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ABSTRACT: No information regarding pathogenic variability among different isolates of Ralstonia solanacearum infecting chili from
different agro-ecological zones of Pakistan with varying climatic and edaphic factors is available. Therefore, in the present study, variations
were observed in biovar distribution, hypersensitive response, growth and virulence among 114 isolates of R. solanacearum collected from
eight agro-ecological zones of Pakistan. Out of 114 R. solanacearum isolates, 81% were identified as Biovar Ill, while the remaining 19%
were recognized as Biovar IV. Of all the 114 isolates of R. solanacearum, 77% showed positive hypersensitive response and mucoid growth,
while 23% isolates gave negative hypersensitive response with non-mucoid growth. Out of 114 isolates of R. solanacearum consisting of
Biovar llland IV, 22.8% were found avirulent, 25.4% weakly virulent, 29.8% virulent, and the remaining 21.9% were highly virulent. Variations
among 114 R. solanacearum isolates were also observed in four provinces of the country. Among 92 R. solanacearum Biovar lll isolates,
21.7% were identified as avirulent, 25% weakly virulent, 34.4% virulent, and 22.8% were highly virulent in the eight agro-ecological zones
of the country. Similarly, out of 22 R. solanacearum Biovar IV isolates, 27.3% were detected as avirulent, weakly virulent and virulent, while
18.2% isolates were found highly virulent. The isolates having non-mucoid growth and negative hypersensitive response were found
avriulent, while those with mucoid growth and positive hypersensitive response were weakly virulent to highly virulent. The information
will help design control strategies accordingly and develop resistant cultivars against the bacterium.
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INTRODUCTION

The solanaceous crops are seriously threatened by bacterial wilt incited by Ralstonia solanacearum in the warm temperate,
in subtropical and tropical areas of the globe (Hayward 1991). The disease is distributed worldwide, with different magnitudes.
Bacterial wilt has caused significant losses in various crops in different countries. In Bangladesh, the disease incidence
on aubergine was about 30%. In Ethiopia, the main chili and potato growing areas reported disease incidences of 55 and
25%, respectively, on chili and potato (Bekele et al. 2011). Bacterial wilt also affected banana farms in the Amazon basin
of Peru. The disease spread rapidly throughout the Peruvian Jungle, forcing the farmers to destroy their crops (French and
Sequeira 1968).

Ralstonia solanacearum has a very wide host range, and more than 450 host plants belonging to 54 botanical families
were attacked by the bacterium inflicting huge yield losses (Wicker et al. 2007). The pathogen caused huge damage and
losses to tobacco, tomato, and potato crops in Brazil, Columbia, Indonesia, South Africa and the United States of America.
In Philippines, average losses of 15% were observed on tomato, 10% on capsicum and aubergine, and 2-5% on tobacco
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(Zehr 1969). In India, the disease reduced the yield of potato by 30-70% and of aubergine by up to 65%. In China, peanut
production decreased by 30% due to the infection (Sitaramaiah and Sinha 1983). In some cases, the disease wiped out the
entire crop of tomato in India. Similarly, bacterial wilt caused extensive losses to potato crops in Greece (Zachos 1957).

The bacterium has also been found widely prevalent in different agro-ecological zones of Pakistan and invaded many
crops and vegetables (Aslam et al. 2017a, 2017b, 2019). Geddes (1989) for the first time reported the bacterium from
Pakistan. Later surveys revealed an average incidence of about 6% on aubergine, 17% on hot peppers, 11% on potatoes, 22%
on sweet pepper, and 13% on tomatoes in Pakistan (Begum et al. 2012; Shahbaz et al. 2015; Aslam and Mukhtar 2023b).

The bacterium has also been known to play a part in disease complexes. When R. solanacearum teams up with root-
knot nematodes, the combined losses are significantly greater than when each one acts alone, making the plants highly
susceptible to bacterial wilt (Ghosh et al. 2016; Asghar et al. 2020; Junaid et al. 2020; Mukhtar and Kayani 2019, 2020; Shahid
et al. 2022, 2023; Saeed et al. 2023; Yaseen et al. 2023).

