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Abstract

Raspberry (Rubus idaeus L.) is a crop with increasing commercial value due to its nutritional properties and demand in
national and international markets. Throughout the growing process, there have been reports of the presence of galls on
roots and stems, which reduce plant size and yields. The current study used phylogenetic reconstruction to identify bacteria
associated with these symptoms in raspberry plantations in the Mexican states of Jalisco and Michoacén. A total of 69
representative strains selected according to their colony morphotype were identified based on partial sequencing of the 16S
ribosomal gene. Forty-nine of them were tested for pathogenicity, including of which three strains induced gall symptoms
in raspberry and tomato plants. A set of 28 strains identified within the Agrobacterium and Rhizobium genera were chosen
for amplification of the atpD, ginA, gyrB, and rpoB genes. Strain CPO 2.419 was selected for whole genome sequencing,
with a total length of 5,679,921 base pairs assembled into 46 contigs. This strain was identified as 4. tumefaciens (Gen-
Bank JAVIYJ000000000.1) using phylogenetic reconstruction. According to the OrthoANIu and dDDH percentage values,
the CPO 2.419 strain belongs to the A. tumefaciens complex, along with the closely related strains of 4. tumefaciens LMG
232 (99.4, 89.1), A. tumefaciens CNPSo 675 (98.5, 84.8), and A. tumefaciens ATCC 47207 (98.1, 78), respectively. This
study contributes to the understanding of the genomic Agrobacterium diversity in raspberry-producing areas in Mexico
and highlights the relevance of genomics for accurate bacterial identification, with important implications for agriculture.
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Introduction

Raspberry (Rubus idaeus L.) is a valuable plant due to its
distinctive fruit and nutritional value. Its consumption has
grown noticeably in recent years, leading to an increase in
global production. This species is not only consumed fresh
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but also has applications in the food, pharmaceutical, and
cosmetic industries (Beekwilder et al. 2005; Krzepitko et
al. 2021). However, raspberry production is hindered by
the presence of crown gall, a bacterial disease commonly
associated with the genus Agrobacterium. These bacteria
enter the plant through wounds and induce the formation of
galls on the roots and stems. Over time, these galls become
woody, impairing the plant’s ability to absorb nutrients
and water, weakening it, and reducing its yield. Symptoms
include stunted growth, wilting, leaf deformities, and pre-
mature leaf drop (Martin et al. 2017; Lacroix and Citovsky
2022).

The use of contaminated soil and propagation material is
a prevalent means of transmission of the bacteria and repre-
sents a significant risk for producers who acquire susceptible
varieties or those from non-certified nurseries (Kerr 2015).
Agrobacterium may move from galls to the surrounding
roots and soil, where it may persist and spread to new plants
during propagation or planting (Paret et al. 2011). The abil-
ity of the bacteria to induce galls varies depending on the
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host plant and the bacterial strain involved (Putawska et al.
2015).

Accurate identification of the strains responsible for
crown gall is challenging due to the presence of pathogenic
and non-pathogenic bacteria from different phylogenetic
groups in the galls. Furthermore, determining which strain
is the causative agent of a specific gall is challenging since,
once the plant tissue has been transformed, the continued
presence of the bacteria is not required for disease devel-
opment (Lacroix and Citovsky 2022). The presence of the
tumour-inducing plasmid (pTi), which contains virulence
genes, is essential for the pathogenicity of the strains (Gor-
don and Christie 2014). However, pTi can be lost or gained
over time (Kerr 2015).

Since 2015, several new species of Agrobacterium have
been identified, isolated from tumours and plant tissues
using genetic analysis and whole genome sequencing. More
species are expected to be described in the future, includ-
ing recently proposed species like A. fomkonis, A. vaccinii,
A. burrii, and A. shirazense (Singh et al. 2021; Putawska
et al. 2022; Mafakheri et al. 2022). The genetic diversity
and relationship between the strains responsible for crown
gall disease outbreaks provide crucial information for
understanding the pathogen’s epidemiology, ecology, and
evolution.

Therefore, in the current study, bacterial strains were iso-
lated from symptomatic crown gall tissues obtained from
raspberry samples from the Mexican states of Jalisco and
Michoacan. The goal of this study was to identify the causal
agent through a phylogenetic approach along with bacte-
rial isolate characterization and pathogenicity tests on rasp-
berry and tomato seedlings, under the assumption that the
pathogen responsible for the galls was present in the tissues
collected.

Materials and methods
Bacterial isolation

Symptomatic plants were collected from commercial
raspberry plantations in the Mexican states of Jalisco and
Michoacan between 2019 and 2021. Twenty-five plants
were washed with water to remove soil particles adhered to
the root. The plant material was disinfested in a 1% sodium
hypochlorite solution to remove microorganisms and other
contaminants on the outside of the sample, rinsed with ster-
ile water, and allowed to dry in a biosafety chamber on ster-
ile absorbent paper to remove excess humidity.

