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ABSTRACT Copper resistance mechanisms provide an important adaptive advant-
age to plant-pathogenic bacteria under exposure to copper treatments. Copper re-
sistance determinants have been described in Pseudomonas syringae pv. syringae
(Pss) strains isolated from mango intimately associated with 62-kb plasmids belong-
ing to the pPT23A family (PFP). It has been previously described that the indiscrimi-
nate use of copper-based compounds promotes the selection of copper-resistant
bacterial strains and constitutes a selective pressure in the evolution of copper resist-
ance determinants. Hence, we have explored in this study the copper resistance evo-
lution and the distribution of specific genetic determinants in two different Pss
mango populations isolated from the same geographical regions, mainly from south-
ern Spain, with an average of 20years of difference. The total content of plasmids, in
particular the 62-kb plasmids, and the number of copper-resistant Pss strains were
maintained at similar levels over time. Interestingly, the phylogenetic analysis indi-
cated the presence of a phylogenetic subgroup (PSG) in the Pss mango phylotype
mostly composed of the recent Pss population analyzed in this study that was
strongly associated with a hyperresistant phenotype to copper. Genome sequencing
of two selected Pss strains from this PSG revealed the presence of a large Tn7-like
transposon of chromosomal location, which harbored putative copper and arsenic re-
sistance genes (COARS Tn7-like). Transformation of the copper-sensitive Pss UMAF0158
strain with some putative copper resistance genes and reverse transcription-quantitative
PCR experiments brought to light the role of COARS Tn7-like transposon in the hyperre-
sistant phenotype to copper in Pss.

IMPORTANCE Copper compounds have traditionally been used as standard bacteri-
cides in agriculture in the past few decades. However, the extensive use of copper
has fostered the evolution of bacterial copper resistance mechanisms. Pseudomonas
syringae is a plant-pathogenic bacterium used worldwide as a model to study plant-
pathogen interactions. The adaption of P. syringae to plant surface environment is the
most important step prior to an infection. In this scenario, copper resistance mecha-
nisms could play a key role in improving its epiphytic survival. In this work, a novel
Tn7-like transposon of chromosomal location was detected in P. syringae pv. syringae
strains isolated from mango. This transposon conferred the highest resistance to cop-
per sulfate described to date for this bacterial phytopathogen. Understanding in depth
the copper resistance mechanisms and their evolution is an important step for the ag-
ricultural industry to improve disease management strategies.

KEYWORDS Pseudomonas syringae pv. syringae, mango host, pPT23A plasmids, copper
resistance, COARS Tn7-like transposon

seudomonas syringae is a major bacterial phytopathogen used worldwide as a
model bacterium to study plant-pathogen interactions (1). P. syringae synthesizes
a vast array of virulence factors, prominent among which are the type Il secretion
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system (T3SS) and diverse toxic compounds, such as lipodepsipeptide and antimetabo-
lite toxins (2-4). The P. syringae species belongs to the P. syringae complex, which has
been described as a taxonomic hodgepodge that includes at least nine different taxo-
nomically related species (5-7). More than 60 pathovars of P. syringae have been
reported (7), with the pathovar syringae being the most outstanding pathovar due to
its broad arsenal of virulence factors and host range (4). In addition, adaptation mecha-
nisms have emerged as being important for colonization and survival strategies on the
plant surface environment and also are closely connected with bacterial virulence (4).
P. syringae pv. syringae (Pss) strains isolated from mango trees have been described as
the causal agent of bacterial apical necrosis (BAN) disease of mango trees (8). Pss
strains isolated from mango form a single phylotype within phylogenetic group 2 of
the P. syringae complex (9), mainly associated with the mango host and with the pro-
duction of the antimetabolite toxin mangotoxin (6, 10).

Copper-based compounds traditionally have been used in agriculture as standard
bactericides targeting plant-pathogenic bacteria (11). However, copper is a major
heavy metal, and the indiscriminate use of copper-based compounds has entailed
severe environmental impact affecting soil, plants, and food security (12-14). It should
be pointed out that the excessive use of copper has promoted the selection of copper-
resistant strains and facilitated the evolution and spread of copper resistance determi-
nants in many different bacteria, including P. syringae (15-20). In this context, mobile
genetic elements, such as plasmids, integrative conjugative elements, and transposons,
play an important role in bacterial evolution due to their ability to acquire foreign DNA
that can be transmitted to other bacteria via horizontal gene transfer (HGT) mecha-
nisms (21-23). In particular, plasmid DNA is considered part of the flexible genome,
and plasmids tend to encode important genes that can improve the epiphytic survival
and virulence of their bacterial hosts (24-26). The pPT23A-family of plasmids (PFPs) is a
family of plasmids that appear to be indigenous to P. syringae (24), with all of them
sharing a conserved major replication gene, repA (27). The most common genetic de-
terminant associated with copper resistance in P. syringae is the copABCD operon,
described for the first time in P. syringae pv. tomato (28). The copABCD operon and UV
radiation resistance genes (rulAB operon) are frequently carried by PFP plasmids (24).
The presence of PFP plasmids has also been reported in Pss strains isolated from
mango (15, 26). Hitherto, rulAB genes and two different variants of copper resistance
determinants have been found in Pss strains isolated from mango, carried mainly by
62-kb PFP plasmids (15, 26, 29, 30). The two copper resistance determinants are the
copABCD operon and the copABCD-cusCBA-copG gene cluster (designated a copABCD
novel structure, copABCDns), which was described for the first time in a Pss strain iso-
lated from mango (30). The detoxification mechanism of the copABCD operon involves
copper binding by sequestering proteins, and the cus genes belong to the heavy-metal
efflux (HME)-RND (resistance-nodulation-cell division) family. The presence of the
copABCDns has been demonstrated to increase copper resistance compared with that
of the copABCD operon (30). Other than these two different variants of copper resist-
ance determinants harbored by PFP plasmids in Pss strains isolated from mango, previ-
ous data have suggested the existence of at least another copper resistance determi-
nant variant that can even improve the resistance to copper compounds (6, 15). Based
on this premise, the main aim of this work was to elucidate the copper resistance distri-
bution and the specific genetic determinants harbored by two different Pss popula-
tions isolated from mango from different worldwide regions, but mainly from southern
Spain, and separated in time by an average of 20 years.

RESULTS

Bacterial isolates identification as Pseudomonas syringae pv. syringae. Eighty-
two bacterial isolates from mango, comprising Pss strains isolated mainly before the
year 2000 (designated population 1, or P1) and Pss strains from 2016 to 2017 (desig-
nated population 2, or P2), were collected. The P1 population comprised 38 Pss strains
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isolated from mango. Seven Pss strains isolated from other hosts were included as
external controls of the P1 population. The P2 population (n = 44) comprised strains
recovered from mango trees with BAN symptoms isolated from the same geographical
regions as the P1 population. Three Pss strains isolated from other hosts were included
as external controls of the P2 population (Table 1). These 47 P2 isolates were identified
as Pss through biochemical, physiological, and genetic approaches. All were fluores-
cent on KB medium under UV light, levan positive, cytochrome ¢ oxidase negative, ar-
ginine dihydrolase negative, and positive for tobacco hypersensitive response. All iso-
lates hydrolyzed gelatin and esculin and metabolized glucose, mannitol, inositol,
adonitol, gluconate, propionate, L-lactate, and L-histidine but not L-tartrate. All isolates
showed ice nucleation activity at —5°C. Gene syrB was detected by PCR in all isolates
that also produced syringomycin. In all isolates, the presence of the mboAB genes,
which also produced the antimetabolite toxin mangotoxin, was detected by PCR (see
Fig. S1 in the supplemental material). All these tests were also repeated for the 45 P1
Pss strains to confirm their previous identifications. All the Pss strains showed the same
results, with a few exceptions regarding the production of mangotoxin and the detec-
tion by PCR of mboAB genes. Pss ICMP14923, Pss UMAF2801, and Pss UMAF0167
strains (isolated from mango) and the Pss UMAF1444-5 strain (isolated from laurel) did
not produce mangotoxin, but the presence of mboAB genes was detected by PCR. Pss
EPSMV3, Pss UMAF6016, and Pss UMAF6582 strains were negative for PCR detection of
the mboAB genes and for the production of mangotoxin.

