas abyssi also present the in-
sertion in the protein MutS. Curiously, Pseudoxanthomonas
spadix and Luteimonas abyssi share the same amino acid se-
quence, which differs from the in-group homologs. On the
contrary, the specific amino acid sequence of Lysobacter
arseniciresistens is not shared with any other genera. The
relationship of Pseudoxanthomona spadix with the clade
formed by Xylella, Xanthomonas, Stenotrophomonas, and
Pseudomonas geniculata is supported by a high bootstrap
and posterior probability values in the concatenated phyloge-
netic tree (Fig. 6), confirming the proximity of these groups of
bacteria as already demonstrated in previous studies [3].
However, the trees do not support a monophyletic grouping
of Lysobacter arseniciresistens with this clade. Instead, this
species branched with other members of its genus, confirming
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Fig. 6 Bayesian phylogenetic tree of Xanthomonadaceae based on four concatenated conserved proteins. Number for internal nodes indicate Bootstrap

(above) and Bayesian posterior probability (below) values

that the shared presence of the insertion in the protein MutS
constitutes a homoplasy for L. arseniciresistens due to inde-
pendent genetic events.

Molecular approaches are being used increasingly not only
in evolutionary and taxonomic studies, but also in epidemio-
logical studies. The insertions identified are well-defined in
size, except for NAD-dependent DNA ligase, which has var-
iations in length, and most of these have a strong degree of
conservation (in their amino acid sequences) within specific
genera or species, and are also flanked by highly conserved
regions in the proteins. Because of their specificity and con-
servation, these are useful as molecular markers for detection
and identification of both known as well as unknown bacteria
belonging to specific genera or species in different environ-
ments by means of PCR-based (polymerase chain reaction)
and immunological methods, as well as by in silico similarity
BLASTp searches.

The insertions identified in the proteins MutS and DNA
polymerase III (subunit alpha) are highly conserved in all
the subspecies of Xylella fastidiosa analyzed (Figs. 1 and 2).
This characteristic is very important and may be of practical
significance, as PCR-based protocols could possibly

contribute to pathogen detection and identification at the spe-
cies level. However, the signatures in DNA ligase NAD-
dependent and Valyl tRNA synthetase have some variations
in sequence within this species, which distinguish particular
subspecies (Figs. 3 and 4). The 39th position of the insertion
present in DNA ligase NAD-dependent distinguishes Xylella
fastidiosa 9a5c, X. fastidiosa Mul-MD, and X. fastidiosa
Temecula from Xylella fastidiosa M12, X. fastidiosa Ann 1,
and X. fastidiosa Dixon. On the other hand, the positions 5 and
14 of the insertion in Valyl tRNA synthetase differentiate
Xylella fastidiosa 9a5c and X. fastidiosa Dixon from
X fastidiosa Ann-1 and X. fastidiosa Temecula. The diagnosis
of X. fastidiosa is very important in terms of phytosanitary
regulations because this bacterium constitutes a regulated phy-
topathogen in many parts of the world [40].

Moreover, the control of Xanthomonas is very difficult and
requires the use of economically and environmentally unsat-
isfactory strategies. The bacterium X. axonopodis pv. allii, for
example, is associated with outbreaks on Allium cepa L.,
A. fistulosum L., A. sativum L., A. porrum L.,
A. schoenoprasum L., and A. cepa var. ascalonicum. The
lesions produced by the pathogen in onion result in a reduction
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of’bulb size and, consequently, in yield losses [9]. On the other
hand, X. campestris pv. vesicatoria causes bacterial leaf spot
(BLS) in tomato (Solanum lycopersicum L.) and capsicum or
chili (Capsicum annuum L.) which results in extensive dam-
age to crops. The identification of these bacteria at the genus
level can be achieved through sequencing of /6S rDNA or
characterization of xanthomonadin pigments, but for identifi-
cation at the pathovar level, sequence-based PCR is used.
However, the biochemical tests and the species-specific PCR
protocol currently used may fail to detect X. campestris pv.
vesicatoria isolates [41].

These signatures could be used as molecular markers to
design PCR-based protocols for identification at the species
level in Xanthomonas. The insertion in MutS discriminates
species and pathovars considering that X. albilineans,
X. translucens, X. translucens pv. translucens, and
X. retroflexus have specific variations in sequences that dis-
tinguish them from other members of the genus. Similarly,
amino acid sequence of the insertion in DNA polymerase
III, subunit alpha, differentiates X. fragariae and X. citri in
addition to the insertion in Valyl tRNA synthetase which dis-
tinguishes the species X. axonopodis, X. campestris,
X. fragariae, X. translucens pv. translucens, and
X albilineans. Furthermore, the variability in sequence of
the long insertion in NAD-dependent DNA ligase differenti-
ates species within this genus.

However, the most important challenges in agriculture are
not only the identification of pathogenic bacterial isolates but
also the isolation and identification of potential bacterial candi-
dates with plant growth-promoting traits. Based on the amino
acid sequence of the insertion shared by the species belonging
to the genus Stenotrophomonas and Pseudomonas geniculata
in the proteins DNA polymerase III (subunit alpha) and Valyl
tRNA synthetase, these bacteria could be distinguishable from
the rest of genera included in the family (Figs. 2 and 4). In the
concatenated tree (Fig. 6), P. geniculata is also included in the
well-supported monophyletic group of Stenotrophomonas, as
previously reported [4]. This affiliation of P. geniculata to the
cluster of the genus Stenotrophomonas was analyzed in earlier
studies based on 16S rRNA sequence; this species does not
group with other pseudomonas and is misclassified as
Pseudomonas [42]. Thus, the current nomenclature of this spe-
cies requires substantial revision.

Based on the insertion estimated in the protein MutS, the
genus Stenotrophomonas shares the same amino acid se-
quence with the species Pseudomonas geniculata, but the ho-
molog sequence of the specie S. acidaminiphila varies at the
first position. The 40 aa length insertion characteristic of these
groups in DNA ligase NAD-dependent has also variations in
sequence that allow the discrimination of these bacteria at the
species level.

These findings have practical use considering the agricul-
tural importance of these species as plant growth-promoting
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bacteria. P. geniculata has been reported as endophytic bac-
teria in stress-resistant plants, and also can be found in the
rhizosphere of rice, tobacco, or maize [43]. Similarly,
Stenotrophomonas maltophilia and S. rhizophila are associat-
ed to the rhizosphere of some crops, especially under saline
conditions, and some strains have biotechnological impor-
tance [44]. Based on their characteristic and specific insertion
in the protein NAD-dependent DNA ligase, the species
S. rhizophila and P. geniculata can be distinguished from
other groups of bacteria.

Conclusions

The insertions evaluated are useful as molecular signatures for
systematics and diagnosis studies. These confirm the current
taxonomy of Xanthomonadaceae, support the demarcation of
two subgroups within this family, and provide tools for mo-
lecular identification of bacteria with agricultural, environ-
mental, and economic relevance.
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