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ABSTRACT 

For comparative heat-stress studies, two potato (Solanum tuberosum) varieties, i.e., 'Atlantic' and 

'�orchip' representing heat-sensitive and heat-resistant types, respectively were used. Tubers as well as 

greenhouse grown and tissue cultured plants from both varieties served as hosts for abiotic and biotic 

stresses.  Two strains of the soft-rot causing bacteria (Pectobacterium carotovorum) Ecc71 (KD100- the 

parent and KD201- a transposon Tn5 hyper-virulent mutant) were used for heat-stress and pathogenicity 

nexus studies.  Different temperature stress regimes were provided by maintaining potatoes at 40
o
C for 2, 

4, 6, 16 and/or 24 hours before inoculation.  Heat stress proportionately increased the level of P. 

carotovorum infection on both varieties.  When plant extracts from stressed and unstressed in vitro 

cultures were assayed for Pectate Lyases (Pel) activity, the correlation of high stress with increased 

infection was substantiated.  Furthermore extracts from the heat-sensitive cultivar showed higher Pel 

activity than from �orchip potatoes.  Implication of the role of heat shock proteins (HSPs) in bacterial 

proliferation through increased Pel activity was observed when mixtures of HSPs were used and 

compared to the assays where unstressed plant extracts or no HSPs mixtures were used.  

 

KEYWORDS:  Pectobacterium carotovorum Ecc71, Atlantic potato, Norchip potato, Heat stress, 

Pathogenicity. 

 

Abbreviations: 

DnaJ, DNA replication effecting gene J family hsp; DnaK, DNA replication effecting gene K family hsp; 

GroEL, phage GROwth defect in the head gene E related chaperonin; GroES, phage GROwth defect in 

the head gene E related cochaperonin; GrpE, hsp related to E. coli group E mutation that cannot support λ 

phage DNA replication with GroP
- 
phenotype mutation in P gene; HSPs, heat shock proteins; KD, Korsi 

Dumenyo’s lab; LB, lysogeny broth; OD,optical density; Pel, pectate lyases 

 

I�TRODUCTIO� 

Potato (Solanum tuberosum) is an autotetraploid (2n=4x=48) and vegetatively propagated crop species.  It 

is the fourth major world food crop after wheat, corn and rice in terms of total production (tonnage) 

volume (Swaminathan and Sawyer 1983).  Fifty to 60 percent of the world’s potatoes are used for direct 

human consumption, 25% is used for animal feed, 10% is cultivated as seed and 5-15% goes to 
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manufactured products and waste (International Potato Center 1995).  Potato tubers contain high quality 

proteins (8-9%) for human consumption and substantial amounts of essential vitamins, minerals and trace 

elements (Horton and Sawyer 1985).  Blackleg and soft rot are diseases of soft tissue fruits, vegetables 

caused by bacterial commonly referred to as soft rot Erwinia.  Several members of these pectolytic 

bacteria can be found in different environmental and climatic conditions and have varying host range.  

Although more than 80 cultivated species are host to these bacteria, potato is one of the important hosts 

(Wegener 2002).  Soft-rot of potatoes is caused by Pectobacterium (formerly Erwinia) carotorovum 

bacteria leading to economic loss world-wide (Wegener 2002).  The infection is marked by the synthesis 

and secretion of large amounts of host tissue degrading bacterial enzymes, which degrade the plant cell 

wall polymeric materials into oligoes and monomers.  Mutants of Pectobacterium carotovorum that is 

most commonly associated with tuber soft rot in North America (Mills et al. 2006) was used in this study.  

Soft-rot pathogens KD 100 and KD 201 are strains of P. carotorovum Ecc71 where the former is 

Naladixic acid resistant lac z isolate and has the same virulence as the parent while the latter being a 

hyper-virulent Tn5 mutant of the former (Dumenyo, unpublished). 

 

Various kinds of environmental stresses including high temperature causes the production of ubiquitous 

stress proteins in all organisms that can be regarded as the minimal stress proteome (Kültz 2005).  

Temperature stress also results in ubiquitous stress response from Atlantic (heat sensitive) and Norchip 

(heat tolerant) potato plants (Ahn et al. 2004). Therefore, heat stress along with soft-rot infection was used 

in this project on these two commercial varieties of potatoes.  Though not thoroughly investigated some 

initial studies have reported that organisms under stress are more prone to infection (Dobbin et al. 2002).  

