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Abstract Bacterial wilt (BW) caused by Ralstonia sola-

nacearum is an important disease of many plant species

especially Solanaceae. To compensate for lack of BW

resistance in cultivated potato, we fused UV-treated pro-

toplasts of a resistant eggplant variety with protoplasts of a

susceptible potato clone to obtain 32 somatic hybrids.

Although asymmetric protoplast fusion has the potential to

transfer traits from distant species, introgression frequency

and preference of alien fragments remain obscure, as well

as the genetic basis for control of a trait. In the present

research, the genome components of 32 somatic hybrids

were determined by parent-specific SSRs. Each hybrid had

integrated from one to eight alien chromosome fragments,

providing a foundation for selection of BW resistance

transmitted from eggplant. When the selected eggplant

sequences were aligned with potato genome sequence it

showed a similarity of 46.7 %, suggesting a large genetic

distance between these two species. The results also

revealed that introgression of eggplant fragments is non-

selective, which may allow any part of alien chromosomes

to be integrated. Distribution of eggplant loci in individual

hybrids suggested a possible relationship between markers

emk03O04, emi04P17 and emd13E02a and BW resistance,

which are potential loci that control target traits and

therefore deserve further investigation. With genome-wide

selection of parent-specific molecular markers and

sequence alignment, the present research substantiated

interspecific introgression of a trait lacking in potato.

Moreover, an efficient strategy was established to estimate

genomic components of the somatic hybrids, and to explore

the candidate loci that associate with target traits.

Keywords Potato � Eggplant � Protoplast fusion �
Genome component � Resistance to Ralstonia

solanacearum

Abbreviations

AFLP Amplified fragment length polymorphism

APR Adult plant resistance

BW Bacterial wilt

DI Disease index

DS Disease score

EPS Exopolysaccharide

LTR Long terminal repeats

NIL Near isogenic lines

QTL Quantitative trait locus

RDI Relative disease index

RSSC Ralstonia solanacearum species complex

SSR Simple sequence repeat

T2SS Type II secretion system

T3SS Type III secretion system

Introduction

Ralstonia solanacearum, one of the most devastating

pathogens of potato transmitted by soil, causes bacterial

wilt (BW) or brown rot disease in hundreds of plant
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species, including many important crops such as potato,

tomato, tobacco, pepper, banana, ginger, peanut, etc. Wilt

caused by this pathogen is an enormous risk for crops in

both tropical and temperate climates (Miao et al. 2009). R.

solanacearum persists in the soil, plant debris, weed rhi-

zospheres and alternate hosts, and it is spread in infected

planting material and in irrigation water (Olsson 1976;

Elphinstone 1996; Laferriere et al 1999). The pathogen

invades plant vascular tissues from wounded roots or nat-

ural openings (Sagar et al. 2013). With a vigorous ability to

overwinter and wide distribution around the world, R.

solanacearum has been demonstrated as a great threat to

plants. However, because there is no efficient chemical

control of this disease, crop rotation is the only means of

control but may not be practiced in regions with limited

land resources.

As the pathogen infecting more than 200 plant species

belonging to 53 botanical families (Álvarez et al. 2010), R.

solanacearum is historically subdivided into five races

based on host range and five biovars based on the ability to

acidify 5–8 carbohydrates (Champoiseau et al. 2009).

According to the understanding of the species complex, R.

solanacearum is geographically classified into phylotypes

I–IV, which are found in Asia, America, Africa, and

Oceania. The majority of host plants belongs to the Sola-

naceae and Musaceae families. Wilting occurs at high

bacterial population in the xylem and is partially due to

vascular dysfunction in which water cannot reach the

leaves sufficiently. Also the degradation of occluded xylem

vessels and the destruction of surrounding tissues lead to

the collapse and death of the plant (Álvarez et al. 2010).

EPS (exopolysaccharide), as the single most important

virulence factor of R. solanacearum, plays an essential role

in blocking and breaking down the vascular tissue (Genin

and Denny 2012). In susceptible hosts, accumulation of

EPS is largely responsible for the vascular dysfunction that

causes wilt symptoms. The expression of the ethylene and

salicylic acid defense response pathways will be enhanced

by EPS triggers in the wilt resistant tomato breeding line

H7996 but not in a susceptible cultivar (Milling et al.