On the stems, longitudinal tissue cuts ranging from 5 to
8 mm were made in sections close to the crown where the
gall develops, exposing part of the vascular system. For the
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galls, the outer bark was removed to expose the interior.
The inner tissue was cut into fragments the same size as
the stems and lightly pressed against a sterile surface. Like-
wise, several root segments were excised and immersed into
Eppendorf tubes containing 1 mL of sterile distilled water
for 12 h to allow the microorganisms to emerge from the
vascular bundles.

Disinfested tissue fragments were placed on Petri dishes
with D1-M selective medium (Perry and Kado 1982) and
King’s B medium (Schaad et al. 2001). Similarly, 30 pL of
the bacterial suspension contained in the Eppendorf tubes
were placed in the same culture medium. The Petri dishes
were incubated at a temperature of 28 °C for 48 h. Bacterial
colonies that emerged from the tissues were selected based
on their morphological traits and purified through multiple
transfers in King’s B medium. Gram staining, 3% KOH sol-
ubility test (Schaad et al. 2001), and oxidative-fermentative
metabolism using thioglycolate broth were used to classify
the isolates. Purified isolates were stored in 15% v/v glyc-
erol at —80 °C.

DNA extraction

For DNA extraction, 69 representative strains were selected
based on colony morphology, including size, shape, surface
appearance, and colour of colonies after 48 h of incuba-
tion. Isolates were reactivated in Petri dishes with King’s
B medium and incubated at 28 °C for 48 h. The DNA was
extracted from each isolate using the 2% hexadecyltrimeth-
ylammonium bromide (CTAB) method (Doyle and Doyle
1990).

Molecular identification

The 168 ribosomal gene was amplified using universal prim-
ers 8F (5'- AGAGTTTGATCCTGGCTCAG- 3') (Edwards
et al. 1989) and 1492R (5'- GGTTACCTTGTTACGACT
T- 3") (Stackebrandt and Liesack 1993). The PCR reaction
mixture contained 60 ng genomic DNA, 0.8 mM dNTPs,
0.3 U Taq DNA polymerase (Promega, WI, USA), 5%
GoTaq reaction buffer (Promega, WI, USA), and 20 pmol of
each primer in a final volume of 15 pL. Amplification was
carried out in a C1000 Touch thermocycler (BIO-RAD, CA,
USA). The amplification conditions were as follows: an ini-
tial denaturation temperature of 95 °C for 5 min, followed
by 35 cycles of denaturation at 95 °C for 1 min, annealing
at 58 °C for 1 min, extension at 72 °C for 2 min, and a final
cycle at 72 °C for 10 min.

For a more detailed phylogenetic reconstruction, a subset
of 28 strains initially identified within the Agrobacterium
and Rhizobium genera were selected for the amplification of
four housekeeping genes (atpD, ginA, gyrB, and rpoB) that
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have been demonstrated to be informative in previous stud-
ies (Aujoulat et al. 2011; Martens et al. 2008) (Supplemen-
tary Table 1). The partial gene amplification was achieved
in a C1000 Touch thermocycler (BIO-RAD, CA, USA). The
amplification conditions were as follows: an initial denatur-
ation temperature of 95 °C for 5 min, followed by 35 cycles
of denaturation at 95 °C for 1 min; alignment at 55 °C for
1 min for rpoB, 58 °C for atpD and gyrB, and 60 °C for
ginA; extension at 72 °C for 2 min; and a final cycle of
72 °C for 10 min.

Horizontal electrophoresis in a 1.5% agarose gel stained
with GelRed TM (Biotium, CA, USA) in a Sub-Cell GT
chamber (BIO-RAD, CA, USA) operated at 90 V for an
hour was used to confirm all amplified products. The ampli-
cons were cleaned using the ExoSAP-IT enzymatic reaction
protocol (Affymetrix, CA, USA). Sanger sequencing of the
amplified fragments was performed by Psomagen (Psoma-
gen Inc., Rockville, MD, USA).

Table 1 Reference strains used for phylogenetic analyses and their

GenBank accession number

Species Strain Accession number
Peteryoungia AOL15" NZ ALJF00000000
albertimagni
Agrobacterium KFB 3307 JWIT00000000
arsenijevicii
. burrii Ror” NZ_JAFLNA01000000
cavarae RZME10T NZ_SISF00000000
. cucumeris 01327 CP080391
. larrymoorei ATCC 51,759" JADWO01000000
. leguminum MOPV5T NZ_JADQWB010000000
. nepotum 39/7 NZ_JWJIH01000000
pusense LMG 25,6237 NZ_FNBB01000000
. radiobacter NCIB 90427 NZ JAAQPQ010000000
. radiobacter DSM 30,1477 NZ_LMVJ01000022
. radiobacter NCPPB 30017 Nz _LMVJ01000022

rosae

N N N N N O N N

Allorhizobium vitis

Rhizobium
leguminosarum
R. rhizogenes
R. rhizogenes
R. rhizogenes
R. tropici

NCPPB 16507

NCPPB 3554T
ATCC 10,0047

LMG 1507
NBRC 13,2577
A4

CIAT899T

NZ_NXEJ01000000

rubi NBRC 13,2617 NZ_BBJU00000000
salinitolerans YIC 50827 NZ_MRDH01000000
shirazense 01337 MKS881543