In rats abiotic stress has been shown to impair lung defense mechanisms and play a key role in increased 

susceptibility to pulmonary infection (Roberts, et al. 2004).  Altre and Vandenberg (2001) found starved 

Plutella xylostella larvae were more susceptible than fed larvae to Paecilomyces fumosoroseus.  In 

another experiment showing correlation between stress and pathogenicity, Wyness and Ayres (1985) 

found both water and salt stress of pea plants significantly stimulated hyphae from germinated conidia of 

Erysiphe pisi, a fungal pathogen that causes powdery mildew.  Since the need of host heat shock proteins 

(HSPs) is demonstrated for the viral pathogens (Mayer et al. 2010; Santoro et al. 2010), it can be argued 

that host stress proteome may be recruited by pathogens for aiding in their survival to inflict aggressive 

infectivity.  Heat stress is convenient to quantify for any plant system, therefore, was used in this study.  

This report, evaluates the potential correlation of hosts’ heat-stress and pathogen mediated infectivity. 

 

MATERIALS A�D METHODS 

The two potato (Solanum tuberosum) varieties, i.e., 'Atlantic' (heat-sensitive) and 'Norchip' (heat-

resistant) were obtained from Dr. Richard Novy (University of Idaho R&E Center, Aberdeen, ID), Dr. 

Kathleen G. Haynes (USDA/ARS Vegetable Laboratory, Beltsville, MD) and Dr. Asunta 'Susie' L. 

Thompson (Department of Plant Sciences, North Dakota State University, Fargo, ND).  Potato plants 

were green-house grown in 1.9 liters nursery containers containing Fafard No. 2 growing mixture (Conrad 

Fafard Inc., Agawam, MA) using tuber slices as starting material.  Plants were maintained in a glasshouse 

that had night temperature of 24-32°C and day temperature of 32-46°C with 6-12% humidity.  They were 

watered as needed and the photoperiod for these plants ranged from 11.5 to 13 hours with light intensity 

of 0.36 to 1.05 µmol m
-2

 s
-1

.  At maturity of the greenhouse gown plants, potato tubers were harvested and 
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kept at 10°C until use.  From these plants nodal tissues were harvested to initiate in vitro cultures after 

surface sterilizing explants as per Aziz et al. (1999).  Cultures were maintained on plantlet production 

nutrient media of Otroshy (2006) containing 4.4 g/l Murashige & Skoog (1962) medium with vitamins, 30 

g/l sucrose and 8 g/l agar, while pH of the media was adjusted at 5.8 before autoclaving.  These in vitro 

plants were maintained at 21
o
C with light intensity of 12.8 µmol m

-2
 s

-1
 (cool-white, F20T12/CW, 

fluorescent lamps) and 14 hour day length in 400 ml Magenta Vessels (Fisher Scientific, Pittsburgh, PA).  

Plant crude extracts were prepared from the in vitro Atlantic and Norchip cultures after they received 0 

and 16 hours of stress treatments at 40
o
C in dark.  These in vitro cultures were harvested and kept in -

70°C freezer before grinding in sterile 7 x 12 in. (18 x 30 cm) two-chamber filter-bag (Fisher Scientific) 

and adding100 µl of 55 mM phosphate buffer (pH 7.0) for each one gram of the powdered tissue. 

 

Pectobacterium carotovorum strains KD100 (lacZ
-
, Nal

R
) and KD201 were used in this study. KD201 is a 

Tn5 mutant of KD100 that overproduces extracellular enzyme and is also hypervirulent (Dumenyo, 

unpublished).  Cultures of strains KD100 and KD201 were grown on Lysogeny Broth (LB) agar medium 

(Bertani 1951) at 28
o
C containing 50 µg ml

-1
 of Nalidixic Acid and both Nalidixic acid & Kanamycin, 

respectively.  Bacterial cells from overnight cultures were harvested and suspended in 55 mM phosphate 

buffer (pH 7.0) to an optical density (OD units on a 600 nm) of 1.  For heat-stress treatment of the host; 

tubers, greenhouse and in vitro potato culture were subjected to 40
o
C for 2, 4, 6, 16 and/or 24 hours in 

dark before inoculation with bacterial suspension (OD600= 1) or phosphate buffer.  Before infection, 

tubers were placed in labeled 250 ml polypropylene vessels with 16 mm vented lids (Osmotek Ltd., 

Rehovot, Israel) for receiving 0, 4 and 16 hours incubations at 40°C.  The in vitro cultures received 40
o
C 

stress treatments of 0, 2, 4, 16 and 24 hours whereas greenhouse-grown plants were subjected to 0, 2, 6 

and 16 hours incubation before inoculations.   