2011). In addition, extracellular protein derived from a type

II secretion system (T2SS) helps to degrade the cell wall,

which then leads to further invasion to the plant. The type

III secretion system (T3SS) is not unique to R. solana-

cearum, but it is a major determinant controlling virulence

(Angot et al. 2006). Single effector protein cannot alter

pathogenicity of R. solanacearum, but it can cause dis-

ruption of certain subsets and strongly effect virulence of

the pathogen, which indicates that T3E diversity (the var-

ious effectors secreted by T3SS) may play a role in

determining the broad host range of the R. solanacearum

species complex (Vasse et al. 2000). Up to the time of this

research, resistance to R. solanacearum is still unclear.

This is due to the different conditions of inoculation

including resistant materials, strains of R. solanacearum

and different evaluation methods used. Resistance genes

have been defined as recessive, incompletely dominant or

dominant, the number of genes described as monogenic,

oligogenic, polygenic; also additive and non-additive

effects between genes have been mentioned (Miao et al.

2009).

Potato (Solanum tuberosum) regarded as the fourth most

important food crop and one of the most significant

solanaceous crops, is widely cultivated across the world.

Potato is known to be affected by two races of R. solana-

cearum, and the soil-borne nature of the pathogen makes

breeding of resistant cultivars the favored strategy for BW

control (Deslandes et al. 2002). Modern potato cultivars

have a narrow range of disease resistance, especially lack

of high level resistance to R. solanacearum (Fock et al.

2001; Kim-Lee et al. 2005; Chen et al. 2013). Although

BW resistance has been reported in potato species S. vernei

(Gao et al. 2000), S. commersonii (Laferriere et al. 1999;

Kim-Lee et al. 2005) and some other plants like S. lycop-

ersicum (Nazeem et al. 2001), S. melongena (Lebeau et al.

2011; Rotino et al. 2014) and Capsicum annuum L (Lebeau

et al. 2011), interspecific sexual-incompatibility makes

conventional breeding fail to transfer alien genes from

distantly related species. Efforts at interspecific somatic

hybridization in potato have realized somatic hybrids with

introgressed resistance to potato virus Y and late blight

(Thieme et al. 2008; Chandel et al. 2015), potato leafroll

virus (Valkonen et al. 1994), nematode resistance (Austin

et al. 1993), and resistance to R. solanacearum (Fock et al.

2001; Iovene et al. 2012; Chen et al. 2013; Yu et al. 2013).

Protoplast fusion also realized alien interspecific gene-

transfer in other plants, e.g., salt-tolerance from Thinopy-

rum ponticum to wheat (Chen et al. 2004) and from T.

intermedium to wheat (Li et al. 2014), to obtain fertile

somatic hybrids from S. aethiopicum to S. melongena

(Daunay et al. 1993), and Fusarium oxysporum f. sp. me-

longenae resistance from Solanum integrifolium to egg-

plant (Rotino et al. 2001). However, few new varieties have

been bred from the somatic hybrids. Possible explanation

could be a long circle backcross which is needed to get rid

of the genetic drag especially when wild species is

involved, elimination of the alien chromosome occurred in

meiosis during gametogenesis, or loss of the target trait

owing to difficulties in following pedigree selections.

To reduce the genetic drag of somatic hybrids, asym-

metric fusion has been adopted in many plants, particularly

when distant parents are fused. In wheat, donor parent pre-

irradiated with UV, maize nuclear and mitochondrial DNA

were integrated into the wheat genome (Xu et al. 2003),

and fertile somatic hybrids were produced with genetic

material transferred from T. intermedium into a wheat
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background Li et al. (2014). Xu et al. (2007) obtained

asymmetric somatic hybrids between UV-irradiated Citrus

unshiu and C. sinensis for transfer of limited amount of

favorable traits. Asymmetric hybridization was employed

to intensively study the detection of asymmetric hybrids

and genome elimination (Puite and Schaart 1993; Ober-

walder et al. 1997), effect of recipients and genome sta-

bility (Fehér et al. 1992; Oberwalder et al. 1998; Rakosy-

Tican et al. 2015), and possessed the potentials of alter-

native approach for potato cultivar improvement. In our

study, we took the advantage of asymmetric fusion to

create hybrids with target resistance to BW disease and

aimed to explain the resistance-related alien sequence.