The bacterium has been found as a major hindrance for the lucrative cultivation of solanaceous crops in Pakistan
including chili. Among the major chili growing countries, Pakistan is ranked fifth in cultivation and tenth in terms of
production in the world (FAO 2012).

In Pakistan, the average per hectare yield of chili (2.54 tons/h) is fairly low than developed countries, which are getting
many times higher yields. Among various biotic factors responsible for this low yield, R. solanacearum is considered as the
major restriction.

Ralstonia solanacearum is ubiquitous in prevalence with highly variable species, which include five races and five biovars
(Hayward 1991), and the three major races significantly differ in genetic variability (Cook et al. 1989). Race I is highly
wide in host range, whereas race III infects only a small number of hosts mainly potatoes and has been found genetically
more divergent in areas where potatoes were originated as compared to other regions of the globe (Smith et al. 1995). The
populations of race III, obtained from potato plantations, exhibited high degree of genetic diversity in South America,
whereas it comprised of a single major clone in Kenya. The strains of race I showed high diversity in several tropical parts
of the world as it was confirmed on solanaceous crops in West Indies (Frey et al. 1996). In Malaysia, its confirmation was
made on peanut (Smith et al. 1998) and on several hosts in Australia (Gillings and Fahy 1994).

Being complex in nature, R. solanacearum has shown great degree of diversity pathogenically, phenotypically, physiologically,
genotypically and also in terms of host range (Genin and Boucher 2004). Pathogenicity and virulence of strains of
R. solanacearum are governed by several factors like (EPS I) heterogeneous polymer of N-acetylated extracellular polysaccharide I
(Orgambide et al. 1991; Denny 1995; McGarvey et al. 1999), swimming motility by means of flagella, type III (T3SS), type
IT secretion systems (T2SS) (Denny et al. 1990; Van Gijsegem et al. 1995; Liu et al. 2005), type IV pili-driven twitching
motility (Tans-Kersten et al. 2001; Kang et al. 2002), and cell wall degrading enzymes (Denny et al. 1990; Liu et al. 2005).

In Pakistan, little research has been conducted on this pathogen (Aslam and Mukhtar 2023b). Information regarding
pathogenic variability among various isolates of R. solanacearum, infecting chilies collected from eight different agro-
ecological zones in Pakistan, each with distinct climatic conditions and edaphic factors, is scarce. Hence, the primary
objective of the present study was to assess the pathogenic virulence of 114 isolates of the bacterium across eight different
agro-ecological zones. The findings from this research will aid farmers in devising effective control strategies and assist
breeders in developing cultivars resistant to the bacterium.

MATERIALS AND METHODS
Description of geographical zones

In toto, 114 isolates of R. solanacearum infecting chili were obtained from 14 main chili producing districts of the eight
agro-ecological zones located in the four provinces of Pakistan. The country, located between latitude 30°00” N and longitude
70°00’ E in the Asian subcontinent, experiences a dry and extreme climate, characterized by scorching summers and harsh

winters with limited rainfall. The country’s landscape varies from high mountains and valleys in the north to the Pothowar

2 Bragantia, Campinas, 83, €20230181, 2024



Virulence among Ralstonia solanacearum isolates

region, followed by the vast Indus plain, which is 322-km wide and 1,287-km long, sloping at a 1% gradient from north
to south. The western parts of the country border low to high mountains, including the Baluchistan plateau. Two sandy
deserts, the Thar Desert in the lower region and the Thal Desert in the upper region, are found in the Indus basin. These
diverse ecological regions classify Pakistan into distinct agroecological zones with varying climatic conditions and edaphic
factors (Aslam and Mukhtar 2023a).

Collection of Ralstonia solanacearum isolates

Chili plants with typical symptoms of the disease were dug up cautiously with rhizospheric soil, and brought to the
laboratory for further analyses. The bacterial infection with the diseased plants was confirmed serologically (Opina and
Miller 2005). All the isolates were coded accordingly.