 

Bacterial cell suspensions with OD600= 1 were used to inoculate freshly cut tip of in vitro potato shoot 

using a 1 µl inoculating loop (Fisher Scientific).  The freshly cut tip of control plants were inoculated with 

above 1 µl inoculating loop that was dipped in 55 mM phosphate buffer (pH 7.0).  The in vitro cultures 

were maintained for up to one week after inoculations.  For greenhouse grown plants, 10µl of the bacterial 

suspension (OD600= 1) or 55 mM phosphate buffer (pH 7.0) was injected ~2 mm deep into the stem 

using a pipette (Fig. 1a) as per Bell et al. (2004).  After inoculations the greenhouse plants and in vitro 

cultures were maintained in their respective above mentioned growing conditions and were observed for 

development of soft-rot symptoms for 25 (Fig. 1b) and six (Fig. 1c) days, respectively.  The infected areas 

resulting in scarred tissue was empirically scored used to assess the extent of soft-rot damage on these 

plants.  For tissue-cultured shoots the increasing scale of 0.1 to 2.0 was used while the infected shoots 

from greenhouse grown plants were given the score of one to 10 depending on the damage.  For tubers 

10µl of the above bacterial suspension or phosphate buffer was delivered by a pipette ~10 mm deep as per 

Murata et al. (1990) before incubation at 28
o
C.  After inoculations, the tubers were placed in a 28°C 

incubator at dark for three days before macerated tissue (Fig. 1d) was extracted and weighed as per 

Murata et al. (1990).  All statistical analyses were conducted using SPSS 12.0.1 for Windows (SPSS Inc., 

an IBM Company, Chicago, IL). 
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For secretome analyses P. carotovorum stains were grown on semi-solid (1.5% agar) minimal medium 

(Davis 1949) containing 2% sucrose, 7.6 mM (NH4)2SO4 and 8.3 mM MgSO4 in 55 mM phosphate buffer 

(pH 7.0) at 28°C overnight and suspended in 1 ml water.  200 µl of this bacterial suspension was added to 

2 ml of minimal media (2% sucrose, 7.6 mM (NH4)2SO4 and 8.3 mM MgSO4 in phosphate buffer) 

supplemented with 20% of the above prepared crude plant extracts and incubated at 28°C shaker for 12 

hours.  The cell density of these bacterial cultures were checked to OD600= 1 before centrifugation to 

separate supernatant that contained enzymes secreted extracellularly.  Following the procedures of Thurn 

and Chatterjee (1985); 50 µl of the above supernatant was mixed with 50 µl water, 260 µl buffer (100 

mM Tris-HCI and 1 mM CaCl2, pH 8.5) and 240 µl of 0.575% polyglacturonic acid (pH 5.5) on a quartz-

micro-plate (Molecular Devices
®

 Inc., Sunnyvale, CA).  The pectate lyases (Pel) activity was then 

measured by recording absorbance for the degradation of polyglacturonic acid on SpectraMax M5 Multi-

Mode Microplate Reader (Molecular Devices
®

 Inc.).  The above mentioned PEL assays were also 

conducted for bacterial suspension cultures that were grown in minimal medium supplemented with 

plants extracts from unstressed Atlantic and Norchip in vitro cultures along with 41.3 µl heat shock 

proteins (HSP) solution containing 10 µg each of active recombinant DnaK, active recombinant DnaJ, 

recombinant GrpE, recombinant GroEL and GroES proteins from E. coli as well as 2.5 µg of recombinant 

Mycobacterium bovis BCG Hsp65 protein (Stressgen Bioreagents, Ann Arbor, MI). 

 

RESULTS 

Using three to six repeats for the each treatment; unstressed Atlantic and Norchip potatoes plants were 

maintained in tissue culture at 21
o
C while different temperature stress regimes were provided by keeping 

the in vitro plsnts at 40
o
C for 2, 4, 16 and 24 hours followed by 21

o
C incubation before inoculation with 

KD100 and KD201.  The wounded tissues of stressed and non-stressed plants were evaluated for the 

spread of soft-rot from the point of inoculation for six days.  The symptoms of soft-rot as marked by 

discoloration and/or browning of the potato shoot were discernible after 36 hours of inoculation.  