Eggplant (S. melongena) variety 508.1, with BW resis-

tance was used as donor parent in asymmetric protoplast

fusion with potato (S. tuberosum) clone 8# that is BW

susceptible. In addition to phenotyping the derived somatic

hybrids in plant morphology for general evaluation of their

application prospects, we focused the present research on:

(1) genome variation of the hybrids to elucidate possible

preference of eggplant chromosome fragments likely to

introgress, and (2) potential eggplant loci associated with

BW resistance to provide possible information for further

use of the hybrids.

Materials and methods

Plant material

Seeds of S. melongena cv. 508.1 (2n = 2x = 24), highly

resistant to BW disease, were provided by Professor Lian

Yong of the Chinese Academy of Agricultural Sciences. S.

tuberosum cv. 8# (2n = 4x = 48) was generated by spon-

taneous doubling of a potato dihaploid clone

(2n = 2x = 24), which was generated from a Chinese

potato cultivar Zhongshu 2 by female parthenogenesis. The

fusion parents were maintained in tissue culture on MS

medium (Murashige and Skoog 1962) supplemented with

4 % sucrose and 8 % agar at 22 ± 1 �C with a photoperiod

of 16 h/day under a light intensity of 60 lmol m-2 s-1.

Asymmetric protoplast fusion and plant

regeneration

Protoplasts of eggplant (variety 508.1) irradiated with

ultraviolet light (UV) at an intensity of 630 lW/cm2 for

20 s were fused by electrofusion with the protoplasts of

potato clone 8#. Isolated protoplasts of both fusion parents

were diluted to a density of 2 9 105 ml-1 and mixed in

equal proportions. The cell suspension was placed into a

helix fusion chamber (Eppendorf Multiporator 4308, Ger-

many) for cell fusion. The methods for electrofusion and

protoplast culture were both described previously (Yu

2013; Yu et al. 2013). The regenerated somatic hybrids

were propagated and grown in vitro on MS or 1/2 MS salt

medium (when rooting was difficult) for root development.

The regenerated plants were numerically named by the

order of callus and shoot formation. For example, 4-2

represents the second shoot regenerated from the forth

callus formed.

Ploidy level determination and SSR analysis

The ploidy level was determined by flow cytometry.

Approx. 1 mm2 of young leaves were collected from

in vitro plantlets and analyzed by Partec Ploidy Analyzer

flow cytometry (CYFLOW Space, Partec, Germany). The

leaves of each regenerant and the fusion parents were

mixed and sliced in a plastic dish containing nuclear

extraction buffer (Extraction buffer of CYSTAIN DNA 2

Kit, Partec, Germany). After filtration, the samples were

stained for 5 min with DAPI (4,6-diamine-2-phenylindol)

before running the nuclei through the flow cytometry. Each

histogram was generated by FloMax software yielding

peak position, coefficient of variation and the relative

ploidy index.

Total genomic DNA was isolated from young leaves of

in vitro plantlets according to the CTAB method (Della-

porta et al. 1983). The fusion parents and regenerants were

analyzed with 206 SSR markers located on the genome

map of eggplant (Nunome et al. 2009). The PCR reaction

which consisted of 20 ll volume with 30 ng genomic

DNA, 0.5 U of Taq polymerase, 0.2 lM each primer,

200 lM dNTPs, 1.5 mM MgCl2 and 19 Taq buffer, was

conducted as below: one cycle of 94 �C for 3 min; ten

cycles of 94 �C for 0.5 min, 65–55 �C decreasing by 1 �C
per cycle for 1 min, and 72 �C for 1 min; 30 cycles of

94 �C for 0.5 min, 55 �C for 1 min, and 72 �C for 1 min;

and a final cycle of 72 �C for 5 min (Nunome et al. 2009)

by C1000 Thermal Cycler (Bio-Rad Inc, Hercules, CA,

USA). Amplified products were separated by 6 % dena-

tured polyacrylamide gel electrophoresis and stained with

silver.