Isolation of Ralstonia solanacearum

The isolation of R. solanacearum was made primarily from the infected stems collected from surveyed fields of each
district of eight agro-ecological zones. The infected stems from the collar region were cut into 10-cm lengthwise sections,
surface sterilized with 70% ethanol, chopped into small pieces and placed in 5-mL sterile distilled water for 5 minutes with
continuous shaking in a shaker at room temperature. The bacterial suspension (100 pL) from each sample was streaked
separately on the triphenyle tetrazolium chloride (TTC) medium, spread uniformly and incubated at 28°C for 48 h for
bacterial growth (Englerbrecht 1994).

Purification and confirmation of Ralstonia solanacearum

Pure cultures of the bacterium were procured from a single colony obtained from each bacterial culture by inoculating
aseptically onto nutrient agar and TTC media. The individual colonies were again inoculated on semiselective medium
from South Africa (SMSA) media amended with bacitracin, cyclohexamide, penicillin, and tripheny tetrazolium chloride
(TTC or TZC) medium to keep from any contamination. Further confirmation of the pure cultures of 114 isolates of
R. solanacearum was done serologically (Opina and Miller 2005) and by their hypersensitivity response (Khan, M. et al.
2023a; Khan, R. A. et al. 2023b; Mehmood et al. 2023).

Hypersensitive response

Serologically confirmed isolates were assessed for their hypersensitive response on Nicotiana tabacum. Bacterial
culture (10 cfu/mL suspension) from each isolate in sterilized distilled water was made and injected into leaf mesophyll of
N. tabacum plants with the help of sterilized syringe. For positive control, only distilled water was infiltrated. Each leaf
of N. tabacum was inoculated twice, and, for each isolate, bacterial suspensions were infiltrated in the leaves of three plants
by following the same method. Inoculations of tobacco plants were made at 28°C and assessed after 24 and 48 h for their
hypersensitive response, i.e., development of necrosis on the leaves of inoculated plants. After confirmation, the isolates
were assigned codes accordingly.

Characterization of Ralstonia solanacearum

The isolates of the bacterium were further characterized on the basis of morphology, i.e., by their growth patterns (mucoid
and non-mucoid growth) and biochemical tests (Atiq et al. 2022; Khurshid et al. 2022) viz. gram reaction, catalase activity,
levan production (Schaad 1988; Rahoo et al. 2022), KOH loop test (Suslow et al. 1982), oxidase activity (Kovacs 1956),
lipase activity, pigment production (King et al. 1954), arginine dihydrolase reaction (Thornley 1960), gas production (Van
den Mooter et al. 1987), oxidation, and fermentation activity (Hayward 1964).
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Molecular confirmation

For molecular confirmation, the DNAs from the 114 purified isolates of R. solanacearum were isolated, quantified and amplified by
using the primer pair JHFegl: 5GACGATGCATGCCGCTGGTCGC 3’ and JHRegl: 5CACGAACACCACGTTGCTCGCATTGG 3!
The polymerase chain reaction (PCR) products electrophoresed through 1% agarose gel were visualized with ultraviolet
light after ethidium bromide staining. All the isolates yielded a 750-bp band that corresponded to R. solanacearum (Anwar
et al. 2022; Ashraf et al. 2022).

Identification of biovars

The isolates of R. solanacearum were categorized into biovars based on their consumption of different sugars (Hayward
1964; He et al. 1983).

Evaluation of virulence among Ralstonia solanacearum isolates

Variability among 114 isolates of R. solanacearum was studied by hypersensitivity response, growth of the bacterium

on medium, and their pathogenicity.
Preparation of inoculum

Each isolate was grown on TTC medium for 24-48 h to get fresh cultures. The pure culture of each isolate was suspended

in sterilized distilled water and adjusted to 10® cfu/mL through dilution series.
Virulence of Ralstonia solanacearum isolates

The virulence of 114 isolates of R. solanacearum consisting of Biovar III and IV was assessed on the highly susceptible
variety of chili (Aruba) by using the method described by Klement et al. (1990). The experiment was carried out in the
glasshouse of Pir Mehr Ali Shah Arid Agriculture University Rawalpindi. The seeds of highly susceptible variety of chili,
i.e., Aruba, were soaked in water for 24 h for their proper germination. The soaked seeds were sown in germination trays
containing sterilized peat mass. The trays were put in the glasshouse at the temperature of 25°C. Three weeks after emergence,
the seedlings at 3-4 leaf stage were transferred to polythene bags measuring 12.75 x 10.15 cm containing sterilized soil
(sand and compost at the ratio of 3:1:1).