Plasmid profile analysis in Pss strains isolated from mango. The plasmid content
and the assessment of PFP status were studied in the P1 and P2 Pss mango popula-
tions. From the P1 population, 25 Pss strains harbored plasmids, while in the P2 popu-
lation, 36 Pss strains harbored plasmids (Fig. TA). Five different plasmid profiles were
found in both Pss populations (45 kb, 62 kb, 120 kb, 45 to 62 kb, and 62 to 88 kb). The
plasmid profile 45 to 120 kb was detected only in the P2 strain UMAF0292. The 62-kb
plasmid profile was the most represented, being present in 17 and 24 Pss strains from
P1 and P2, respectively (Fig. 1B). The 120-kb plasmid profile was the second most rep-
resented plasmid profile and was present in 2 Pss strains from P1 and in 5 Pss strains
from P2 (Fig. 1B). The number of plasmids present in the P2 population with respect to
the P1 population, in particular the 62-kb plasmids, was not statistically different
according to a Pearson chi-squared test. Therefore, the total content of plasmids was
maintained at similar levels between P1 and P2 populations. Southern blot hybridiza-
tions with repA and rulA genes were performed to determine which plasmids belonged
to the PFP family (Table S1). Southern blot experiments with the repA gene probe dem-
onstrated that the 62-kb plasmid always belonged to the PFP family when harbored
alone or together with 45-kb or 88-kb plasmids. Additionally, the 45-kb plasmid also
displayed repA hybridization signal when harbored alone. Moreover, the 120-kb plas-
mid present in Pss from P2 showed hybridization with the repA gene probe. However,
this hybridization was not detected in the 120-kb plasmids present in Pss strains from
P1. Interestingly, the Pss strain UMAF0292 of P2 showed repA hybridization signal in
the 45-kb and 120-kb plasmids. Southern blot hybridization with the rulA gene probe
exhibited results similar to those for the repA hybridization experiments, showing only
a difference in the 62- to 88-kb plasmid profile, where both plasmids displayed rulA
hybridization signal. However, the hybridization signal was weaker in the 88-kb plas-
mid. The specific plasmid profiles of each Pss strain from both populations and
Southern blot analysis of repA and rulA genes are summarized in Table S1.

The distribution of 62-kb PFP copper-resistant plasmids was maintained over
time. Copper resistance genes in Pss strains isolated from mango were previously
reported to be mainly encoded by 62-kb plasmids (15). The number of copper-resistant
strains was determined in the P1 and P2 Pss populations. Twenty-five Pss strains from
P1 (66%) and 30 Pss strains from P2 (68%) could grow on 0.8 mM copper sulfate, show-
ing that copper resistance was maintained at similar levels between P1 and P2 popula-
tions. Moreover, the MIC values for copper sulfate showed that the copper resistance
level was heterogeneous, with Pss strains showing MIC values ranging from 1.0 to
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TABLE 1 Pseudomonas syringae strains used in this study
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P. syringae strain

Geographical origin

Host of isolation

Yr of isolation

Reference or source

P. syringae pv. syringae strains
P1 population®
DAR77787
DAR77789
ICMP14923
ICMP14925

Ps10
Ps35
UMAF0005
UMAF0048
UMAF0049
UMAF0081
UMAF0100
UMAF0114
UMAF0115
UMAF0119
UMAF0158
UMAF0167
UMAF0170
UMAF0171
UMAF0174
UMAF0176
UMAF0185
UMAF0186
UMAF0209
UMAF1003
UMAF1029
UMAF1051
UMAF1065
UMAF1094
UMAF1110
UMAF1128
UMAF1559.1
UMAF2007
UMAF2016
UMAF2025
UMAF2026
UMAF2801
UMAF2802
UMAF3028°
P2 population®
PSM 22
PSM 47
UMAF0269
UMAF0271
UMAF0272
UMAF0273
UMAF0274
UMAF0275
UMAF0277
UMAF0278
UMAF0280
UMAF0281
UMAF0282
UMAF0283
UMAF0284
UMAF0286
UMAF0287
UMAF0288
UMAF0289
UMAF0290
UMAF0291¢

Dandaragan, Australia
Perth, Australia

Sicily, Italy

Sicily, Italy

Bet Dagan, Israel

Bet Dagan, Israel

Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Mélaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Mélaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Mélaga, Spain
Torrox, Mélaga, Spain
Estepona, Mélaga, Spain
Estepona, Mélaga, Spain
Benajarafe, Malaga, Spain
Benajarafe, Malaga, Spain
Churriana, Malaga, Spain
Benamocarra, Mélaga, Spain
Benamocarra, Mélaga, Spain
Lepe, Huelva, Spain

Lepe, Huelva, Spain

Lepe, Huelva, Spain

La Redondela, Huelva, Spain
Lepe, Huelva, Spain

La Redondela, Huelva, Spain
La Redondela, Huelva, Spain
La Redondela, Huelva, Spain
Almansil, Portugal

Faro, Portugal

Almansil, Portugal

Almansil, Portugal

La Palma, Canary Islands, Spain
La Palma, Canary Islands, Spain

Algarrobo, Malaga, Spain

Sicily, Italy

Sicily, Italy

Algarrobo, Mélaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Mélaga, Spain
Algarrobo, Malaga, Spain
Benamocarra, Mélaga, Spain
Torrox, Mélaga, Spain
Torrox, Mélaga, Spain

Cajiz, Malaga, Spain

Cajiz, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Algarrobo, Malaga, Spain
Benamocarra, Mélaga, Spain
Benamocarra, Mélaga, Spain
Benamocarra, Mélaga, Spain
Benamocarra, Mélaga, Spain
Benamocarra, Mélaga, Spain
Benajarafe, Malaga, Spain

Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango

Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango
Mango

2007
2007
2002
2002
1999
1999
1990
1992
1992
1992
1990
1991
1991
1991
1993
1994
1993
1993
1994
1994
1997
2003
2006
1997
1997
1997
1997
1998
1998
1998
1996
1997
1997
1998
1998
2000
2000
1990

2014
2010
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2017
2017
2017
2017
2017
2017

60
60
10
61
50
50
29
50
15
15
50
50
50
29
15
50
15
50
15
50
16
10
51
50
15
50
50
15
15
15
50
50
15
15
15
61
50
50

62

62

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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TABLE 1 (Continued)
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P. syringae strain Geographical origin Host of isolation Yr of isolation Reference or source
UMAF0292 Benajarafe, Malaga, Spain Mango 2017 This study
UMAF0295 Torrox, Mélaga, Spain Mango 2017 This study
UMAF0296 Torrox, Mélaga, Spain Mango 2017 This study
UMAF0297 Torrox, Mélaga, Spain Mango 2017 This study
UMAF0298 Torrox, Mélaga, Spain Mango 2017 This study
UMAF0299 Casarabonela, Mélaga, Spain Mango 2017 This study
UMAF1013 Lepe, Huelva, Spain Mango 2017 This study
UMAF2043 Faro, Portugal Mango 2017 This study
UMAF2044 Faro, Portugal Mango 2017 This study
UMAF2045 Lagos, Portugal Mango 2017 This study
UMAF2046 Lagos, Portugal Mango 2017 This study
UMAF2047 Albufeira, Portugal Mango 2017 This study
UMAF2048 Albufeira, Portugal Mango 2017 This study
UMAF2600 Perth, Australia Mango 2016 This study
UMAF2815 La Palma, Canary Islands, Spain Mango 2016 This study
UMAF2816 La Palma, Canary Islands, Spain Mango 2016 This study
UMAF2906 Almunecar, Granada, Spain Mango 2016 This study
UMAF2907 Almunecar, Granada, Spain Mango 2016 This study
UMAF2908 Motril, Granada, Spain Mango 2017 This study
UMAF2909 Motril, Granada, Spain Mango 2017 This study
UMAF2910 Almunecar, Granada, Spain Mango 2017 This study
UMAF2911 Almunecar, Granada, Spain Mango 2017 This study
UMAF5017 Nijar, Almeria, Spain Mango 2017 This study

