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ABSTRACT

Vascular wilt of banana and plantains, also known as Moko disease, is caused by Ralstonia
solanacearum (Rs) phylotype I, and is the main bacterial disease affecting these crops in the
Americas. Upon comparative sequence analysis of 45 Rs genomes we developed an improved PCR
protocol based on the nucleotide sequence of the hypothetical protein DUF3313. Next we tested
the detection protocol with two Rs inoculation methods to validate field resistance reported in the
hybrid plantain genotype FHIA-21, previously identified as susceptible to Moko in greenhouse
experiments that wound the roots of the plants prior to inoculation. By using an inoculation
protocol that did not wound the roots, we confirmed resistance in FHIA-21 to Moko disease (no

Rs was detected by PCR in these plants). In contrast, the field-susceptible genotype Dominico
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Hartén developed severe symptoms of Moko, independently of the inoculation method used.
FHIA-21 showed an area under the disease progress curve (AUDPC) close to zero, while Dominico
Hartén plants showed AUDPC values ranging from 65.79 to 88.42. The availability and analysis of
genomic data provides significant improvements in diagnostics that together with improved
inoculation methods and tolerant genotypes to Moko disease, will be of great use in Musa
breeding programs.

INTRODUCTION

Vascular wilt of banana and plantains, also known as Moko disease, caused by Ralstonia
solanacearum (Rs) race 2 (Smith) (Hayward, 1991) results in significant yield losses and high
eradication costs (Ploetz et al., 2015). In the Americas, an inadequate use of infected planting
material has contributed to the dissemination of Moko disease to Ecuador, Guyana, Honduras,
Mexico, Trinidad, Venezuela and Colombia where in many cases up to 100% of the cultivated area
has been affected including the destruction of the fruit bunch, thus preventing the plant from
completing its growth cycle (Alvarez et al., 2015). Colombia is the fourth largest plantain exporter
in the Americas, after Dominican Republic, Guatemala and Ecuador (FAOSTAT 2016); the crop
generated in 2013 in Colombia 164,246 direct jobs and 2’594,350 transient and permanent jobs
corresponding to an estimated 8% of total employment in the agricultural sector (Minagricultura,
2014). Nevertheless, early detection tools, seed certification programs and resistant plantain
varieties are largely missing in this region (Cellier et al., 2015).

Rs is as a complex species, i.e., a group of related isolates, whose individual components might
represent more than one species (Fegan and Prior, 2005; Prior et al.,, 2016). The current

classification of Rs strains divides the complex into four phylotypes: phylotype | (isolates from
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Asia), phylotype Il (the Americas), phylotype Il (Africa), and phylotype IV (Indonesian archipelago)
(Fegan and Prior 2005; 2006). Phylotype Il shows further diversity and is subdivided into IIA and
[IB, each of which can be further resolved, based on sequence polymorphisms of the
endoglucanase (egl) gene, into subgroups called sequevars (Fegan and Prior 2005; Santiago et al.,
2017). Classification of isolates according to pathogen-host specificity identify two races whithin
phylotype Il: race 3 isolates that infect potato and race 2 isolates that infect banana and plantains
(Buddenhagen et al., 1962; Fegan and Prior, 2005). Further genetic variation among Rs isolates
from plantain, bananas, heliconias, and soil samples in Colombia and elsewhere, has been
reported, adding extra complexity to the diagnostics of Rs isolates (Gomez et al., 2006).

Several genomic studies and sequence-based methods for the detection of Rs are reported (Cellier
et al.,, 2015; Kubota et al., 2008; Ha et al., 2012; Horita et al., 2004; Fegan and Prior, 2005;
Thammakijjawat et al., 2006; Smith and De Boer, 2009; Paret et al., 2010; Albuquerque et al., 2014;
Lenarcic et al., 2014; Huang et al., 2017; Santiago et al., 2017) and a good amount of Rs sequence
information is increasingly available in public databases. To improve specific diagnostics of Rs
phylotype Il, race 2 isolates, we retrieved forty-four Rs genome sequences from GenBank (NCBI)
for comparative genome analyses. Twenty-nine corresponded to phylotype Il, nine to phylotype |,
five to phylotype Ill, and one to phylotype IV (Table 1). Using the GET_HOMOLOGUES software
(Contreras-Moreira and Vinuesa, 2013) we first built a pan-genome employing the orthoMCL
cluster algorithm (Li et al., 2003). Next, through the script parse_pangenome_matrix.pl
(Contreras-Moreira and Vinuesa, 2013) we identified two unique genes out of eleven, that were
present in most genomes of the phylotype Il (Table 1). To corroborate the functional architecture