. skierniewicense Ch11T NZ_RXPG00000000

. tomkonis CFBP 66247 NZ JAFIRL010000000

. tumefaciens ATCC 47207 NZ_LMVJ00000000

. tumefaciens CNPSo 675 NZ_WJOK01000000

. tumefaciens CFBP5877 NZ_CP039897

. tumefaciens CPO 2.419 NZ_JAVIYJ010000000

. tumefaciens ICMP 4364 NZ QSNR01000000

. tumefaciens LMG 232 JAALYU010000000

. vaccinii B7.6" NZ_CP054150

NZ_LMVL02000000

NZ_
JAWXXWO010000000

NZ_SGOG00000000
NZ_BAYX00000000
NZ_CP073113

NC 020060

Pathogenicity tests

Pathogenicity tests were performed for a subset of 49 rep-
resentative strains from the previously selected bacteria
according to morphological characteristics (Table 1). Tests
were conducted on two types of crops: pathogen-free rasp-
berry Adelita variety seedlings obtained from tissue culture
and 3-week-old tomato (Solanum lycopersicum L.) seed-
lings. One hundred and fifty plants from each crop were
subjected to 50 treatments, comprising 49 bacterial isolates
and a distilled water control. The toothpick method was used
for inoculation, producing wounds in the plants’ stems and
allowing bacteria to enter. After 48 h, the stick was removed
and the wounds were wrapped in Parafilm. The seedlings
were grown in a greenhouse with high relative humidity
(75%) and an average temperature of 28 °C. The plants were
monitored for two months to detect incidence (the forma-
tion of galls as a symptom of pathogenicity), with the infec-
tion considered positive only if galls were observed.

Phylogenetic analysis

Raw data from the forward and reverse DNA fragments was
assembled with the Bioedit 7.1.9.0 software (Hall 1999).
The consensus sequences from each gene were aligned with
the MUSCLE algorithm (Edgar 2004) using MEGA7 soft-
ware (Tamura et al. 2012). Each set of aligned sequences
of atpD, ginA, gyrB, and rpoB was concatenated using the
Mesquite v3.6 software (https://www.mesquiteproject.org).
The assembled sequences were deposited in GenBank from
the National Centre for Biotechnology Information database
(Table 2).

The reference sequences of each gene for the Agrobac-
terium and Rhizobium species mentioned in the List of
Prokaryotic names with Standing in Nomenclature (LPSN)
database (Parte et al. 2020) and those of relevance used in
previous research by other authors (Veldzquez et al. 2020;
Kuzmanovi¢ et al. 2015b) were obtained from GenBank and
included in the final alignment.

The phylogenetic reconstruction (for both 16S rRNA and
MLSA) was performed using Bayesian statistics and the
Mr Bayes program (Ronquist and Huelsenbeck 2003) by
implementing the MCMC algorithm with four exchange-
able Markov chains. The nucleotide substitution model used
was the General Time-Reversible (GTR + 1), which assumes
different substitution rates for each pair of nucleotides as
well as different frequencies of appearance of nucleotides
with sites. The analysis was terminated when the standard
deviations of the split frequencies reached a value of 0.01.
Trees were sampled every 1000 generations. The ‘burn in-
phase’ option was used to discard 25% of the total trees
generated; the remaining trees were used to calculate the
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Table 2 Bacterial diversity from symptomatic raspberry crown gall
samples identified using partial 16S ribosomal gene sequencing and
tested for pathogenicity. Strains with positive results reproducing gall
symptoms are shaded in gray