Controls

P. syringae pv. aptata DSM50252 USA Sugar beet 63
P. syringae pv. avellanae ISPaVe011 Italy Hazelnut 1992 54
P. syringae pv. japonica MAFF301072 Japan Barley 63
P. syringae pv. phaseolicola 1448A Ethiopia Bean 1985 64
P. syringae pv. pisi 1704B France Pea 1986 63
P. syringae pv. syringae B728a USA Bean 65
P. syringae pv. tomato DC3000 UK Tomato 1986 66
P. syringae pv. tomato PT23 Tomato 53
External controls of P1 and P2 populations
EPSMV3 Gerona, Spain Pear 1990 50
EPS17A Gerona, Spain Pear 1987 50
UMAF1444-5 Madrid. Spain Laurel 1995 50
UMAF4002 Algarrobo, Mélaga, Spain Tomato 1994 50
UMAF6016 Torrijos, Malaga, Spain Chestnut 1994 50
UMAF6024 Malaga, Spain Purple phlomis 1995 51
UMAF6032 Algarrobo, Mélaga, Spain Melon 2016 This study
UMAF6034 Alfarnate, Malaga, Spain Chestnut 2017 This study
UMAF6582 Periana, Malaga, Spain Peach 1994 50
UMAF7000 Gerona, Spain Pear 2017 This study

P. syringae pv. syringae transformant strains?

UMAF0158pBBR1MCS-5 This study
UMAF0158pBBR1cus This study
UMAFO0158pBBR1cop This study

ap. syringae pv. syringae strains isolated from mango mainly before the year 2000.
bP, syringae pv. syringae strains isolated from mango in 2016 to 2017.
“Pss strains names in boldface were selected for genome sequencing.

dRelevant characteristics for the Pss transformant strains were the following: UMAF0158pBBR1MCS-5, UMAF0158 transformed with the empty pBBR1MCS-5 vector;
UMAF0158pBBR1cus, UMAF0158 transformed with pBBRTMCS-5cusCBA; UMAF0158pBBR1cop, UMAF0158 transformed with pBBR1MCS-5copABmbpCDF.

3.0mM in P1 and from 1.0 to 2.8 mM in P2 (Table 2). Plasmid profile analysis revealed
that from the 25 copper-resistant Pss strains from P1, 14 harbored at least a 62-kb plas-
mid. PCR with specific primers for copper resistance genes and Southern blot hybrid-
ization revealed that in 12 out of the 14 copper-resistant strains that harbored a 62-kb
plasmid, the copper resistance genes were detected in the 62-kb plasmid. For P2, 18 of
the 30 copper-resistant Pss strains harbored at least a 62-kb plasmid. However, the
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FIG 1 Plasmid content and plasmid profile distribution in P. syringae pv. syringae strains isolated from mango. (A)
Number of P. syringae pv. syringae strains harboring plasmids versus plasmidless strains of P1 and P2 populations.
Dark blue and light blue colors represent the number of strains belonging to the P1 population that harbor plasmids
versus plasmidless strains, respectively. Dark red and light red colors represent the same data describe above but for
the P2 population. (B) Number of P. syringae pv. syringae strains harboring different plasmid profiles. Dark blue bars
represent the number of strains from P1 that harbor different plasmid profiles, and red bars represent the same data
but for the P2 population.

copper resistance genes were detected in 14 out of the 18 copper resistant strains that
harbored a 62-kb plasmid. Thus, copper resistance associated with 62-kb plasmids
showed a similar frequency between both populations (48% and approximately 47%
in P1 and P2, respectively). Additionally, 12 Pss strains from P1 and 16 Pss strains from
P2 displayed different levels of copper resistance, high plasmid content variability, and
no detectable copper resistance genes. In this group, it was particularly noteworthy
that some Pss strains (3 from P1 and 11 from P2) showed the highest MIC values for
copper sulfate of =2.4mM (Table 2). The presence of that hyperresistant phenotype
was increased in the P2 population based on Pearson chi-squared test.

Phylogenetic analysis reveals the presence of three different phylogenetic
subgroups clearly associated with copper resistance phenotypes. Pss strains iso-
lated from mango form a single phylotype inside the phylogenetic group 2 of the P.
syringae complex, characterized by the host of isolation and the production of mango-
toxin (6, 10). The phylogenetic distribution analysis performed in this study by using
partial sequences of gyrB and rpoD housekeeping genes clearly showed a main cluster-
ing comprising all the Pss strains isolated from mango from both P1 and P2 popula-
tions, including 4 Pss strains isolated from other hosts (EPS17A, UMAF7000, UMAF4002,
and UMAF6032) that, interestingly, showed the ability to produce mangotoxin. Nine differ-
ent phylogenetic subgroups (PSG) have been observed within the Pss mango single phylo-
type (Fig. 2). Interestingly, all the Pss strains belonging to the phylogenetic subgroups |, II,
and VIII (PSG-l, PSG-II, and PSG-VIIl) were copper resistant. In particular, PSG-Il comprised 7
Pss strains from P1 and 5 Pss strains from P2. All Pss strains from this PSG harbored at least
a 62-kb plasmid, which encoded the copABCDns structure (Table 2 and Fig. S2), showing
similar MIC values for copper sulfate (between 1.8 and 2.0 mM). Intriguingly, the PSG-I sub-
group clustered together 14 Pss strains and was composed predominantly of Pss strains
from the P2 population (11 Pss strains). It is important to highlight that this group was
composed of the Pss strains that showed the highest MIC values of copper sulfate, noted
earlier (MIC, =2.4 mM copper sulfate) (Table 2). However, the genetic markers associated
with this highly resistant phenotype could not be detected by PCR or by Southern blot
approaches using the specific primers to detect the copABCD and copABCDns structures.
Moreover, these Pss strains have shown high plasmid content variability, although the
presence of a 120-kb PFP plasmid was only found in 5 Pss strains from P2 belonging to
this PSG (Table 2 and Table S1). In addition, PSG-VIIl was composed of 5 Pss strains belong-
ing to both populations that harbored different copper resistance structures (Fig. S2). The

March 2021 Volume 87 Issue5 e02528-20

aem.asm.org 6

Downloaded from https://journal s.asm.org/journal/aem on 20 September 2024 by 150.214.58.161.


https://aem.asm.org

COARS Tn7-like Confers Hyperresistance to Copper Applied and Environmental Microbiology

TABLE 2 Plasmid profiles, MIC values for copper sulfate, and detection of different copper resistance determinants by PCR amplification and
Southern blot hybridization in P. syringae pv. syringae strains isolated from mango