of these genes we used the software SMART (Schultz et al., 1998), identifying as the best candidate
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the RSPO-c01611 gene of Rs strain Po82, encoding a hypothetical lipoprotein containing a
DUF3313-domain with the UniProtkB code D8NIF9 (this gene is also known as the RCFBP_11537
gene in Rs strain CFBP2957). The second gene identified encoded an uncharacterized protein with
the UniProtkB code D8NI64 (also known as gene RCFBP_11543 of Rs strain CFBP2957) without
known domains detected. We proceeded to align 24 sequences of the gene D8NIF9 (DUF3313-
c01611) corresponding to phylotype Il isolates from plantain, banana, heliconia, Anthurium,
cucumber, tomato, pothos and potato isolates (Table 1) using the software MAFFT v.7 (Katoh
2013, 2016). Employing this alignment and using the software AllelelD v.7 (Primer Biosoft, Palo
Alto, CA) were design primers for PCR (DUFF-F: 5-AATCGTCCCGTTACCTGA-3’ and DUFF-R: 5’-
GTGGCGGTTGCCTTACAGGT-3’) that amplify a 1200 bp region of the hypothetical protein
DUF3313. The identity of all PCR products obtained from isolates infecting banana and plantain
were validated by sequencing (Supplementary Table 1). BLAST analysis, did not show significant
homology to any other soil-borne bacteria sequences and phylogenetic analysis grouped them
with those of other Rs isolates of phylotype IIB, sequevar 4, pathogenic to banana and plantain
(Figure 1B). For diagnostics, we designed primers BIOS1 F1: 5-AATCGTCCCGTTACCTGA-3’ and
BIOS1_R1: 5’-GGTGAGCGTCAACTTCAC-3’. The specificity of these primers was tested on crude
plant extracts obtained from infected plants and with purified bacterial DNA of Rs strains belonging
to different phylotypes and hosts (Figure 1C and Supplementary table 1). Consistent results were
obtained using either a standard Taq polymerase-based PCR (GoTag, PROMEGA) or a quick PCR
protocol using Phusion polymerase (Phusion®, New England Biolabs). The latter allowed us to
complete a PCR reaction in ~25 minutes. PCR assays were performed in 25 ul reaction volume,

with 0.5 uM of each primer and 20ng of bacterial DNA, following supplier instructions. PCR
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conditions were as follows: 98°C for 30s followed by 30 cycles of 98°C for 8s, 55°C for 10s and 72°C
for 8s. A final extension step of 5 min at 72°C was included before 1.2% agarose gel electrophoresis
(Figure 1C). Detection of Rs was specific for isolates of phylotype Il, as confirmed by using a
multiplex PCR test described by Fegan and Prior (2005), using battery of DNA samples
corresponding to different phylotypes (Figure 1C).

Plant inoculations were carried out in and insect-proof screenhouse at CIAT (Department of Valle
del Cauca, Colombia). This region (Latitude 3.500136, Longitude -76.357031, at 980 m.a.s.l.) has
an average annual precipitation of 1100 mm and relative humidity of 78%. The average
temperature at the time of the assays was 24.5°C. FHIA-21 plants were provided originally from
the Honduran Foundation for Agricultural Research (FHIA) and plants of the Moko-susceptible
genotype Dominico Hartén were provided by certified plantain nurseries from Valle del Cauca,
Colombia. Plants were grown in plastic pots containing 5 kg of a steam-sterilized 2:1 oxisol:sand
mixture, for two months before inoculation. Rs infects its hosts via roots, and usually in the
laboratory tests, roots are wounded to facilitate infection (Valencia-Valencia et al.,, 2014).
However, the host-Rs interaction in the field may differ when proper agronomic practices, that
maintain roots undamaged, are carried out. Indeed, previous field reports described the low
incidence of Moko disease in FHIA-21 fields contaminated with Rs (Alvarez et al., 2015), even when
this cultivar had been characterized as susceptible to Moko in a previous work (Valencia-Valencia
et al., 2014). It is interesting that FHIA-21 was selected by the Honduran Foundation for
Agricultural Research in screenings for resistance to Black Sigatoka Disease (BSD) and Fusarium
Wilt (Tirado and Zapata, 2003). Field resistance of FHIA-21 to BSD was later confirmed also in