Strain Identification GenBank
accession
number

CPO 2.111 Pantoea cypripedii MW131563

CPO 2.113 Agrobacterium pusense MW131565

CPO 2.115 Rahnella aquatilis MW131567

CPO 2.116 Achromobacter xylosoxidans MW131568

CPO 2.117 Klebsiella michiganensis MW131569

CPO 2.126 Stenotrophomonas rhizophila MW131574

CPO 2.135 Curtobacterium sp. MW131580

CPO 2.137 Stenotrophomonas maltophilia MW131581

CPO 2.139 Pseudomonas putida MW131583

CPO 2.146 Delftia lacustris MW131589

CPO 2.151 Sphingobacterium sp. MW131594

CPO 2.314 Agrobacterium tumefaciens OR426232

CPO 2.323 Ralstonia pickettii OR426239

CPO 2.332 Novosphingobium sp. OR426247

CPO 2.333 Stenotrophomonas maltophilia OR426248

CPO 2.337 Agrobacterium leguminum OR426251

CPO 2.340 Rhizobium sp. OR426254

CPO 2.341 Pseudomonas sp OR426255

CPO 2.343 Rhizobium sp. OR426256

CPO 2.346 Herbaspirillum sp. OR426259

CPO 2.349 Kluyvera sp. OR426261

CPO 2.352 Agrobacterium deltaense OR426264

CPO 2.353 Variovorax paradoxus OR426265

CPO 2.358 Pseudomonas koreensis OR426269

CPO 2.359 Flavobacterium sp. OR426270

CPO 2.360 Rhizobium sp. OR426271

CPO 2.362 Variovorax paradoxus OR426273

CPO 2.377 Delftia acidovorans OR426288

CPO 2.205 Agrobacterium shirazense OR426151

CPO 2.225 Klebsiella aerogenes OR426170

CPO 2.229 Enterobacter kobei OR426174

CPO 2.237 Pantoea dispersa OR426181

CPO 2.239 Paraburkholderia tropica OR426183

CPO 2.255 Burkholderia cepacia OR426199

CPO 2.269 Burkholderia cenocepacia OR426212

CPO 2.272 Enterobacter cloacae OR426215

CPO 2.274 Stenotrophomonas maltophilia OR426217

CPO 2.277 Pseudomonas putida OR426218

CPO 2.404 Agrobacterium rhizogenes OR426299

CPO 2.407 Lelliottia amnigena OR426302

CPO 2.417 Pseudomonas koreensis OR426312

CPO 2.418 Agrobacterium tumefaciens OR426313

CPO 2.419 Agrobacterium tumefaciens OR426314

CPO 2.425 Enterobacter cloacae OR426319

CPO 2.432 Enterobacter sp. OR426324

CPO 2.437 Rahnella aquatilis OR426329

CPO 2.442 Raoultella terrigena OR426334

CPO 2.451 Flavobacterium sp. OR426343

CPO 2.452 Pseudomonas sp. OR426344
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posterior probability of support at each node. The final trees
were visualised using the FigTree v1.4.4 program (http://
tree.bioed.ac.uk/software/figtree/).

Whole genome sequencing and assembly

Based on the pathogenicity test results, DNA from the
selected Agrobacterium sample (CPO 2.419) was used
for whole genome sequencing. The Picogreen Victor X2
fluorometry method (Life technologies, Thermo Fisher
Scientific, MA, USA) was used to calculate the DNA con-
centration in the sample. The Psomagen Next Generation
Sequencing service (Psomagen Inc., Rockville, MD, USA)
and Hi-Seq 2000 technologies (Illumina, CA, USA) were
used to sequence paired-end reads, yielding fragments of
151 base pairs (bp). The Illumina bcl2fastq program was
used to convert binary base calling to FASTQ files. Adapt-
ers were removed from the final reads.

FastQC version 0.11.9 (www.bioinformatics.babraham.
ac.uk/projects/) was considered to evaluate the quality of
raw sequences. Trimmomatic v0.39 software (Bolger et al.
2014) was used to eliminate low-quality reads (with param-
eters leading: 3, trailing: 3, sliding window: 4:15, minlen:
75). The high-quality lecture pairs were processed using the
BV-BRC assembly service (https://www.bv-brc.org/), via
a predefined process (pipeline) (unicycler -t 12 -o. --min_
fasta length 300 --keep 2 --no_pilon) in Unicycler v0.4.8
(Wick et al. 2017). The annotations were created using the
NCBI Prokaryotic Annotation Pipeline (PGAP).

Genome analysis

Amino acid and nucleotide sequences from 100 global pro-
tein families (PGFams) were obtained using the BV-BRC
platform (Davis et al. 2016). An alignment was constructed,
and a tree was generated based on differences within these
sequences. Protein sequences were aligned with MUSCLE
(Edgar 2004), whereas nucleotide-coding gene sequences
were aligned with BioPython’s Codon align function
(Cock et al. 2009). A concatenated alignment of all pro-
teins and nucleotides was generated in a PHYLIP formatted
file, followed by a partition file for RaxML 8.0.0 program
(Stamatakis 2014) with the ‘AUTO’ model to find the best
substitution model and conditions -PTHREADS-SSE3 -m
GTRCAT -p 12,345 -T 12 -fa -x 12,345 -N 100 to find the
best tree. Strain genomes used for comparison were also
obtained from GenBank (Table 3). Support values were
generated after using 100 rounds of RaxML’s “quick” start-
up option (Stamatakis et al. 2008).