Southern blot

PCR amplification® hybridization
Pss strain Plasmid profile MIC (mM) copABCD° copABCDns® COpA° cusA?
P1 population
DAR77787 Plasmidless 2.0 - - - -
DAR77789 62 1.6 + - +62 -
ICMP14923 62 =0.8 - - - -
ICMP14925 Plasmidless 2.0 - - NTA NT
Ps10 Plasmidless 1.6 - - - -
Ps35 62 1.2 - - - -
UMAF0005 Plasmidless 1.0 - - - -
UMAF0048 62 1.8 — + +62 +62
UMAF0049 62-88 1.8 - + +62 +62
UMAF0081 62 1.8 - + +62 +62
UMAF0100 Plasmidless =0.8 - - - -
UMAFO0114 120 2.8 - - - -
UMAFO0115 Plasmidless 2.0 - - - -
UMAFO0119 62-88 2.0 - + +62 +62
UMAF0158 62 =0.8 - - - -
UMAF0167 120 2.0 - - - -
UMAFO0170 62 1.2 + - +62 -
UMAFO0171 Plasmidless =0.8 - - - -
UMAF0174 Plasmidless =0.8 - - - -
UMAFO0176 62 =0.8 - - - -
UMAF0185 62 1.8 - + +62 +62
UMAF0186 62 2.0 - + +62 +62
UMAF0209 Plasmidless =0.8 - - - -
UMAF1003 45-62 =0.8 - - - -
UMAF1029 62 =0.8 - - - -
UMAF1051 Plasmidless 1.6 - - - -
UMAF1065 62 3.0 - - - -
UMAF1094 62 =0.8 - - - -
UMAF1110 62 1.6 + - +62 -
UMAF1128 45-62 2.0 + - +62 -
UMAF1559.1 62 =0.8 - - - -
UMAF2007 62 2 - + +62 +62
UMAF2016 62 1.8 - + +62 +62
UMAF2025 Plasmidless 2.0 - - - -
UMAF2026 45 2.0 + - +45 -
UMAF2801 Plasmidless =0.8 - - - -
UMAF2802 Plasmidless =0.8 - - - -
UMAF3028 45 2.6 - - - -
P2 population
PSM 22 Plasmidless =0.8 - - - -
PSM 47 62 1.8 - + +62 +62
UMAF0269 Plasmidless 24 - - - -
UMAF0271 62-88 2.0 - + +62 +62
UMAF0272 62 1.8 - + +62 +62
UMAF0273 62 =0.8 - - - -
UMAF0274 62 =0.8 - - - -
UMAF0275 62 1.2 - - NT NT
UMAF0277 62 1.0 + - +62 -
UMAF0278 62 =0.8 - - - -
UMAF0280 62 1.0 + - +62 -
UMAF0281 45-62 =0.8 - - - -
UMAF0282 Plasmidless 2.6 - - - -
UMAF0283 62 =0.8 - - - -
UMAF0284 45 24 - - — -
UMAF0286 62 1.2 - - — -
UMAF0287 62 1.6 + - +62 -
UMAF0288 120 2.8 - - - -
(Continued on next page)
March 2021 Volume 87 Issue5 e02528-20 aem.asm.org 7

Downloaded from https://journal s.asm.org/journal/aem on 20 September 2024 by 150.214.58.161.


https://aem.asm.org

Aprile et al.

TABLE 2 (Continued)
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Southern blot

PCR amplification® hybridization
Pss strain Plasmid profile MIC (mM) copABCD° copABCDns" COpA° cusA?
UMAF0289 62 1.6 + - +62 -
UMAF0290 62 1.8 - + +62 +62
UMAF0291 45 28 - - - -
UMAF0292 45-120 2.8 - - - -
UMAF0295 Plasmidless =0.8 - - - -
UMAF0296 120 28 - - - -
UMAF0297 62 =0.8 - - - -
UMAF0298 120 2.6 - - - -
UMAF0299 120 28 - - - -
UMAF1013 62 2.0 + - +62 -
UMAF2043 120 24 - - - -
UMAF2044 62 24 - - - -
UMAF2045 62 2.0 + - +62 -
UMAF2046 62 1.6 - - - -
UMAF2047 Plasmidless 1.0 - - - -
UMAF2048 Plasmidless 1.6 - - - -
UMAF2600 62 1.6 + - +62 -
UMAF2815 Plasmidless =0.8 - - - -
UMAF2816 Plasmidless =0.8 - - - -
UMAF2906 62 =0.8 - - - -
UMAF2907 62 1.6 + - +62 -
UMAF2908 62-88 1.8 - + +62 +62
UMAF2909 62-88 1.8 - + +62 +62
UMAF2910 62 =0.8 - - - -
UMAF2911 62 =0.8 - - - -
UMAF5017 62 =0.8 = - = -

acopA amplification from the typical copABCD operon obtained from Pss UMAF0170 62-kb PFP plasmid.

bcopA, cusA, and copG amplification from the copABCDns structure obtained from Pss UMAF0081 62-kb PFP plasmid.

<Southern blot hybridization using a copA probe that binds both copA genes from different structures.
dSouthern blot hybridization using a cusA probe that binds the cusA gene from the copABCDns structure.
¢Plus signs indicate positive results of PCR amplifications.

NT, not tested.

remaining 24 Pss copper-resistant strains were randomly distributed among the different
PSGs.

Detection of a novel Tn7-like transposon by genome sequencing and mining.
The Pss UMAF3028 strain from P1 (isolated in 1990) and Pss UMAF0291 strain from P2
(isolated in 2017), which belonged to the PSG-l and showed the same plasmid profile
(45 kb), were selected to obtain their draft genome sequences. The main features of
the draft genome sequences of both strains are summarized in Table S2. Bioinformatic
mining of copper resistance genes was performed against the draft genome sequences
of both sequenced strains using the copABCD and copABCDns structures from the 62-
kb plasmids of Pss UMAF0170 and Pss UMAF0081, respectively. By using discontiguous
MegaBLAST with both copper structures, a region that could be involved in copper re-
sistance was detected in scaffold 8.1 of both strains. In addition, the draft genome
sequences of both strains were compared with the complete genome sequence of the
copper-sensitive strain Pss UMAF0158 by MAUVE alignment (Fig. S3), revealing the
presence of a DNA region of 51.1 kb in both strains that was not present in the copper-
sensitive one. In addition, based on genome annotation, a large structure of 51,178 bp
was detected in the typical attachment site for Tn7 transposons, attTn7, which was
allocated in the chromosome downstream of the gimS gene of both sequenced Pss
strains. The Tn7-like regions of Pss UMAF3028 and Pss UMAF0291 showed 100% iden-
tity between them.

The complete genetic structure of this transposon is represented in Fig. 3. The puta-
tive Tn7-like transposon comprised 49 open reading frames (ORFs) (Fig. 3A), which
encoded several genes that could be involved in DNA repair mechanisms related to
copper and arsenic resistance phenotypes (Fig. 3B and C), the typical tnsABCDE genes
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FIG 2 Phylogenetic analysis of P. syringae pv. syringae strains isolated from mango. The neighbor-joining tree was constructed with combined partial
sequences of gyrB and rpoD housekeeping genes using MEGAV7. Bootstrap values (100 repetitions) are shown on branches, and evolutionary distances are
in units of nucleotide substitutions per site. Nine different phylogenetic subgroups (PSG) are present in P. syringae pv. syringae strains isolated from mango
and are represented in Roman numerals. Blue color shows the strains belonging to the P1 population. Red color represents the strains belonging to the P2
population. P. syringae pv. syringae strains isolated from other hosts but included in different subgroups of the Pss single mango phylotype are underlined
(PSG-Il, UMAF4002 strain isolated from tomato; PSG-IIl, UMAF7000 strain isolated from pear; PSG-IV, UMAF6032 strain isolated from melon; PSG-VI, EPS17A
strain isolated from pear). PSG-l, PSG-ll, and PSG-VIIl, marked with light blue boxes, are PSGs where all Pss strains were copper resistant. Pss strains
(UMAF3028 and UMAF0291) that belong to PSG-I and that are marked with yellow boxes were the strains selected for genome sequencing. Pav, P. syringae
pv. avellanae, Pph, P. syringae pv. phaseolicola; Ppi, P. syringae pv. pisi; Psj, P. syringae pv. japonica; Pss, P. syringae pv. syringae; Pst, P. syringae pv. tomato;