The purified cultures of 114 isolates of R. solanacearum were individually prepared and adjusted to 10® cfu/mL. Three-
week old chili seedlings were then separately inoculated with 50 mL of bacterial suspension from each isolate through soil
drenching. One third part of each root system was injured prior to drenching to facilitate penetration of the bacterium. Each
isolate was inoculated on four chili plants. Symptoms of bacterial wilt were observed 10 days after inoculation of the pathogen.
The association of the bacterium with the symptom development was confirmed by immunostrips (Opina and Miller 2005).
The levels of virulence of isolates were categorized by following the scale described in Table 1 (Shahbaz et al. 2015).

Table 1. Pathogenicity scale for virulence assessment.

Scale Description Response/Virulence
0 No symptoms Avirulent
1 Partial symptoms Weakly virulent
2 Complete wilting Virulent
3 Plant collapsed and dead Highly virulent

Source: Shahbaz et al. (2015).
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RESULTS
Variability among different isolates of Ralstonia solanacearum

In the current findings, variations regarding Biovar distribution, hypersensitive response, growth pattern, and virulence
were observed among 114 isolates of R. solanacearum procured from different sites of 14 districts located in the eight agro-
ecological zones of Pakistan.

Variations in biovar distribution

Among the total 114 isolates of R. solanacearum, 81% were confirmed as Biovar III, whereas the rest 19% isolates were
identified as Biovar IV. Likewise, Biovar III, which was found dominant, was reported from all the zones of the country.
On the contrary, Biovar IV was reported from only four ecological zones.

Variability in hypersensitive response and growth

Out of all the 114 isolates of R. solanacearum, 77.2% were found positive in hypersensitive response and showed mucoid
growth. On the other hand, 22.8% of the isolates showed negative hypersensitive response and non-mucoid growth.

Virulence of Ralstonia solanacearum isolates

Of the total 114 isolates of the bacterium comprising of Biovar IIT and IV, 23% were identified as non-virulent, and 25%
showed weak virulence reaction. On the other hand, 30% of the isolates were found virulent, and the rest of the 21.9% isolates
were recognized as highly virulent. Variations amongst 114 isolates of the bacterium were also observed in the four provinces
of the country (Table 2). Out of 92 Biovar III isolates of the bacterium, 22 and 25% were found non-virulent and weakly
virulent, respectively. Contrarily, 34% of the isolates were confirmed as virulent, and 23% showed highly virulence reaction
from all the zones of the country. Likewise, of the 22 biovar IV isolates of the bacterium, 27% each showed non-virulence,
weakly virulence, and virulence responses, whereas remaining 18.2% of the isolates were detected as highly virulent. The
zone wise virulence of isolates of Biovar III and IV is given in Tables 3 and 4, respectively. The details of avirulent, weakly
virulent, virulent and highly virulent isolates in all the zones have been given in Table 5.

Table 2. Province wise pathogenic variability among isolates of Ralstonia solanacearum in the country.

Province . ol A virulent %age Weakly %age Virulent %age nghly %age
isolates virulent virulent
Sindh 47 5 10.6 13 277 14 29.8 15 319
Punjab 42 13 310 8 19.0 13 310 8 19.0
Khyber
Pukhtunkhwa 13 4 30.8 5 38.4 2 15.4 2 15.4
Balochistan 12 4 333 3 25.0 5 417 0 0.0
Overall 114 26 22.8 29 254 34 29.8 25 219
Table 3. Pathogenic variability among isolates of Ralstonia solanacearum Biovar Il in eight agro-ecological zones of the country.
. . Total . o Weakly o . o Highly o
Agro-ecological zone isolates Avirulent Yoage virulent Yoage Virulent Y%oage virulent Yoage
Barani areas 8 2 25.0 1 135 3 375 2 25.0
Western dry mountains 12 4 33.0 2 16.6 5 416 1 83
Continue...
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Table 3. Continuation...