Average nucleotide identity (ANI) values were calcu-
lated by comparing the genome obtained from strain CPO
2.419 to A. tumefaciens LMG 232, A. tumefaciens CNPSo
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Table 3 GenBank accession numbers for ribosomal 16S and housekeeping gene sequences used for the identification of Agrobacterium strains

isolated from raspberry galls

Strain Identification GenBank accession number
16S IRNA rpoB atpD glnA gyrB

CPO 2.302 A. leguminum OR426223 OR582432 OR582457 OR832147 OR832122
CPO 2.303 A. tumefaciens OR426224 ORS582433 OR582458 OR832148 OR832123
CPO 2.311 A. leguminum OR426229 ORS582434 OR582459 OR832149 OR832124
CPO2.314 A. tumefaciens OR426232 OR582435 OR582460 OR832150 OR832125
CPO 2.315 A. tumefaciens OR426233 OR582436 OR582461 OR832151 OR832126
CPO 2.322 A. tumefaciens OR426238 OR582437 OR582462 OR832152 OR832127
CPO 2.327 A. tumefaciens OR426242 ORS582438 OR582463 OR832153 OR832128
CPO 2.329 A. tumefaciens OR426244 OR582439 OR582464 OR832154 OR832129
CPO 2.334 A. leguminum OR426249 OR582440 OR582465 OR832155 OR832130
CPO 2.336 A. tumefaciens OR426250 OR582441 OR582466 OR832156 OR832131
CPO 2.337 A. leguminum OR426251 ORS582442 OR582467 OR832157 OR832132
CPO 2.343 Rhizobium sp. OR426256 ORS582443 OR582468 OR832158 OR832133
CPO 2.350 A. tumefaciens OR426262 OR582444 OR582469 OR832159 OR832134
CPO 2.352 A. deltaense OR426264 OR582445 OR582470 OR832160 OR832135
CPO 2.355 A. leguminum OR426267 OR582446 OR582471 OR832161 OR832136
CPO 2.371 A. tumefaciens OR426282 ORS582447 OR582472 OR832162 OR832137
CPO 2.372 A. leguminum OR426283 OR582448 OR582473 OR832163 OR832138
CPO 2.374 A. leguminum OR426285 OR582449 OR582474 OR832164 OR832139
CPO 2.404 A. rhizogenes OR426299 OR582450 ORS582475 OR832165 OR832140
CPO 2.418 A. tumefaciens OR426313 OR582451 OR582476 OR832166 OR832141
CPO 2.419 A. tumefaciens OR426314 ORS582452 OR582477 OR832167 OR832142
CPO 2.205 A. shirazense OR426151 OR582453 OR582478 OR832168 OR832143
CPO 2.104 A. pusense MW131557 OR582454 OR582479 OR832169 OR832144
CPO 2.113 A. pusense MW131565 OR582455 OR582480 OR832170 OR832145
CPO 2.114 A. pusense MW131566 ORS582456 OR582481 OR832171 OR832146

675, A. tumefaciens ATCC 47207, and A. arsenijevicii KFBT
330 using OrthoANIu (Yoon et al. 2017). Furthermore,
the digital DNA-DNA hybridization ({DDH) values were
computed and compared using the Genome-to-Genome
Distance Calculator 2.1 (Meier-Kolthoff et al. 2013) on the
Type Strain Genomic Server (TYGS) platform.

Furthermore, CPO 2.419 contig 7 with sequences corre-
sponding to the vir genes and others were compared against
CFBP2712 pTi using the tblastx tool (NCBI).

Results
Sample processing

The processed plant material from commercial planta-
tions in Jalisco and Michoacan states showed characteristic
crown galls, which were distinguished by the thickening of
anomalous irregularly shaped protuberances with a rough
appearance. The galls had a tumorous appearance and were
mostly light brown in colour, ranging from reddish to green-
ish depending on the stage of disease development (Fig. 1).
In contrast to the surrounding healthy tissue, these had a soft
consistency to the touch. The roots and stems near the galls

were observed to be normal in appearance, with no visible
signs of disease. In some cases, longitudinal sections of the
area revealed necrosis of the adjacent tissue.

Bacterial identification

The isolation and purification of bacteria from symptomatic
raspberry plant tissue revealed the presence of several types
of colonies. These were selected based on their morphologi-
cal characteristics on D1-M and King’s B medium, with
a focus on possible Agrobacterium strains but not exclud-
ing other types of growth. The partial 16S ribosomal gene
sequence of the 69 strains revealed the bacteria belong to
different genera (Table 1). Similarly, genetic heterogene-
ity amongst the 28 Agrobacterium/Rhizobium strains was
shown (Table 2), with most sequences recognised at the
species level.

Pathogenicity tests
In the case of raspberry, symptoms appeared 5 weeks after
inoculation for three strains (CPO 2.418, 2.419, and 2.404)

for pathogenicity tests; the three of them were identified as
Agrobacterium. The development of symptoms included the
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Fig. 1 Galls on raspberry plants from production fields in the Mexican
states of Jalisco and Michoacan. Root segment with a compact appear-
ance, showing galls along the tissue (A), young plant with the presence

Fig. 2 Pathogenicity test
exhibiting the gall symptoms
on raspberry (A) and on tomato
seedlings (B)

appearance of galls at the wound sites where the toothpick
puncture was performed. They were small and light brown-
greenish in colour at first, turning dark brown near the end
of the evaluation (60 days post-inoculation) (Fig. 2a). In the
case of tomato, symptoms showed up 2 weeks after inocula-
tion for the same strains as in raspberry. The galls, which
were light brown in colour and soft in texture, formed at
the wound points where the toothpick inoculation was done.