Measurement of plant morphology

Four-week-old plantlets of the fusion parents and hybrids

were transplanted into plastic pots (35 cm diam) in a

greenhouse. Six plants of each tested material were grown

under normal conditions favorable for potatoes. Plant

height, stem diameter, leaf and flower morphology were

measured about 7 weeks after transplanting when first

flowers appeared. Stolon length, tuber morphology and

tuber dormancy were recorded after harvest or during

storage at room temperature.
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Evaluation of resistance to R. solanacearum

R. solanacearum strain HA4-1 (phylotype 1, sequevar 14)

was used to inoculate the fusion parents and the somatic

hybrids. The strain was isolated from peanut in Hongan

(northeast Hubei of China) which infected potato plants

with serious wilt symptoms in the pre-test. All the tested

materials were cultured on MS medium at 22 ± 1 �C with

16 h/day for 3 weeks before inoculation of root cuttings

with a sterile knife and inoculated with 5 ml bacterial

solution (1 9 108 colony forming units per ml) on the

medium of each chamber. Each material was cultured in

four boxes with six plants each (one plant for eggplant

parent 508.1). The test was repeated three times. The

control consisted of inoculation with sterile water. Disease

score (DS) was according to Kim-Lee et al. (2005) for

severity of wilting (0, no wilted leaves; 1,\25 % leaves

wilted; 2, 26–50 % leaves wilted; 3, 51–75 % wilted; and

4, 75–100 % wilted). The disease index (DI) was calcu-

lated by DI =
P

(number of plants with a specific

DS 9 DS)/(total number of inoculated plants 9 4) (Win-

stead and Kelman 1952). For comparison among tested

materials, we calculated the relative disease index (RDI)

using the following formula: RDI = DI of the tested plant

material 9 correction coefficient K, where K = the DI

expectation of susceptible control/DI of the tested suscep-

tible control (Wu et al. 2004; Fan et al. 2014). For each

plant material, the degree of resistance to R. solanacearum

was classified as: highly resistant (HR), 0 B RDI\ 20;

resistant (R), 20\RDI\ 40; medium resistant (MR),

40\RDI\ 60; medium susceptible (MS),

60\RDI\ 80; susceptible (S), 80\RDI\ 90; highly

susceptible (HS), 90\RDI B 100.

Results

Plant regeneration and ploidy level

Cell division first occurred on CM-I medium 3–4 days after

protoplast fusion, and cell colonies of 1–2 mm diam

formed in 3–4 weeks. Calli were then transferred to the

two-layer culture medium for 2–3 weeks, and then to the

proliferation medium (CM-II) for 3–4 weeks. After

3 weeks the calli that were approximately 5 mm in size

were transferred onto the regeneration medium. In total,

1080 calli were obtained, whereas 50 vigorous plants

regenerated from 20 calli (Fig. 1).

The recipient potato parent was tetraploid, and donor

eggplant was diploid. The flow cytometry revealed the 47

regenerated plants to vary in ploidy level, including tetra-

ploid, octoploid, mixoploid and aneuploid (Table 1, Sup-

plement Fig. 4). For breeding consideration, we focused on

the tetraploid plantlets for further analysis of the chromo-

some composition and alien trait transmission for bacterial

wilt resistance.

Chromosome composition of hybrids via SSR

analysis

The SSR markers were arrayed to distinguish differences in

genome components of the somatic hybrids. In the present

study, 26 of 177 eggplant parent-specific SSR markers

yielded a total of 38 clear and repeatable polymorphic

bands in 32 somatic hybrids, whereas 48 of 52 potato

parent-specific SSR markers could be detected in all the

hybrids. Selected primers are shown in Fig. 2a and the

results summarized in Table 2. Each band was taken as a

genetic locus, we detected about 8.3 % eggplant loci in the

hybrids, indicating that the eggplant parent genome was

partially introgressed into the recipient potato genome. The

introgression frequency of each hybrid was 1-8. Uneven

distribution of the eggplant loci among the hybrids implied

a randomized integration of eggplant chromosome frag-

ments. Novel bands (Hu et al. 2002; Liu et al. 2002; Yang

et al. 2007) which were present in hybrids and absent in the

fusion parents were observed on five occasions (Fig. 3).