Ptt, P. syringae pv. aptata.
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FIG 3 Genetic organization of the Tn7-like transposon associated with hyperresistant phenotype to copper in P. syringae pv. syringae strain UMAF0291. (A)
Complete genetic structure of the Tn7-like transposon of 51,178 bp that is composed of 49 open reading frames. Gray arrows represent hypothetical
proteins; red arrows represent genes putatively involved in DNA repair mechanisms; blue arrows represent genes putatively involved in copper resistance;
green arrows represent genes involved in different functions; yellow arrows represent genes putatively involved in transposition mechanisms; and purple
arrows represent genes putatively related to detoxification of arsenic compounds. (B) Genetic structure related to copper resistance, composed of 23 open
reading frames. (C) Genetic structure of genes related to arsenic resistance, composed of six open reading frames. (D) Genetic structure of the typical
transposition machinery of Tn7 transposons encoded by tnsABCDE genes. (E) Genetic structure of a retrotransposon. Gray boxes represent the DNA
fragments cloned into pBBRTMCS-5 vector.

that form the transposition mechanism of Tn7 transposons (Fig. 3D), and a retrotrans-
poson (Fig. 3E). Putative specific functions of the ORFs predicted in the Tn7-like trans-
poson are summarized in Table S3. This Tn7 transposon was designated COARS Tn7-
like due to its putative ability to detoxify copper and arsenic compounds. In addition,
all Pss strains from mango from both populations were interrogated for the presence
of the COARS Tn7-like transposon based on PCR amplification of copA and cusA genes
from the Tn7 structure. Only those Pss strains from PSG-lI apparently contained the
COARS Tn7-like transposon (Fig. S2). A nucleotide BLAST search of this Tn7 region was
performed and revealed that this Tn7-like transposon was present, with some differen-
ces, in the genome of some soil and water strains belonging to the Pseudomonas fluo-
rescens complex and in two strains of P. syringae pv. actinidiae (Psa NZ-64 and Psa
SR121). A comparative genetic map among the Tn7-like transposons present in Pss
UMAF0291, Psa SR121, and P. rhodesiae BS2777 strains is represented in Fig. S4.
COARS Tn7-like transposon confers hyperresistant phenotype to copper in P.
syringae pv. syringae strains isolated from mango. To decipher the role of the
COARS Tn7-like transposon in the detoxification of copper sulfate, transformant strains
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FIG 4 Transformation and RT-qPCR experiments on selected putative copper resistance genes. (A) MICs of copper sulfate in MGY
medium supplemented with different concentrations of copper sulfate (0.8 mM, 1.0 mM, 1.2mM, and 1.6 mM). The transformants of
the copper-sensitive P. syringae pv. syringae UMAF0158 (Pss UMAF0158) strain that harbor the cusCBA (Cus) genes and copAB, a
metal binding protein and a CDF transporter (Cop) gene, were tested. The Pss UMAF0158 copper-sensitive strain and Pss UMAF0291
copper-resistant strain that harbors the Tn7-like transposon are included as negative and positive controls, respectively. (B) RT-qPCR
experiments were performed on the Pss UMAF0291 copper resistance strain on two putative copper resistance genes. One of each is
present in each construction describe above (cusA and copA). The results are shown as the fold change in expression of cusA and
copA genes at 0.8 and 1.6 mM copper sulfate compared with the control condition (absence of copper).
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derived from the copper-sensitive strain Pss UMAF0158 were generated, including two
different regions that harbored putative genes involved in copper resistance from the
COARS Tn7-like transposon of the Pss UMAF0291 strain. The transformant strain Pss
UMAF0158pBBR1cus, which harbored the cusCBA operon, increased the MIC to 1.0 mM
copper sulfate. The second transformant, Pss UMAF0158pBBR1cop, which harbored the
genes copAB, a metal binding protein and a CDF transporter, showed a MIC of 1.2 mM
copper sulfate (Fig. 4A). Thus, both transformants provided a copper-resistant pheno-
type to the Pss UMAF0158 sensitive strain. In addition, reverse transcription-quantita-
tive PCR (RT-qPCR) experiments were performed on the putative copper resistance
genes copA and cusA present in the COARS Tn7-like transposon from Pss UMAF0291.
The expression of both genes was strongly increased at the two different concentra-
tions of copper tested (0.8 and 1.6 mM) compared with their expression in the absence
of copper sulfate (Fig. 4B). Compared with the control condition (0 mM copper sulfate),
the copA gene showed an overexpression of 269- and 69-fold changes at 0.8 mM and
1.6 mM copper sulfate, respectively. Additionally, the cusA gene showed an overex-
pression with respect to the control condition of 7.7-fold change at 0.8 mM copper sul-
fate. However, its relative expression at 1.6 mM with respect to the control condition
was not increased (Fig. 4B).

DISCUSSION

Copper-based compounds have been widely used since the middle of the 18th cen-
tury in agriculture as standard bactericides to control plant diseases (11). Pss is a phyto-
pathogenic bacterium distinguished from other pathovars of the P. syringae complex
due to its ability to infect a large variety of woody and herbaceous plants (31). Pss has
been identified as the causal agent of BAN disease in mango trees (8). The copper-
based spray compound Bordeaux mixture (BM) has been used as the conventional
treatment to control BAN disease caused by Pss (32, 33). Nevertheless, the continuous
use of copper by growers has served as a selection pressure mechanism that has
sharply increased the number of copper-resistant bacterial phytopathogens, including
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P. syringae, and improved the evolution of copper resistance determinants, which are
mainly allocated in plasmids (15, 18, 19, 30, 34). Therefore, in this study, two different
Pss populations isolated from mango from the same worldwide region (mainly from
southern Spain) and that were isolated with an average of 20 years of difference were
assessed to better understand the evolution of copper resistance and their specific
detoxification mechanisms through time in a particular host and environment.

Plasmids that are part of what is known as a flexible genome are one of the main
drivers of bacterial evolution (21, 24). The PFP family of plasmids is widely distributed
among pathovars of P. syringae and related species of the P. syringae complex (24, 26,
35). The presence of 62-kb plasmids belonging to the PFP family has been described in
Pss strains isolated from mango (15, 26). To characterize the plasmids harbored in both
Pss populations analyzed in this study, the presence of the repA gene was assessed (24,
26, 35). Our results confirmed previous data that suggested nearly all 62-kb plasmids
present in Pss from mango belonged to the PFP family (10, 15). Furthermore, the pres-
ence of plasmids that do not belong to the PFP family (non-PFP) has been widely
described in P. savastanoi pv. savastanoi, a related phytopathogenic bacterium, dis-
playing an important contribution to virulence and fitness (36).

PFP plasmids do not encode basic survival functions of their bacterial hosts but con-
tribute to their virulence and ecological fitness (15, 24, 25, 37-40). Some of the most
relevant accessory determinants carried by PFPs are copper resistance and UV radia-
tion resistance genes (39, 41, 42).The rulAB genes have been found to be tightly associ-
ated with the 62-kb PFP plasmids in Pss from mango, improving their tolerance to UV
radiation (29). Interestingly, the rulA gene was also detected in the 88-kb non-PFP plas-
mid, which suggests the Pss strains with the 62- to 88-kb plasmid profile has a signifi-
cant advantage in surviving on the mango plant surface.

The total content of plasmids was found at similar levels over time. Our findings
also highlighted that the 62-kb PFP plasmid profile was also maintained at similar lev-
els between both Pss populations. Copper resistance determinants are also important
accessory genes carried by PFP plasmids that confer an important ecological fitness
advantage (24, 26, 37) and have been described in Pss strains isolated from mango
mainly carried by 62-kb PFP plasmids (15). Two different copper resistance determi-
nants have been reported in 62-kb PFP plasmids, the typical copABCD operon and the
novel gene cluster copABCDns, both being structures relevant to the survival of Pss
under exposure to copper treatments (15, 26, 30). In previous works, copper resistance
was found at similar levels in Pss from mango but mostly associated with 62-kb plas-
mids (10, 15). Likewise, our results have shown that copper resistance was maintained
over time, showing similar levels between P1 and P2 populations. These results could
point out that some mechanisms of selection pressure, among which copper could be
one of the most relevant, act by maintaining the plasmid content over time, mostly 62-
kb PFP copper-resistant plasmids, which display an important role in the epiphytic life-
style of Pss (15, 26). Moreover, there were some Pss strains (12 from P1 and 16 from P2)
that displayed a copper-resistant phenotype and showed no homology with any of the
copper resistance determinants described previously. This fact suggests that novel
copper resistance determinants are present in Pss mango populations. Curiously,
among these Pss copper-resistant strains, there was an increase over time of a hyperre-
sistant phenotype to copper, with MIC values of =2.4 mM (3 Pss strains from P1 and 11
Pss strains from P2).