Colombia (Cuellar et al., 2011). Taking into account field observations and recent reports on the
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(Singh et al., 2018), an evaluation of FHIA-21 under greenhouse conditions was carried out in order
to validate its response Moko. For this, we tested two inoculation methods, one that did not
wound the roots (‘No Wound’) and the one usually practiced with plantain and bananas, where
the roots are damaged using a knife prior to inoculation (“Wounded’) (Figure 2). Inoculated plants
were incubated at >95% RH, for two days; then the conditions of high humidity were limited to 2
hours in the morning and 2 hours in the afternoon. Rs strains previously characterized as causing
different degrees of severity (Gomez et al., 2006), were used in inoculation tests following
“Wounded” and “No Wound” protocols (Figure 2). A split plot design was used that included three
plants per observation and four repetitions per treatment. Symptoms severity was evaluated
starting three days after inoculation and every two days based on a scale proposed by He et al.
(1983), where 0 = Absence of symptoms; 1 = One wilted leaf; 2 = Two to three wilted leaves; 3 =
Four or more wilted leaves; and 4 = Dead plant. Data were analyzed with SAS® Statistical Analysis
System Version 9.4, and the area under the disease progress curve (AUDPC) was determined

according to the formula:

Ne—1

ENEEYE
AUDPC = Z w(qﬂ —t;)

i=1

Where y;= Disease severity in the i-th evaluation. t; = Time in days of the j-th evaluation. N:
Number of evaluations (Mohapatra et al., 2008). Additionally, logistic models were carried out
using the package “nlstools” of r project (Baty et al, 2015).

Bacterial suspensions were prepared from individual Rs colonies grown for 24 hours on nutrient

agar (24 g/L). The bacterial suspensions were prepared in TE buffer (Tris 10 Mm pH 7.6 and EDTA
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1 Mm, pH: 7.6) diluted to Absorbancesoo = 0.1, which corresponds to a concentration of 1x102
Colony Forming Units per milliliter (CFU/mL). Forty mL of the suspension was applied
homogenously to the soil around each plant. Samples for PCR analysis were taken one week after
inoculation and then every second day for 1.5 months.

Significant differences in disease severity were observed in FHIA-21 versus Dominico Hartdn
plantain with all Rs strains under evaluation (Figure 2-3 and Supplementary Figure 1). FHIA-21
showed highly significant differences (p<0001) between inoculation methods, where the ‘No
Wound’ inoculation was statistically similar to the control (zero value for incidence, severity, and
AUDPC); and all asymptomatic FHIA-21 plants were negative to Rs in PCR tests. This result
highlights the strong barrier of the FHIA-21 root system, which could be related to specific root
exudates, structural resistance, or resistance to prevent penetration and colonization of the Rs
complex into the vascular system, as reported in other similar systems (Tran et al., 2016; Singh et
al., 2018). In our study, FHIA-21 showed a significant lower percentage of severely infected plants
in the “Wounded” treatment with all Rs isolates tested (Figure 3 and Supplementary Figure 1). Only
in one case FHIA-21 inoculated with isolate CIAT-034 under a “No Wound” treatment was positive
for Moko, but this corresponded to one single affected plant (Supplementary Figure 1). This could
be due to some sort of unintended physical damage caused to the root at the time of inoculation,
since the rest of strains evaluated did not cause any symptoms of Moko disease in FHIA-21, not
even the most pathogenic ones, under a “No Wound” treatment (Figure 3 and Supplementary
Figure 1). On the other hand Dominico Hartén plants showed severe symptoms of Moko
independently of the treatment and the Rs strain used and the “Wounded” treatment accelerated

the development of symptoms by around 15 days as compared to the “No Wound” treatment.
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Our results are in agreement with the field observations described by Alvarez et al. (2015), where
incidence and severity of Moko disease in FHIA-21 did not exceed 5% in presence of a high Rs
inoculum pressure. In contrast, the high susceptibility to Moko in Dominico Hartén plants (Figure
3), regardless of the inoculation method, was confirmed and were in agreement with the findings
of Valencia-Valencia (2014).