@ Springer

of greenish-brown tumours on the crown (B), gall in an advanced state,
with brown, greenish and reddish coloration (C)

Toward the end of the evaluation, symptoms of wilting and
general yellowing of the plant began to appear, indicating
obstruction of the vascular system by gall growth (Fig. 2b).

Phylogenetic analysis

The phylogenetic tree of the 28 strains identified within the
Agrobacterium and Rhizobium genera constructed using the
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CPO 2.336
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CPO 2.371
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|__[A. arsenijevicii KFB 3307
0.93| A. tumefaciens ATCC 47207
A. tumefaciens CNPSo 675
A. tumefaciens ICMP 4364
A. tumefaciens LMG 232

0.99[ A. rosae NCPPB 16507
A. skierniewicense Ch117
11" A. rubiNBRC 132617

A. vaccinii B7.6T

A. radiobacter NCIB 90427
A. radiobacter NCPPB 30017
A. tomkonis CFBP 66247
A. burrii Rnr™

A. cucumeris 01327

CPO 2.302

CPO 2.311

CPO 2.334

CPO 2.337

CPO 2.352

CPO 2.355

CPO 2.372

CPO 2.374

CPO 2.381

CPO 2.205

A. shirazense OT33T

L~ A. leguminum MOPV5T
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0.92|
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CPO 2.404
1| R. rhizogenes LMG 1507
R. rhizogenes NBRC 132577
R. rhizogenes A4
R. tropici CIAT899T
Rhizobium leguminosarum ATCC 10004T
R. grahamii CCGE 5027
CP0 2.343
1 LA. larrymoorei ATCC 517597
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—
0.0050

Fig. 3 Phylogenetic tree based on 16S rDNA sequences (1,335 bp)
constructed using the Bayesian inference method. The nucleotide sub-
stitution model GTR +1 was used. The isolated strains were divided
into three major clades, with 22 of them belonging to the tumefaciens
complex (marked in blue)

16S rRNA sequences (1335 bp) revealed the formation of
four clades: within the tumefaciens complex, closely related
to A. tumefaciens and A. arsenijevicii (CPO 2.303, 2.312,
2.314,2.315,2.322,2.327,2.329,2.336,2.350,2.371,2.418,
and 2.419, the last two which resulted pathogenic strains)
and related to A. leguminum and A. shirazense (CPO 2.302,
2.311, 2.334, 2.337, 2.352, 2.355, 2.372, 2.374, 2.381, and
2.205); within the Rhizobium genus (CPO 2.404 and 2.343),
with CPO 2.404 standing out as a pathogenic isolate quite
related to R. rhizogenes, and CPO 2.343 not clearly defined
but close to R. grahamanii; and finally, a group related to
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Fig. 4 Multilocus Bayesian phylogenetic tree constructed from the
concatenated partial sequences of the apD, ginA, gyrB, and rpoB
genes (3806 bp) using the GTR+1+G substitution model for all
genes. Within the tumefaciens complex, CPO strains clustered with 4.
tumefaciens (genomic species 1), and 4. arsenijevici (marked in blue)
with greater definition

A. pusense and A. salinotolerans (CPO 2.104, 2.113, 2.114,
and 2.138) (Fig. 3).

The multilocus phylogenetic tree of the four concatenated
housekeeping genes (3806 bp) showed more precise group-
ing (Fig. 4). The strains clustered in the tumefaciens com-
plex were more clearly defined as A. tumefaciens genomic
species 1, leaving a clear separation from A. arsenijevicii.
The pathogenic strains CPO 2.418 and 2.419 stand out as
being closely related to 4. tumefaciens LMG 232. The iden-
tity of the A. leguminum and A. shirazense strains could
be defined better, with CPO 2.302, 2.311, 2.334, 2.337,
2.352, 2.355, 2.372, 2.374, and 2.381 being more related
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to A. leguminum and CPO 2.205 being closely related to A.
shirazense, remaining relatively separated from the clade.
Likewise, CPO 2.104, 2.113, 2.114, and 2.138 were con-
firmed to be related to 4. pusense. Finally, CPO 2.404 was
still grouped within the R. rhizogenes clade, confirming its
identity, while CPO 2.343 remained close to R. grahamanii.

Whole genome sequencing

The whole genome sequencing files generated by the
[llumina paired-end sequencing of the CPO 2.419 sam-
ple were 6180 Gb in size when decompressed. A total of
5,158,916,208 reads were produced. The average quality
score (Q-score) of the reads was 36.896, and the average
genome cover value was 443, which means that each base
in the genome was sequenced an average of 5,754,873.65
times. The GC and AT contents were 59.15 and 40.85%,
respectively. The high precision of each sequenced nucleo-
tide is indicated by the Phred quality values (Supplementary
Table 2). The sequencing reads were used to generate the
whole-genome consensus sequence, which has a total length
0f 5,679,921 bp assembled into 46 contigs with an approxi-
mate N50 (average contig length) of 305 kb (Fig. 5). The
average GC content was found to be 58.45%. Contig 7 cor-
responds to the Ti plasmid. The final sequence was depos-
ited in the GenBank database, with the accession number
JAVIYJ000000000.1.