The phylogenetic analysis performed in this study revealed that within this single
mango phylotype (10), at least nine different PSGs were detected. It is noteworthy that
three of them showed a strong correlation with the copper-resistant phenotype, PSG-|,
PSG-II, and PSG-VIII. Outstandingly, all Pss strains that showed the highest MIC values
for copper sulfate were phylogenetically clustered within the PSG-I. As far as we know,
this particular phylogenetic copper phenotype association has not been clearly
observed in any other bacteria, with the exception of the nosocomial pathogen
Enterococcus faecium (43).
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By genome sequencing and mining, a Tn7-like transposon that encoded putative
genes involved in copper and arsenic resistance was found. Copper and arsenic resist-
ance modules have been previously reported clustering and associated with mobile
genetic elements (26). Genes involved in antibiotic resistance and pathogenesis and
others involved in adaptive mechanisms have been frequently found in Tn7 transpo-
sons (44). In addition, Tn7-like transposons have been found in a wide range of bacte-
ria belonging to the Firmicutes, Cyanobacteria, Bacteroidetes, and Proteobacteria phyla
(44). These types of transposons carry the tnsABCDE genes, which form the transposi-
tion machinery. In our case, the transposon designated COARS Tn7-like was found to
be located at the attTn7 site located downstream of the gimS gene on the chromo-
some and carried the tnsABCDE genes, similar to what has been observed previously
(45, 46). Similar genetic structures of the COARS Tn7-like transposon have been
observed in the genomes of some Pseudomonas species belonging to the P. fluorescens
complex and in Psa (19). It is worth highlighting that this Tn7 transposon in Psa is
inserted at a different location in the chromosome, as it is an integrative conjugative
element (ICE), and that the MIC for copper sulfate (1.2 mM) was lower than that with
the COARS Tn7-like transposon (=2.4 mM). The ICE location could provide an advant-
age to be horizontally transferred, spreading the structure to other bacteria. However,
the COARS Tn7-like transposon at the typical attTn7 site could offer a higher copper re-
sistance. Different approaches to demonstrate the transfer of COARS Tn7-like or to
prove the involvement in copper resistance of some of its genes by insertional or dele-
tion mutagenesis failed. Thus, to link genomic information with functionality, some
genes putatively relevant for copper resistance were cloned and expressed in a Pss
copper-sensitive strain, proving the role of these genes in copper resistance. RT-qPCR
experiments also supported these findings. The differences in the relative expression
of the different genes tested suggested that a dynamic response against different con-
centrations of copper exists in the COARS Tn7-like transposon. Hence, the role of the
COARS-Tn7-like transposon in copper resistance in Pss strains isolated from mango
was demonstrated. These results suggest that a novel copper resistance determinant
that provides higher resistance could have been selected instead of other copper re-
sistance determinants in Pss mango populations over time, probably favored by con-
tinuous copper exposure.

Overall, in this study it has become evident that copper resistance and plasmid con-
tent, in particular the 62-kb PFP copper-resistant plasmids, were maintained at similar
levels over time in spite of continuous applications of copper. Interestingly, a new cop-
per resistance determinant, with a much more complex structure based on the Tn7-
like transposon of chromosomal location that provides higher copper detoxification,
has been selected and increased over time. Finally, understanding in depth the evolu-
tion of copper resistance in plant-pathogenic bacteria could shed light on the design
of more efficient control programs through the rational application of copper.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Eighty-two Pss strains isolated from mango from different
worldwide regions, but mainly from southern Spain, and separated in time by an average of 20years
were used in this study. This Pss collection was composed of two populations, designated P1 and P2.
The P1 population (n=38) comprised Pss strains randomly selected from our research group collection
and were mainly isolated before the year 2000. In addition, seven Pss strains isolated from other hosts,
including pear (n = 2; EPSMV3 and EPS17A), laurel (UMAF1444 and UMAF1445), tomato (UMAF4002),
chestnut (UMAF6016), purple phlomis (UMAF6024), and peach (UMAF6582), were included as external
controls of the P1 population. The P2 population (n =44) comprised Pss strains isolated during the years
2016 and 2017. Three Pss strains isolated from other hosts, including melon (Pss UMAF6032), chestnut
(Pss UMAF6034), and pear (Pss UMAF7000), also were included as external controls of the P2 population.
In addition, eight strains of P. syringae belonging to seven different pathovars, such as pv. aptata (n = 1),
pv. avellanae (n = 1), pv. japonica (n = 1), pv. phaseolicola (n = 1), pv. pisi (n = 1), pv. syringae (n = 1),
and pv. tomato (n = 2), were used as control strains in the different experimental approaches performed
in this study. All strains were cultured routinely in King’s B (KB) agar and lysogeny broth (LB) media and
incubated at 25°C for 24 h. All strains used in this work are summarized in Table 1.

Bacterial isolation and identification. To generate the P2 population, bacterial isolation during the
years 2016 and 2017 was performed according to the following procedure. Small pieces of symptomatic
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mango tissues were collected from the field, preferentially from apical buds but also from petioles and
leaves, from the same or the nearest mango growing areas as those of the isolates belonging to the P1
population. The samples were processed by two approaches: (i) small portions of samples were surface
disinfected by immersion in a sterile aqueous solution of sodium hypochlorite (10%), 96% ethanol
(10%), and sterile distilled water (80%) for 2 min, two wash steps of 2 min in sterile distilled water, and
then plated on KB agar medium plates supplemented with cycloheximide (100 wg/ml) to prevent fungal
growth, and (i) small portions of samples were placed in sterile plastic bags, and 10 ml of sterile phos-
phate buffer (10 mM, pH 7.2) per gram of fresh weight was added. The samples were homogenized in a
laboratory blender (Colworth Stomacher-400; Seward Ltd.) for 3 min, and the resultant suspension was
used for 10-fold serial dilutions in sterile phosphate buffer. One hundred-microliter aliquots of each 10-
fold serial dilution were plated onto KB agar medium amended with cycloheximide (100 wg/ml) to pre-
vent fungal growth. Regardless of the approach, KB agar plates were incubated at 25°C for 2 to 5 days.
Fluorescent colonies under UV light (265 nm) were selected and identified using different biochemical
and physiological tests (8). These tests included Gram staining, glucose metabolism, LOPAT tests, with
the exception of potato soft rot (levan production, cytochrome ¢ oxidase reaction, arginine dihydrolase,
and tobacco hypersensitivity response), hydrolysis of esculin and gelatin, and utilization of different car-
bon sources (glucose, mannitol, sorbitol, gluconate, propionate, L-histidine, L-lactate, L-tartrate, inositol,
and adonitol). All media were incubated at 25°C for 3 to 5 days. Ice nucleation activity (INA) of bacterial
isolates was detected following a tube test described previously (47). Furthermore, the bacterial isolates
were interrogated for the presence by PCR amplification of the main gene, syrB, involved in the biosyn-
thesis of syringomicin, a lipodepsipeptide toxin mainly associated with the pathovar syringae. The
primer sequences and amplicon sizes are listed in Table 3 (48). The production of syringomicin was ana-
lyzed by using the growth inhibition test on potato dextrose agar (PDA) medium using Geotrichum can-
didum F-260 as the indicator strain (49). All tests described above were carried out at least in duplicate.
All tests were also carried out in the Pss strains belonging to the P1 population to confirm all of them
were identified correctly as Pss.