Total Weakly Highly

Agro-ecological zone isolates Avirulent ~ %age virulent Y%age Virulent Y%age virulent Y%age
Northern irrigated plains 19 5 26.3 4 21.0 6 315 4 21.0
Sandy deserts 14 3 21.0 5 357 3 21.0 3 21.0
Indus delta 13 1 77 3 230 5 38.0 4 30.70
Southern irrigated plains 13 0 00.0 3 230 4 307 6 46.0
Suleiman piedmont 6 3 50.0 2 33.0 1 16.6 0 00.0
Wet mountains 7 2 285 3 42.8 1 14.2 1 14.2
Overall 92 20 217 23 25.0 28 304 21 22.8

Table 4. Pathogenic variability among isolates of Ralstonia solanacearum Biovar IV in four agro-ecological zones of the country.

Agro-ecological zone is-gc;;itles Avirulent  %age “Il:’:ﬁzm Y%age Virulent Y%age v?ril?ltlxt Y%age
Northern irrigated plains 7 3 429 2 28.6 1 14.3 1 143
Sandy deserts 3 1 333 1 333 1 333 0 0.0
Indus delta 7 1 14.3 2 28.6 3 429 1 14.3
Southern irrigated plains 5 1 20.0 1 200 1 20.0 2 40.0
Overall 22 6 273 6 273 6 273 4 18.2

Table 5. Details of isolates showing variability among Ralstonia solanacearum isolates in different agro ecological zones of Pakistan.

Agro-ecological zone

Avirulent

Weakly virulent

Virulent

Highly virulent

Indus delta

RsTt7 RsBd10

RsTt1, RsTt3, RsTth,
RsBd1, RsBd7

RsTt2, RsTt6, RsTt8,
RsTt9, RsBd2, RsBd4,
RsBd5, RsBd9

RsTt4, RsTt10, RsBd3,
RsBd6, RsBd8

Southern irrigated plain

RsMp1l

RsMp3, RsMp8, RsUm2,
RsUmb5

RsMp2, RsMp4, RsMp?9,
RmUm1,RsUm8

RsMp5, RsMp6, RsMp7,
RsMp10, RsUm3,
RsUm4, RsUm6, RsUm7

Sandy deserts

RsBW4,RsBw6, RsBwS,
RsSg3

RsBw2, RsSg2, RsSg4,
RsSg6, RsSg8, RsSg9

RsBw1, RsBwb, RsBw7,
RsSg7

RsBw3, RsSgl, RsSgb

Northern irrigated plain

RsKrl, RsKr3, RsKr6,
RsPP1,RsPP7,
RsPP8,RsMn1, RsMn4

RsKr4, RsKr9, RsPP3,
RsPP5, RsPP9, RsMn8,

RsKr2, RsKrb. RsKr8,
RsPP2, RsPP4, RsMnb5,
RsMn7

RsKr7, RsPP7, RsMn2,
RsMn3, RsMn6

Barani areas RsAK4, RsAK6 RsAK2 RsAk1, RsAk3, RsAk7 RsAk5, RsAk8
Wet mountains RsNw2, RsNw4 RsNw1, RsNw3, RsNw7 RsNw6 RsNwb
. RsKK3, RsKK6, RsLi3, RsKK2, RsLil, RsLi2,
Western dry mountains RsLi5 RsKK1, RsKK4, RsLi4, RsLi6 RsKK5
Sulaiman piedmont RsBn2, RsBn3 RsBn1, RsBn4, RsBnb RsBn6 -

DISCUSSION

The results reported in the current study showed differences among 114 isolates of the bacterium procured from
different ecological zones of the country in their hypersensitive reaction, growth patterns, and virulence. Out of all the
114 isolates of R. solanacearum, 77.2% were found positive in hypersensitive response and showed mucoid growth. On

the other hand, 22.8% of the isolates showed negative hypersensitive response and non-mucoid growth. The study also

6 Bragantia, Campinas, 83, €20230181, 2024



Virulence among Ralstonia solanacearum isolates

established relationship between the growth and virulence among the bacterial isolates. The isolates showing non-mucoid
growth were found non-virulent. On the other hand, the isolates with mucoid growth showed weakly virulence to highly
virulence responses. In the same way, isolates with positive hypersensitive responses were found virulent, whereas isolates
showing negative hypersensitive responses were non-virulent.