The 100-housekeeping protein phylogenetic analysis for
the strain CPO 2.419 revealed that it belongs to the tumefa-
ciens complex, closest to 4. tumefaciens LMG 232 (Fig. 6).
The high similarity between strains LMG 232, CNPSo 675

- mﬁ |nr.| ~
el i [/} Loy
\.m\'\;‘}f\»u itiigy 0

Uy .. e

Agrobacterium tumefaciens
strain CPO 2.419

sesnaed

5,679,921 bp

/7 0‘{\,““”"‘“""‘ e
;’i"_"“f-:'l M

8 [

Fig.5 Graphical circular map of the Agrobacterium tumefaciens strain
CPO 2.419 genome. From outside to the centre: Circle 1 shows genes
on the forward strand in green; Circle 2 shows genes on the reverse
strand in purple; Circle 3 shows G+ C% content; and the innermost
ring shows GC skew (A). Circular graphical shows the genome anno-
tations distribution: the contigs are present in black, CDS on the for-
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(formerly the type strain of A. fabacearum), and ATCC
47207 is appreciated. The taxonomic position of the CPO
2.419 strain at the species level was determined by com-
paring OrthoANIu and dDDH values (Table 4). The high
OrthoANIu percentage values obtained when compared
to A. tumefaciens LMG 232, A. tumefaciens CNPSo 675,
and A. tumefaciens ATCC 47207 (99.43, 98.56 and 98.1%,
respectively) suggest a high level of genetic similarity.
Meanwhile, a dDDH value of 89.1% was obtained for LMG
232, indicating the strongest relationship with CPO 2.419.
A. arsenijevicii KFB 330, on the other hand, obtained Orth-
0ANIu and dDDH values of 90.60 and 57.5%, respectively,
against CPO 2.419, which were lower than the values of 90
and 70% for species delineation, reaffirming its taxonomic
separation.

Comparison of CPO 2.419 contig 7 (GenBank
JAVIYJ010000007.1) with CFBP2712 pTi (NCBI) exhib-
ited high similarity (Fig. 7) with the sequences correspond-
ing to the vir genes (vird, virBl1-11, virC1-2, virD1-4,
virE1-3, virG, virK, and vird/G), opine synthases such
as agrocinopine synthase and tnp; TraA—F family protein;
transposases such as 7n3 family transposase; ABC trans-
porter ATP-binding protein; ABC transporter permease;
HipA domain-containing protein; transcriptional regulator
TraR; repA—C; and trbB—L.

ward strand is green, and CDS on the reverse strand is purple, Non-
CDS features are in turquoise, AMR genes are in red, VF genes are in
orange, blue for the transporter genes, black for the drug target genes,
a black line on pink for background GC content, and black on cream
for GC skew (B)
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Fig.6 Phylogenetic tree con-
structed using sequences that
code for 100 housekeeping pro-
teins genes and information from
25 complete genomes belonging
to the genus Agrobacterium. CPO
4.219 was placed in the 4. tume-
faciens clade (marked in blue)
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Discussion

Isolation and purification of bacteria from symptomatic tis-
sue showed the diversity of the bacterial microbiota, with
Agrobacterium genus isolates standing out. The identifica-
tion of the 69 representative strains (Table 1) showed the
genus diversity found within the tissue of the symptomatic
raspberry plants. Commonly found bacterial genera in this
study included Burkholderia, Delftia, Enterobacter, Flavo-
bacterium, Klebsiella, Pantoea, Pseudomonas, Stenotroph-
omonas, Agrobacterium, and Rhizobium. Sanchez-Jiménez
et al. (2022) reported that part of this bacterial diversity
could also be found in raspberry gall tissue from Tlaxcala,
Mexico, with Delftia and Pseudomonas being the most fre-
quent genera found in their study.

Pathogenicity tests revealed that three strains (CPO
2.418, 2.419, and 2.404) demonstrated the ability to induce
symptoms in both raspberry and tomato. Similarly, Agro-
bacterium strains with no ability to induce symptoms were
frequently isolated in this study.