Mangotoxin production assay and detection of the mangotoxin biosynthetic operon (mbo) by
PCR. The detection of the mbo operon and the production of mangotoxin were used in this work as
markers to identify Pss strains belonging to the Pss single mango phylotype. Mangotoxin production
was detected by an indicator technique based on the growth inhibition of Escherichia coli (50). Briefly, a
double layer agar plate with Pseudomonas minimal medium (PMS) was prepared and solidified with the
indicator strain E. coli CECT831. To evaluate mangotoxin activity, 100 ul of a 6 mM solution of N-acetyl-
ornithine or L-ornithine was added to the double layer of E. coli. The bacterial strains to be tested then
were stab-inoculated and the plates were incubated at 22°C for 24 h, with an additional incubation step
of 24 h at 37°C. Mangotoxin production was detected due to the presence of growth inhibition halos.
The presence of the mbo operon was assessed by PCR using specific primers that amplified an overlap-
ping fragment of the mboA and mboB genes (Table 3) (51). Both approaches were performed at least in
duplicate.

Plasmid profile. Plasmid DNA from the 82 P. syringae pv. syringae strains isolated from mango
included in this study was isolated according to an alkaline lysis method (52) and separated by electro-
phoresis on 0.8% agarose gels. Plasmid size was estimated by comparison with the P. syringae pv.
tomato PT23 (Pst PT23) control strain, which harbors four plasmids: pPT23A (100 kb), pPT23B (83 kb),
pPT23C (65 kb), and pPT23D (36 kb) (53). Several P1 strains, previously described to harbor different plas-
mid profiles, were also used as controls (Pss UMAF0158 [62kb], Pss UMAF0049 [62 kb, 88kb], Pss
UMAF1128 [45kb, 62kb], and Pss UMAF3028 [45kb]). Plasmid profile analyses were performed in
triplicate.

Analysis of the MIC of copper sulfate. Copper resistance was determined by using mannitol-gluta-
mate-yeast extract agar medium (MGY). The Pss strains that could grow on all surfaces streaked on MGY
supplemented with 0.8 mM copper sulfate after 72 h at 25°C were considered copper resistant. For Pss
copper-resistant strains, the MICs of copper sulfate were determined. The copper sulfate concentrations
tested were 0.8, 1.0, 1.2, 1.6, 2.0, 2.4, 2.8, 3.0, and 3.2 mM. Pss strains growing on MGY supplemented
with the different concentrations of copper sulfate after 72 h at 25°C were considered resistant to that
concentration. MIC experiments were repeated in triplicate.

PCR detection of copper resistance genes. Two different copper resistance determinants have
been described in Pss strains isolated from mango: the typical copABCD operon and copABCDns (26, 30).
To differentiate the copper resistance determinants, PCR analyses were performed using specific primers
that amplified fragments of the copA gene sequences of PssUMAF0170 and PssUMAF0081 62-kb plas-
mids, which harbored copABCD (copAF and copAR) and copABCDns (copAnsF and copAnsR) structures,
respectively. Specific primers were also designed on the sequences of cusA (cusAnsF and cusAnsR) and
copG (copGnsF and copGnsR) genes of the copABCDns structure. The primer sequences and the ampli-
con sizes are summarized in Table 3.

Southern blot analysis. The genomic locations of repA, rulA, copA, and cusA genes were assessed by
Southern blot hybridization using plasmid DNA extractions that were separated by electrophoresis in
0.8% agarose gels. Due to the nucleotide sequence variability of the copA gene of the different struc-
tures, a unique primer set to amplify different copA gene variants was designed based on a highly con-
served sequence of 4 different copA genes present in plasmids of different P. syringae strains (Pss
UMAFO0081, Pss UMAF0170, Pss 7B44, and Pst PT23). The DNA probes obtained from the purified PCR
amplicons were labeled with digoxigenin (DIG) using a DIG-high prime labeling kit (Roche, Basel,
Switzerland) by following the manufacturer’s instructions. Plasmid DNA extraction gel was transferred to
nylon membranes and cross-linked in a UV chamber. For membrane hybridization, a DIG Easy Hyb kit
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TABLE 3 Primers used in this study for PCR, RT-qPCR, and Southern blot experiments

Applied and Environmental Microbiology

Primer name

Primer sequence 5'-3’

Amplicon size (bp)

Reference or source

PCR amplification
Syringomicin
syrB1
syrB2
Mangotoxin
mbo24-For
mbo24-Rev
copABCD
copAF
copAR
copABCDns
copAnsF
copAnsR
cusAnsF
cusAnsR
copGnsF
copGnsR
Phylogeny
rpoDfor2
rpoDrev2
gyrBfor2
gyrBrev2
COARS Tn7-like
copATn7F
copATn7R
cusATn7F
cusATn7R
Copper transformants?
cus-xholF
cus-xbalR
cop-apalF
CDF-spelR

RT-qPCR experiments
copATn/RTF
copATn7RTR
cusATn7RTF
cusATn7RTR
qRT-PCR158_gyrB_F
qRT-PCR158_gyrB_R

Southern blot experiments

Copper resistance
copA-probeF
copA-probeR
cusA-probeF
cusA-probeR

Plasmid replication
repA-probeF
repA-probeR

Ultraviolet resistance
rulA-probeF
rulA-probeR

CTTTCCGTGGTCTTGATGAGG
TCGA GCCGTGATGAGTC

CAAGGACGAGAAGGATCTGC
CGACATTCAAACGACTCAGG

ATGAAGATGAACCCCACGGA
GTCCATACCACCCATGCCCA

ATGAAGATGAACCCCACTGA
GGCCTGCATGTCAACCAACG
GGATTCCATCCGAGCATCAG
TGTCGATGCGGTTGCGAATG
CTGGTCATTGCCTGCCCTTG
GCGCCTAGCTCGATCAACC

ACCGATCCCGTTCGTATGTA
TGGTGTACTTCTTGGCGATG
GTCATCATGACCGTGCTCCA
CCCTTCCACCAGGTACAGTT

AGATCCTAGTCGCGTCATGG
ACGGCGATGCGGAATTCGTC
TCGCGTTGGTCTGCGGAATC
AACGCCAATGGACCGAATAG

CCCTCGAGGGCCGCTCGTACAAACCTCTTC
GCTCTAGAGCACGGGCTGTGCAGCTCAAAC
GCGGGCCCGCTCGCTTGCCGTAAGAGTTTG
GGACTAGTCCCGAAGACCACGCTCGTGAAC

AGCGTACTCACTGGCAATGA
GAATGATCCCGTGCCAATGG
CAACCACCATGCTCTCAGTG
AGTGGCATCAGGTCCTAAGG
TGCTGACCTTCTTCTTCCGT

AGATACCTGGAGCCGATTCG

CCACAGCCACTCCGGATTTC
CATTGAGCAGGTACGTGTAG
GGATTCCATCCGAGCATCAG
ACAGCAAATCGCCTTCATCC

TGGTGTCCTGGCTGGTGTTC
GGCAAACGCGGCATAGATCG

CCAAGATCGATGGCGACAGC
GATATGCCGAGGCGGATAGG

752

692

435

717

492

500

907

996

390

394

6,086

5,597

199

194

198

332

192

203

200

48

51

This study

This study
This study

This study

54

54

This study
This study
This study
This study

This study
This study

This study
This study
This study
This study
59

This study

This study

This study

This study

aSequences in boldface represent restriction enzyme cutting sites.