The UV radiation protocol used for producing asymmetric

somatic hybrids employed in this study appears to have

been effective for this interspecific genome introgression.

There were about 88.5 % potato parent-specific loci that

could be identified in the hybrids, reflecting the fact that

asymmetric somatic hybrids retained most of the genome

of the recipient parent and more resembled the potato

phenotype (Supplement Fig. 4). The frequency of potato

loci remaining varied from 69.0 to 85.1 % among the

hybrids, which may reflect a loss of chromosome fragments

during the process from protoplast fusion to plant

regeneration.

Clarification of introgression bias

Since potato and eggplant are related species in Solana-

ceae, a question arises as to whether sequence similarity is

related to uneven insertion of eggplant fragments in the

somatic hybrids. For instance, there were eight eggplant

loci detected in hybrid 12-1 but only one in hybrids 22-1,

16-1 and 10-5 (Fig. 2a). Also, eggplant specific band

emk03O04 locus 2 of chromosome IV was integrated in 14

hybrids whereas the several loci (emk04N11, emi05P17,

emf01D24, emh01F12 or eme36B08) were present in only

a single hybrid (Fig. 2a). We first compared the DNA

sequence similarity between the two species by aligning all

177 eggplant specific SSRs of the fusion parent 508.1, as

well as 1000 other eggplant sequences of 500–1000 bp

randomly selected from the Eggplant Genome Database
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(http://eggplant.kazusa.or.jp/blast.html) to the potato PGSC

database (http://solanaceae.plantbiology.msu.edu/pgsc_

download.shtml). The results showed that, with a threshold

value of 1e-20, 44.6 % of them have corresponding hits

(Table 3), suggesting a rather low similarity between

potato and eggplant.

Of 26 eggplant specific SSRs that produced bands in the

hybrids, 18 could be found in the Eggplant Genome Data-

base. Further alignment of these matched sequences to the

PGSC potato genome resulted in only four hits (22.2 %)

which were identical. No relationship was established

between sequence similarity and insertion frequency of

eggplant fragments. For instance, the four sequences

homologous to potato (i.e., the eggplant markers that can be

matched to potato genome) did not have the most insertions

(Fig. 2a) and, as to the 131 eggplant specific markers absent

in the somatic hybrids, 42were homologouswith potato. The

results indicate that eggplant homologous sequence does not

preferentially integrate into potato genome, and introgres-

sion of asymmetric fusion appears to be random, which

provides a possibility of transmitting any trait at an unbiased

frequency from donor to recipient.

Fig. 1 From protoplast fusion

to plant regeneration.

a Microcolony formation in

liquid medium, b callus

proliferation on the CM-II

medium, c shoot formation from

calli and d regenerated shoot

transferred to MS for elongation

and rooting

Table 1 Ploidy level of the

fusion parents and regenerated

plants

Ploidy level No. of regenerated

plants

Percent of the

ploidy level (%)

8# (potato) 49 – –

508.1 (eggplant) 29 – –

Regenerated plants 49 38 80.8

89 1 2.1

Mixoploid 6 12.8

Aneuploid 2 4.3
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Identification of BW resistance-related

introgressions

The resistance of all 32 somatic hybrids and the fusion

parents was assessed and the resistance level was assigned

to each material according to their RDI (Fig. 2b, Supple-

ment Fig. 4). The eggplant parent 508.1 was resistant to R.