Plants have strong and generic mechanisms that allows them to counter the attack of plant
pathogens (Jones and Dangl, 2006; Garcion et al., 2007; Tran et al., 2016). In this regard, is good
to remark that the FHIA-21 hybrid was obtained through plantain breeding (crossing AVP-67 (AAB)
x SH-3142 (AA)), in search for options to manage BSD, a disease of great economic importance for
plantain and banana all over the world. FHIA-21 also shows tolerance to races 1 and 2 of Fusarium
oxysporum f. sp. cubense (Ploetz, 2015). To unravel the resistance mechanism observed in FHIA-
21 will require further studies and we are confident that the improved detection and inoculation
methods described here will greatly contribute to this aim.
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FIGURES AND LEGENDS

Figure 1. A. Venn diagram showing the number of genes for each phylotype that were analyzed.
From the 11 genes (in red) identified as exclusive for phylotype Il, only 2 were detected in more
than 80% of the analyzed genomes (Table 1). B. Maximum likelihood RAXML phylogeny of R.
solanacearum (Rs) phylotype Il, race 2 isolates, reconstructed from the nucleotide sequence of
the hypothetical protein DUFF3313 domain. Values on branches indicates bootstrap support for
each sub-group. Names marked as Colombia correspond to the group of isolates (100% sequence
identity) characterized in this work (Supplementary Table 1). C. PCR amplification products from
different Rs strains and related bacteria isolates. Upper gel show the results of a previously
described multiplex PCR (Fegan & Prior, 2005) designed to identify the phylotypes of Rs strains.
Lower gel show the results of the same set of samples using the BIOS1 _F/BIOS1_R primers
designed in this study. M. Molecular Marker Hyper Ladder Il 100 bp; 1. Reaction blank (Nuclease-
free water); 2. Genomic DNA of a not infected Dominico Hartén plant; 3. Xanthomonas axonopodis
pv. manihotis from cassava; 4. Burkholderia glumae from rice; 5. Rs isolate G175 from eggplant,
phylotype [; 6. Rs isolate G216 from tobacco, phylotype [; 7. Rs isolate G218 from Capsicum,
phylotype |; 8. Rs isolate G217 from Heliconia, phylotype Ill; 9. Rs isolate V18 from banana; 10. Rs
isolate V26 from plantain; 11. Rs isolate V31 from banana; 12. Rs isolate 066 from plantain; 13. Rs
isolate 070 from plantain; 14. Rs isolate 072 from plantain; 15. Rs isolate 078 from plantain; 16. Rs
isolate 088 from plantain; 17. Genomic DNA of a not infected Dominico Hartdn plant; 18-20
Reaction blank (Nuclease-free water).

Figure 2. Reaction of plants of DH and FHIA-21 genotypes inoculated with a pathogenic isolate of

R. solanacearum (Rs, CIAT-078) using two different inoculation methods named "Wounded" and

16
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"No Wound”. FHIA-21 "No wound" treated plants (B) show no symptoms of the disease and are
negative in PCR tests to Rs, as compared to the “Wounded” and symptomatic treated plants,
where some of the FHIA-21 plants develop severe symptoms (A). In contrast, all DH plants showed
severe symptoms of Moko, independently of the treatment (E and F) Plants shown in C,D and in

G, H, correspond to FHIA-21 and DH buffer inoculation controls, respectively.

Figure 3. Raw and processed data of disease severity of Rs strain CIAT-078 on four repetitions (R1-
R4) assessed on 21 occasions (intervals of 1-3 days). Each assessment evaluated the severity of
symptoms in 3 plants. A and B for genotype FHIA-21, using a “Wounded” and a “No Wound”
treatment of the roots before inoculation, respectively. Cand D show the same order of trratments
for genotype Dominico Hartén. Solid, thicker lines show area under the logistic curve. And each
dot correspond to an observation per plant. Observe that in the case of DH, all dots reach severity
level 4 by the end of the experiment, while for FHIA-21, most of the dots remain in the O severity,
according to the scale described in the main text. r: growth rate; r_se: standard error of the growth
rate; r_p: p value of the growth rate; auc_l: area under the curve of the fitted logistic equation

from time O to time t; auc_e: area under the curve of the measurements.