This 16S rRNA analysis provides an overview of the
genetic diversity and phylogenetic relationships among the

100

R. rhizogenes LMG 1507
100 'R. rhizogenes NBRC 13257

A. radiobacter NCPPB 30017

strains under consideration (Fig. 3). The results reveal their
classification into specific clades within the Agrobacterium/
Rhizobium genus. The first group of bacteria comprises
22 strains belonging to the tumefaciens species complex,
divided into two clades: the first within the 4. tumefaciens
group and the second within the 4. leguminum and A. shi-
razense groups. A third clade formed with the Rhizobium
genus, with two strains, and a fourth with 4. pusense and 4.
salinotolerans, with four strains. The Agrobacterium tume-
faciens species complex largely predominates, as reported
in previous studies for isolates obtained from raspberry
(Putawska et al. 2015; Kuzmanovi¢ et al. 2015a; Mafakheri
et al. 2019).

This information is critical for understanding the strains’
population structure and evolutionary relationships. The
presence of different phylogenetic groupings suggests
changes in the original population structure and the forma-
tion of cryptic species (species in the process of separation),
which may explain the presence of highly similar strains
in different lineages within the genus. From a single gall,
pathogenic and non-pathogenic bacteria from different phy-
logenetic groups could be isolated. This makes determining
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Fig.7 Plasmids comparison
between Agrobacterium tume-
faciens CPO 2.419 contig 7

(205,933 nt) and 4. tumefaciens o a0sorem
pTi CFBP2 (193,011 nt) depicts
high sequence similarity using

tBLASTxS

T
105kb

pTi CFBP2712 ol
193,011 nt

0 20 30 40

which strain caused the gall difficult. Furthermore, bacteria
are not required for disease development after the plant has
been infected (Putawska et al. 2015).

The partial sequencing of the 16S ribosomal gene is
useful for studying the population diversity of the strains
in the symptomatic sample. However, for the tumefaciens
complex, which includes several closely related species,
this molecular marker lacks sufficient resolution to distin-
guish between species, which was clearly the case between
A. tumefaciens and A. arsenijevicii. The high conservation
of this gene in some bacteria may make species distinc-
tion difficult. This is evidenced by the clustering of strains
within the aforementioned clades, where identification may
be inaccurate despite genetic variability.

To address these limitations, the multilocus analysis
using the housekeeping genes atpD, ginA, gyrB, and rpoB
allowed for a more accurate identification. The strains were
more precisely classified, particularly those in the tume-
faciens complex (Fig. 4), with all strains in the first clade
clustering better with A. tumefaciens. The 100-housekeep-
ing protein analysis, which provides even better resolution
for identification, reaffirmed that strain CPO 2.419 belongs
to the tumefaciens complex and is most closely related to A.
tumefaciens LMG 232 (Fig. 6).

This study shows the Agrobacterium strain variety found
in disease-struck plantations in the region, some of which
can be found even within the same sample (Llop et al.
2009). These findings add significantly to our understanding
of microbial diversity and the evolution of phytopathogenic
strains associated with crown gall in raspberry-producing
areas of Mexico. This is relevant as common bacterial dis-
eases spread between nurseries via plant material distribu-
tion and remain in contaminated soil. Producers in Mexico’s
berry-growing sector may be at risk from the trade of con-
taminated plant material.

The OrthoANIu values provide information about
genetic similarity (Table 4). The high percentages obtained
for strain CPO 2.419 compared to 4. tumefaciens LMG 232
(99.43%) suggest a high level of genetic similarity, while
lower values with A. arsenijevicii KFB 330 indicate a clear

tBLASTx %-identity
[ M
50 60 70 80 85 90 95 100

taxonomic separation. Such high ANI values are frequently
associated with strains of the same species or closely related
species. Meanwhile, dDDH values reflect the degree of
DNA-DNA hybridization and may be related to genetic
relatedness and taxonomic classification. The highest value
obtained was 89.1% for A. tumefaciens LMG 232, indicat-
ing the strongest relationship with CPO 2.419; therefore,
considering both OrthoANIu and dDDH values, strain CPO
2.419 was identified as 4. tumefaciens.

Prior to the taxonomic reclassification of 4. tumefaciens
and A. radiobacter, several strains were recorded with an
incorrect name and are now classified as A. tumefaciens
NCPPB 3001, A. tumefaciens CFBP 5877, and A. tumefa-
ciens IIF1ISW-BI1. According to Veldzquez et al. (2020),
when compared to A. tumefaciens ATCC 47207 with the
genomes of different strains of 4. fabacearum have ANIb
and dDDH values higher than what is recommended for
species differentiation, implying that both may belong to
the same species. The recent taxonomic change for 4. tume-
faciens CNPSo 675 (which was the former type strain for
A. fabacearum) reflect the need for constant taxonomic re-
evaluation of the existent and new Agrobacterium species
and strains using whole genome analysis.

The findings of this study support the revaluation of
the taxonomic position of the studied strains and provide
valuable information on the identity and phylogenetic rela-
tionships of the CPO 2.419 strain in the context of related
Agrobacterium species. These findings add to the knowledge
of the genomic diversity of this bacterial genus in raspberry
plantations in Mexico. Therefore, it is necessary to develop
management strategies to reduce the impact that tumori-
genic Agrobacterium can cause on raspberry plantations.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s42161-
024-01676-2.
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