solanacearum (R with RDI 29.6 %). There were six

hybrids (3-1.52, 3-1.30, 3-1.37, 22-1, 16-1, 18-3) that

showed middle level resistance (MR) with RDI varying

41.7–59.7 %. The potato fusion parent 8# was BW sus-

ceptible (S) and its RDI was calculated as 70.5 %. In the

present research, the tested somatic hybrids varied in BW

bFig. 2 The genome components of somatic hybrids and assessment

of resistance to R. solanacearum. a The genome component of

somatic hybrids in SSR analysis. Scatterplot presents the SSR locus

of eggplant genome detected in somatic hybrids. All the SSR loci are

listed as the order from chromosome I–XII of eggplant, which was

published in prior research (Nunome et al. 2009). Twenty-six SSRs

generated bands in somatic hybrids containing 38 loci in 32 somatic

hybrids. Resistant and susceptible hybrids are separated by a vertical

blue line. The potato parent 8# stands for susceptible one, eggplant

parent for resistant one. The three markers emk03O04, emi04P17,

emd13E02a in red circle appear in MR hybrids but absent in MS or

more susceptible ones and b the resistance level of the somatic

hybrids (tetraploid hybrids) to R. solanacearum. RDIs (relative

disease index) are shown in bar chart and the difference of RDIs are

indicated by the letters below (different letter represents the

difference at p\ 0.05 by Duncan). (Color figure online)

Table 2 Genome components of the somatic hybrids detected by the loci yielded from the parent-specific SSRs

Potato 8# loci detected in hybrids Eggplant 508.1 loci detected in hybrids No. of novel loci detected

Average 63 (72.4) 3 (7.9) 3.7

Maximum 74 (85.1) 8 (21) 5

Minimum 60 (69.0) 1 (2.6) 1

Total SSR loci used for the detection 87 38

Percent of the total loci detected in the hybrids

Fig. 3 SSR analysis of the fusion parents and hybrids. a Amplifica-

tion of primer emi04P17. The downward pointing arrows indicate

somatic hybrids with emi04P17 insertion and b amplification of

primer emf01O01. This primer indicates the identical bands with

potato parent, and has no insertion of eggplant genome fragment,

c amplification of primer of emg11M09. In lane 9, the somatic

hybrids have the emg11M29 insertion, and most hybrids have the new

band which is absent in both fusion parents and d amplification of

primer emf11F24. Another new band is amplified by emf11F24, and

no eggplant introgression is observed. Lane E, the eggplant fusion

parent 508.1; P, the potato fusion parent 8#; M, marker uX174 DNA-

HaeIII; 1-33, hybrids. Arrow in c and d indicates novel bands, these

bands are presented on a line, which are absent in the aera of both

fusion parents
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resistance with 18.8 % MR, 53.1 % MS and 28.1 % S or

HS. Four somatic hybrids (3-1.52, 3-1.30, 3-1.37 and 22-1)

were not significantly different in resistance level from the

donor parent 508.1. The results implies that the eggplant

BW resistance could be controlled by the loci that have

been successfully introgressed into the potato genome.

Considering together the data of eggplant loci distribu-

tion of the hybrids (Fig. 2a) and data of their BW resis-

tance (Fig. 2b), an association between the loci and the

resistance was established. Dots appearing exclusively in R

plants and absent in S plants may be possibly associated

with resistance. As a result, three loci (emk03O04 locus 1

located on chromosome IV, emi04P17 and emd13E02a

locus 1 located on chromosome VI of eggplant), present in

one or two MR hybrids but absent in MS and more sus-

ceptible hybrids, may be positively correlated with the

resistance to R. solanacearum (Fig. 2a in red circles).

These loci could be considered as markers of the fragments

carrying BW resistance of the eggplant parent.

In addition, three bands were amplified with emd13E02a

but only the band emd13E02a locus 1 was likely associated

with BW resistance. We speculate that there could be at

least three homologous sequences matched by primer

emd13E02a and the R locus may be closer to emd13E02a

locus 1 than the other two.

Morphology of somatic hybrids

Variation in plant morphology of the somatic hybrids was

investigated twice. Plant growth, leaf shape and size,

flower color, stolon length and tuber shape were recorded.

Most hybrids displayed a similar morphology to the potato

parent 8# and grew vigorously (Supplement Fig. 4). There

was variation in leaf shape (data not shown) and number of

leaflets per compound leave. Changes in tuber shape, in

terms of length/width ratio, were also observed. Most of

26 hybrids that formed tubers showed oval tuber shape

similar to the potato parent 8#, while several hybrids

appeared to have fusiform-shaped tubers with greater

length/width ratio. A large difference was found in tuber

dormancy among hybrids. When stored at room tempera-

ture for 65 days, more than half of hybrids had a germi-

nation rate over 60 %, similar to or higher than the potato

parent, while the rest had germination rates from 0 to about

40 %.