Table 1. List of isolates whose genome sequences were used in this work.
Supplementary Table 1. List of Rs isolates from Colombia tested in this work.
Supplementary Figure 1. Raw and processed data of disease severity for other Rs strains evaluated

in this study.
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Table 1
Sample_ID Species Phylotype Seqvar Host Geographic origin Reference
GMI1000 R. pseudosolanacearum | Tomato Guyana Salanoubat et al. 2002
FQY_4 R. pseudosolanacearum | Soil China Cao et al. 2013
P781 R. pseudosolanacearum | 14 Mandevilla United States Bocsanczy et al. 2014
UW?757 R. pseudosolanacearum | 14 Osteospermum Guatemala Weibel et al. 2016
KACC10709 R. pseudosolanacearum | Korea Jung et al. 2007
Rs-T02 R. pseudosolanacearum | 14 Tomato China Zou et al. 2016
CFBP3858 R. solanacearum A 1 Potato Netherlands CIRAD
Grenada 91 R. solanacearum 1A 6 Banana Grenada Ailloud et al. 2015
IBSBF1900 R. solanacearum A 6 Banana Brazil Wicker et al. 2007
Uw181 R. solanacearum 1A 6 Plantain Venezuela CIRAD
K60-1 R. solanacearum A 7 Tomato United States Remenant et al., 2010
B50 R. solanacearum 1A 24 Banana Peru Ailloud et al. 2015
CFBP2957 R. solanacearum A 36 Tomato French West Indies Remenant et al., 2010
P597 R. solanacearum 1A 38 Tomato United States Bocsanczy et al. 2017
CIP120 R. solanacearum A 38 Potato Peru Bocsanczy et al. 2017
IPO1609 R. solanacearum 1IB 1 Potato Nederland Guidot et al. 2009
uYo031 R. solanacearum 1B 1 Potato Uruguay Guarischi-Sousa et al. 2016
RS2 R. solanacearum 11B 1 Potato N/D Clarke et al., 2015
Uw491 R. solanacearum 1B 1 Potato Colombia cBio Corp
UwW551 R. solanacearum 11B 1 Geranium Kenya S etazlal.22(())865 o CELEC
MolK2 R. solanacearum 1B 3 Banana Philippines Guidot et al. 2009
CFBP1416 R. solanacearum 11B 3 Plantain Costa Rica Ailloud et al. 2015
CIP417 R. solanacearum 1B 3 Banana Philippines Ailloud et al. 2015
Po82 R. solanacearum 11B 4 Potato Mexico Xu et al. 2011
Uw163 R. solanacearum 1B 4 Plantain Peru Ailloud et al. 2015
UW163_1 R. solanacearum 11B 4 Plantain Peru Ailloud et al. 2016
P673 R. solanacearum 1B 4 Pothos United States Bocsanczy et al. 2014
uw179 R. solanacearum 11B 4 Banana Colombia Ailloud et al. 2015
CFBP7014 R. solanacearum 1B 4 Anthurium Trinidad CIRAD
IBSBF1503 R. solanacearum 11B 4-NPB Cucumber Brazil Ailloud et al. 2015
IBSBF1503_1 R. solanacearum 1B 4-NPB Cucumber Brazil Ailloud et al. 2016
CFBP6783 R. solanacearum B 4-NPB Heliconia Martinique Allbudehe. ath 5, Beserey
CFBP6783_1 R. solanacearum 1B 4-NPB Heliconia Martinique Bocsanczy et al. 2017
23-10BR R. solanacearum 11B 27 Potato Brazil Clarke et al., 2015
POPS2 R. solanacearum ]2} 1 Potato China Clarke et al., 2015
CMR15 R. pseudosolanacearum 1 Tomato Cameroon Remenant et al., 2010
CFIA906 R. pseudosolanacearum i Yuan et al. 2015
NCPPB909 R. pseudosolanacearum 1 1 Egypt Yuan et al. 2015
NCPPB 282 R. pseudosolanacearum i 2 Colombia Clarke et al. 2015
CFBP3059 R. pseudosolanacearum 1 23 m‘z%i’ggga Burkina Faso Salgon et al. 2017
PSI07 R. syzygii v Tomato Indonesia Remenant et al., 2010
SD54 R. pseudosolanacearum | Ginger China Shan et al. 2013
Rs-10-244 R. pseudosolanacearum | Eggplant India Ramesh et al. 2014
Rs-09-161 R. pseudosolanacearum | Chili India Ramesh et al. 2014
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