was used (Roche), and immunological detection was performed with an anti-DIG antibody conjugated
to alkaline phosphatase. The DIG-labeled nucleic acids were detected by chemiluminescence using a
Molecular Imager ChemiDoc system (Bio-Rad, United Kingdom). Prehybridization and hybridization were
performed at low stringency (50°C) for copA and cusA and a high stringency (60°C) for repA and rulA
genes. The primer sequences and the amplicon sizes to obtain DNA probes for the different genes are
summarized in Table 3. Pst PT23, Pss UMAF0081 (copABCDns structure in a 62-kb plasmid), PssUMAF0170
(copABCD in a 62-kb plasmid), and Pss UMAF0158 (copper-sensitive strain that harbors a 62-kb plasmid)

were included in all gels as controls. These experiments were repeated at least in duplicate.
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Phylogenetic analysis. Partial sequences of rpoD and gyrB housekeeping genes were used to ana-
lyze the phylogenetic distribution of the Pss strains that belong to the mango single phylotype com-
pared with other P. syringae strains that belong to different pathovars. Some of the partial sequences
from the Pss strains belonging to the P1 population and control strains were available at the NCBI data-
base, and the rest of the partial sequences from the Pss were obtained in this study. The partial sequen-
ces of the housekeeping genes rpoD and gyrB were obtained by PCR using specific primers listed in
Table 3 (54). PCR products were purified and sent for sequencing to STABvida (Portugal). The partial
sequences of rpoD (807 bp) and gyrB (890 bp) were concatenated for each strain and treated as a single
sequence for multiple alignments using MUSCLE (EMBL-EBI). Phylogenetic trees were generated using
MEGAV7 (55) with neighbor-joining, Jukes-Cantor Model, maximum likelihood, and complete deletion to
eliminate positions containing gaps. Confidence levels of the branching points were determined using
1,000 bootstrap replicates.

Genome sequencing. Pss strain UMAF3028 (isolated in 1990) and Pss strain UMAF0291 (isolated in
2017) were selected to obtain their draft genome sequences. Overnight shaking of cultures growing in
LB broth tubes at 25°C of both Pss strains was used to perform total DNA isolation using the DNeasy
UltraClean microbial kit (Qiagen). DNA libraries were prepared using the Nextera XT DNA library prepara-
tion kit for small genomes (Illumina, Inc., USA). The draft genome sequencing project was performed by
the Supercomputing and Bioinnovation Center of the University of Méalaga using the sequencing plat-
form NextSeq550 with paired-end reads with a read length of 150 bp. The raw reads were preprocessed
using SeqTrimNext software (56), and the assembly of high-quality filtered reads was performed using
A5 software with default parameters (57). Genome sequence annotation and gene identification were
carried out with the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) using default parameters.

Bioinformatic mining for copper resistance genes. Nucleotide sequence searches to detect puta-
tive copper resistance genes were performed using nucleotide BLAST by following two approaches,
highly similar sequences (MegaBLAST) and more dissimilar sequences (discontiguous MegaBLAST)
against copABDC and copABCDns gene clusters from Pss UMAF0170 and Pss UMAF0081, respectively.
PGPA annotations then were used to analyze the regions that showed some similarities to identify puta-
tive copper resistance genes. Furthermore, the complete genome sequence of the Pss UMAF0158 cop-
per-sensitive strain (58) was aligned against the draft genome sequences of Pss UMAF3028 and Pss
UMAF0291 using MAUVE software with progressiveMAUVE alignment for efficient multiple genome
alignment to detect gene gain, loss, and rearrangement. Specific primers were designed to PCR amplify
partial sequences of putative copper resistance genes copA (copATn7F and copATn7R) and cusA
(cusATn7F and cusATn7R) from the COARS Tn7-like transposon. Primer sequences and amplicon sizes
are listed in Table 3.

Transformant strains and screening for copper resistance. To determine the functionality of
some genes related to copper resistance in the COARS Tn7-like transposon, transformation experiments
were performed. Specific primers with restriction sites for double digestion and directional ligation into
the pBBRTMCS-5 vector were designed on the sequence of the COARS-Tn7-like transposon of the Pss
UMAFO0291 strain. A fragment containing cusCBA genes (6,086 bp) was amplified by PCR with the primers
cus-xholF and cus-xbalR, which harbored restriction sites for Xhol and Xbal, respectively. A second frag-
ment containing copAB, a metal binding protein and a CDF transporter (5,597 bp), was also amplified by
PCR with the primers cop-apalF and CDF-spelR, which harbored restriction sites for Apal and Spel,
respectively. Primer sequences are included in Table 3. PCR amplifications were performed using
Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific Inc., USA) by following the manufac-
turer’s instructions. The PCR products were purified, double digested, cloned into pBBRTMCS-5, which
harbors a gentamicin resistance gene, and transformed into electrocompetent cells of the copper-sensi-
tive strain Pss UMAF0158. For copper resistance screening, cultures of Pss UMAF0158 transformant
strains were grown overnight in LB agar medium supplemented with 15 ug/ml gentamicin (Gm) and
directly streaked onto MGY agar plates supplemented with different concentrations of copper sulfate
(0.6, 0.8, 1.0, 1.2, and 1.6 mM). Pss UMAF0158 was used as the negative control, and Pss UMAF0291 was
used as the positive control.

RNA isolation and RT-qPCR on putative copper resistance genes. The Pss UMAF0291 strain was
grown overnight in LB broth shaking cultures at 25°C. The culture was washed two times in sterile 0.85%
NaCl, and 100-ml flasks with 20 ml of MGY broth without copper sulfate (0 mM) and supplemented with
0.8 mM and 1.6 mM copper sulfate were inoculated at an optical density at 600 nm of 0.1 (approximately
107 CFU/ml). Flasks were incubated for 6 h at 25°C, and 5 ml of each flask was collected and centrifuged
at 8,000 rpm for 3 min. Total RNA was extracted using an RNA isolation kit (NucleoSpin RNA, minikit for
RNA purification; Macherey-Nagel GmbH & Co. KG, Germany). The total RNA concentration was deter-
mined with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., USA), and RNA integrity
was assessed by agarose gel electrophoresis. The absence of genomic DNA contamination was tested
by PCR amplification of RNA samples using specific primers that amplify the syrB gene (Table 3). DNA-
free total RNA then was converted to cDNA using Superscript Il reverse transcriptase (Invitrogen, USA)
and random primers according to the manufacturer’s instructions. The RT-qPCR assays were conducted
in a CFX96 Touch qPCR system (Bio-Rad, USA) using SyBrGreen supermix (Bio-Rad, USA). Two independ-
ent RNA extractions for each condition and three technical replicates per extraction were assessed.
Specific primers were designed using the Primer3 website (http://primer3.ut.ee/) on cusA and copA gene
sequences from the COARS Tn7-like transposon. The housekeeping gene gyrB was used as the reference
gene (59). Primer sequences and amplicon sizes are summarized in Table 3. The relative transcript abun-
dance was calculated using the AAC; (cycle threshold) method. The expression of cusA and copA at 0
mM copper sulfate was used for the normalization of RT-gPCR at 0.8 and 1.6 mM copper sulfate.
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Statistical analysis. The Pearson chi-squared test was used to evaluate the difference in plasmid
content between P1 and P2 populations and, in particular, the presence of 62-kb plasmids. In addition,
this statistical test was used to evaluate the number of copper hyperresistant strains and the presence
of the COARS Tn7-like transposon between both populations. A significance level of 0.05 was applied in
all cases.

Data availability. GenBank accession numbers of the different Pseudomonas syringae plasmids (Pss
UMAFO0081, Pss UMAF0170, Pss 7B44, and Pst PT23) harboring different copA genes were KY362368,
KY362372, KY362373, and MSDS00000000, respectively. GenBank accession numbers of the partial nu-
cleotide sequences of rpoD and gyrB genes for each bacterial strain are listed in Table S4 in the supple-
mental material. The partial nucleotide sequences of the gyrB gene obtained in this study have been de-
posited at GenBank under the accession numbers MW001941 to MW002005. The partial nucleotide
sequences of the rpoD gene obtained in this study have been deposited at GenBank under the accession
numbers MW002006 to MW002070. The draft genome sequences obtained in this work have been de-
posited at GenBank under accession numbers JACTWA000000000 and JACTWB000000000 for Pss
UMAF0291 and Pss UMAF3028, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.6 MB.
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