Nine hybrids formed flower buds and two flowered with

normal floral organs under greenhouse (Supplement

Fig. 4). Although no pollen was produced by flowering

hybrids, the potato parent 8# likewise did not form fertile

pollen, although it has been known to produce viable

pollen under other conditions (data not published). Hybrids

that are capable of developing flowers, particularly hybrid

18-3 that possesses BW resistance derived from eggplant,

have great potential in potato breeding.

Discussion

In the study, we estimated the genomic composition of

asymmetric somatic hybrids with specific parental SSR

markers. Among 32 tetraploid somatic hybrids, single or

multiple fragments of the eggplant genome were detected,

indicating transfer of the alien fragments by interspecific

protoplast fusion. The somatic hybrids derived by asym-

metric fusion exhibited plant morphology similar to the

potato parent with some variation in leaf shape, number of

leaflets of compound leaves, tuber shape and tuber dor-

mancy. The particular alien insertion and its location in

potato chromosomes are likely to be major reasons for the

variation (Chen et al. 2004; Li et al. 2014; Maćkowska

et al. 2014).

It is well-known that R. solanacearum infects hundreds

of plant species belonging to 53 botanical families (Álvarez

et al. 2010). Within a broad range of infected plants, the

symptoms and resistant systems of Solanum species like

potato, tomato, eggplant and pepper may share certain

similarities. A conclusion drawn by Lebeau and colleagues

pointed out that a common resistance mechanism of dif-

ferent plant hosts may be reflected by successful infection

of the same pathogen race (Lebeau et al. 2011). This lays

Table 3 Homology of selected sequences between eggplant (http://eggplant.kazusa.or.jp/) and potato (solanaceae.plantbiology.msu.edu/pgsc_

download.shtml) genomes

Eggplant sequence Hits in

eggplant

genome

Homology

in potato

genome

Percentage of eggplant

sequences matched in

potato (%)

Single copy

sequence in

potato genome

Multi-copy

sequence in

potato genome

Present in hybrids 18 4 22.2 3 1

Absent in hybrids 131 42 32.1 34 8

Sub-total 149 46 30.8 37 9

Randomly selected

500–1000 bp sequences

1000 467 46.7 132 335
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the foundation of transferring resistant loci from one spe-

cies to another. In the present study, we observed that the

hybrids which acquired resistance to R. solanacearum

shared some loci of the eggplant parent in common, by

arraying the alien loci of each hybrid against their resis-

tance level (Fig. 2). The loci present in the hybrids with

resistance level similar to the eggplant parent but absent in

the hybrids with significantly lower resistance level than

the eggplant parent may be considered as potential loci

associated with bacterial wilt resistance. By this standard,

three resistance-related loci, Emk03O04 locus 1 (chromo-

some IV of eggplant), emi04P17 and emd13E02a locus 1

(chromosome VI of eggplant), may reflect the eggplant

chromosome fragments containing the resistance genes

against R. solanacearum.

Confronted with RSSC (R. solanacearum species com-

plex), studies on the resistance to R. solanacearum are

sophisticated and results are varied, for different materials

involved and inoculations performed. Meanwhile, with

high and consistent genetic variation, virulence related

gene sequences are more diverse, which indicates R.