The differences in these parameters can be ascribed to differences in environmental and edaphic factors in various
ecological zones of the country. Morphological variability in terms of growth has also been reported by many workers
among different isolates of R. solanacearum, which corroborated the present findings. Two types of morphological colonies
of the bacterium, fluidal or mucoid and afluidal or non-mucoid, can be found on agar media plates (Smith 1920; Kelman
1953; Denny and Hayward 2001; EPPO 2004).

The mucoid substance is produced by the accumulation of an exopolysaccharide (EPS), which causes these
mucoid colonies to exhibit a typical irregularity of their surfaces (Smith 1920), often with characteristic whorls in the
center. When the conditions become favorable, the bacterial colonies spontaneously pass through a morphological
change from fluidal to afluidal, causing a great decrease in disease-inciting capability of these cells (Kelman 1954;
Buddenhagen and Kelman 1964; Brumbley and Denny 1990). This process is referred to as phenotypic conversion
(Denny et al. 1994; Poussier et al. 2003) and happens in most of the R. solanacearum strains (Kelman 1954). Such
PC-type variants can be seen on agar media plates without difficulty by prolonged culture (Kelman 1954; Buddenhagen
and Kelman 1964) and by growing the bacterium in a non-aerated liquid medium supplemented with glucose and an
organic source of N (Kelman and Hruschka 1973). Mainly, the virulent strains of R. solanacearum have been found
non-motile and non-flagellated, whereas non-virulent strains generally have 1-4 polar flagella and are very motile
(Kelman and Hruschka 1973).

It is well documented that all the virulent strains (mucoid colonies) of R. solanacearum yield EPS (Kelman 1954;
Buddenhagen and Kelman 1964; Boucher et al. 1992; Poussier et al. 2003), whereas EPS-deficient mutants (non-mucoid
colonies) have been found non-virulent. The bacterial EPS seems to be much diversified because of its variable composition
among strains (Drigues et al. 1985). Within plants, EPS might function by blocking the vascular tissues (xylem vessels), by
direct intervention in the normal movement of the fluid of the plant, or by destroying the vessels as a result of hydrostatic
overpressure (Schell 2000).

Contrariwise, colonization of the stem by the bacterium is also favored by EPS I, as EPS I-deficient mutants have been
reported to reproduce at a very slow rate, and grow slowly on the stems of infected plants (Saile et al. 1997; Araud-Razou
et al. 1998). Therefore, EPS I would contribute to minimize or avoid the recognition of bacterial surface structures such as
pili and/or lipopolysaccharide by plant defense mechanisms (Araud-Razou et al. 1998; Young and Sequeira 1986). Since
EPS-deficient mutants can cause infection and reproduce to a certain degree within plants without inciting wilt symptoms,
therefore EPS may participate mostly at later stages of the process, regulating disease intensity instead of the infective
capability of R. solanacearum. In R. solanacearum, EPS is considered as the major element in explaining the virulence of
the bacterium (Schell 2000; Hikichi et al. 2007).

Pathogenic variability among different isolates might also be due to genetic and physiological differences. Pathogenesis
and genetic diversity together do a specific part in host-plant resistance. Morphologically, similar isolates are not necessarily
alike hereditarily, there must be certain variations. The varying genetic pattern causes variations in the morphology and
pathogenesis, which has been proved by means of several molecular tools (Igbal and Mukhtar 2014). Pathogenic variability
might have been related to the phenomena of host specialization, as it has been observed in phytopathogenic fungus
Macrophomina phaseolina. Su et al. (2001) reported host specialization in maize on the basis of pathogenic, genetic and
physiological variances. Likewise, Cloud and Rupe (1988) studied host specialization in soybean. The mechanism of host
specialization is established within a specific host taking a long time. R. solanacearum does not have uniform biology, host
range and act as complex variants, as it does not behave as single bacterium, that is why it is described into biovars, races,
groups, sub-races, and strains.

Differences in the morphology, pathogenicity and all are essential for the bacterium to adapt in a better way in response
to diversified environmental conditions. It will also be helpful for host plant resistance, breeding resistant cultivars of various
crops and vegetables to bacterial wilt, and designing novel disease management approaches.
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