solanacearum is a highly diverse bacterial species. In

previous studies, Nishi et al. (2003) found one QTL for

bacterial wilt resistance among 125 doubled haploid lines

of tobacco (derived from F1 hybrids between resistant and

wilt-susceptible varieties), which spanned 32 cM on link-

age group 5 and explained 43.8 % of the variation for

bacterial wilt resistance. In tomato, two AFLP markers

were linked to BW resistance through an F2 population

derived from pair-cross between BW resistant and sus-

ceptible tomato cultivars (Miao et al. 2009). The cDNA-

AFLP patterns were found different between resistant and

susceptible genotypes in tomato for newly expressed

fragments, which occurred on the 2nd day but absent in

susceptible ones on the 5th day after inoculation (Nazeem

et al. 2001). Recently, in hot pepper near isogenic lines

(NILs) differing for resistance to bacterial wilt, the resis-

tance was estimated to be governed by homozygous

recessive (rr) gene. AFLP products of primer combination,

EcoACT ? MseCAC, yielded three polymorphic bands

(103, 117, and 161 bp) which were linked to the recessive

resistant allele and three polymorphic bands (183, 296,

319 bp) linked to the dominant susceptible allele of the

bacterial wilt resistance gene (Thakur et al. 2014). All the

above results suggest that the markers may partially pos-

sess or play important roles in the resistance against bac-

terial wilt. Other works in eggplant (Lebeau et al. 2013)

and potato (Zhi et al. 2014) showed that the resistance to

bacterial wilt may be controlled by one or more quantita-

tive trait loci. In the present research, three candidate loci

from eggplant were identified to be associated with bac-

terial wilt resistance. Interestedly, the resistance phe-

nomenon was also observed in the symmetric hybrids

which contain intact chromosome set of eggplant, a sister

line of the present eggplant parent (Yu et al. 2013),

demonstrating that the chromosome fragments possessing

the resistant loci were introgressed from eggplant to potato.

Our results may indicate that asymmetric protoplast fusion

can not only transfer the alien fragments controlling

resistance as symmetric hybridization, but also introgress

less genetic background of the eggplant genome.

We aligned the marker sequences, assumed to be asso-

ciated with bacterial wilt resistance, to the Eggplant Gen-

ome Database and found that there were two genes flanking

the marker emk03O04 in each of two accessions

(Sme2.5_00491.1_g00010.1, Sme2.5_00491.1_g00011.1;

Sme2.5_00949.1_g00023.1, Sme2.5_00949.1_g00024.1),

and one gene (Sme2.5_12673.1_g00001.1) contains the

sequence of the marker emd13E02a. In peptide alignment,

four proteins had identity ranging from 43 to 67 % with

gag-pol polyprotein and retrotransposon protein of Sola-

num demissum. In published studies, gag-pol polyproteins

were encoded by gag-pol genes of LTR (long terminal

repeats)-retrotransposons (Feschotte et al. 2002; Sha et al.

2005), and methylation status of the gag-pol genes may be

involved in APR (adult plant resistance) response upon

bacterial blight pathogen attack (Sha et al. 2005). It is

widely accepted that retrotransposons in plants seem to be

tightly linked to molecular pathways activated by stress

(Grandbastien 1998). As a stress-induced generator, retro-

transposon activation is under control of cis-regulatory

sequences which are strikingly similar to those of plant

defense genes, and it displays finely tuned responses to

external stress (Wessler 1996; Grandbastien 1998, 2014).

In addition, abiotic and biotic stresses were the major

factors in transcriptional and transpositional activation of

retrotransposon (Grandbastien 1998; Alzohairy et al.

2014). In the present research, our results may demonstrate

that speculated genes encoding gag-pol polyproteins or/and

retrotransposon proteins may function under R. solana-

cearum invasion. The inserted sequences linked with the

markers will provide a starting point for exploring new

insight into the mechanism of BW resistance as well as for

expanding broad resistant resource for potato.

In the present study, we obtained somatic hybrids with

bacterial wilt resistance by interspecific asymmetric pro-

toplast fusion between S. tuberosum and S. melongena, and

the resistance-related loci derived from the eggplant parent

had been preliminarily identified by using the parent-

specific SSRs. Several hybrids with elevated resistance

shared similar growth habit and blooming characteristics

with potato, which widens the potential resources for

resistance breeding against R. solanacearum in potato.

Acknowledgments This research was partially supported by the

China Agriculture Research System [CARS-10-P06], The Ministry of

Plant Cell Tiss Organ Cult (2016) 125:433–443 441

123



Education of the People’s Republic of China (CN) (IRT13065) and

Special Fund for Agro-scientific Research in the Public Interest

(201303007).

Author contributions J L, C X and X C designed and supervised

the study; T L, Y Y and W T performed the experiments; T L and C X

wrote the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict

of interest.

References
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