Depending on the level of heat treatment, during next 36 to 60 hours the soft rot would have spread to full 

extent on the infected shoot.  The spread of infection symptoms were found contained after 96 hours of 

inoculation as the infected part of the shoot would start drying and new growth elsewhere on the in vitro 

plants was observed within next 24 hours (Fig. 1c).  The area of the shoot that discolored or became 

brown and subsequently dried due to soft-rot infection was measure to quantify the extent of infection 

under certain treatments (Fig. 1c).  The data on soft-rot mediated shoot damage of S. tuberosum cultures 

was pooled to assess the extent of infection under each stress condition.  Average shoot-damage on all 

unstressed potato cultures was scored 0.80±0.09 while 4, 16 and 24 hours stressed shoots showed 

significantly higher (f= 5.487, p≤ 0.01) average damage of 0.91±0.09, 0.95±0.12 and 1.60±0.14, 

respectively (Fig. 2a).  The 2hr stressed shoots sustained average soft-rot damage of 0.76±0.12 (Fig. 2a). 

 

For greenhouse grown plants the symptoms of the soft-rot as marked by browning and enlargement of the 

wounded site were discernible after a week of inoculation and any changes in symptoms were monitored 

for the next three weeks.  Minimum five plants were used for each combination of abiotic and biotic stress 

treatment.  The spread of infection symptoms were found contained after 25 days of inoculation as 

infected parts of the shoot would start drying and new growth elsewhere was observed (Fig. 1b).  

Significant successive increase (f= 3.710, p= 0.016) in the soft-rot infection was discernible by pooling 
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data on shoot damage corresponding to increased temperature stress durations.  Average shoot-damage 

score on all unstressed potato plants was 2.99±0.42 while 2, 6 and 16 hours stressed shoots showed 

average damage of 2.91±0.44, 4.09±0.27 and 4.31±0.35, respectively (Fig. 2b).  Similarly by increasing 

temperature stress durations, significant difference (f= 4.977, p= 0.003) in the levels of soft-rot infection 

was discernible by pooling data on infected macerated tuber tissue used in the three different sets of 

treatments.  Average macerated tissue recovered from unstressed, 4 hours stressed and 16 hours stressed 

potato tubers were 0.06±0.01, 4.11±0.02 and 0.45±0.15 grams, respectively (Fig. 2c).   

 

The pectate lyases (Pel) activity assays was conducted with16 hour stressed tissue, since this temperature 

regime was common among all other experiments.  Subjected to 16 hour heat-stress, the plant extracts 

from cold-climate potato variety Atlantic produced significantly more Pel activity (184±21.5) from the 

soft- rot bacteria compared to when extracts from heat-tolerant Norchip plants (102±9.2) or no extract 

(87.5±22.2) were used (f= 7.113, p≤ 0.01).  The two potato varieties under heat stress didn’t differ in their 

susceptibility to soft-rot in greenhouse conditions, however, the in vitro Atlantic plants showed apparently 

higher shoot damage score of 0.95±0.08 compared to that of 0.82±0.07 on the Norchip plants (f= 1.578, 

p= 0.211).  Average (minimum two repeats) Pel activity (Fig. 2d) induced by unstressed plant extracts 

was 117.45±13.4, whereas as relatively higher (f= 1.986, p= 0.112) Pel activity was observed when 

extracts from 16 hr stressed plants were used (138.75±7.2) or HSP solution was added to unstressed plant 

extracts (125.73±25.5).   

 

DISCUSSIO� 

Plant host stress including that caused by high temperature has very important repercussions in the 

severity of pathogen induced infections.  Host heat shock proteins (HSPs) have been shown to be 

involved in the replication of viral pathogens (Santoro et al. 2010) as well as in host-bacterial interactions 

(Henderson 2010).  This research studied if an unrelated abiotic stress as heat can increase the soft-rot 

infectivity on 'Atlantic' and 'Norchip' potatoes representing heat-sensitive and heat-resistant types, 

respectively.  These heat-stress and pathogenicity nexus studies revealed that short (2 hrs) duration stress 

“prepares” host for subsequent P. carotovorum infection since both the greenhouse grown and in vitro 

cultured potatoes when subjected to 2 hr stress showed relatively less spread of the soft-rot symptoms 

compared to control.  Optimal levels of HSPs have been reported to benefit host by hindering the spread 

of infection (Vasquez-Robinet 2008).  On the other hand our findings indicate that increasingly longer (4, 

6, 16 and/or 24 hrs) stress treatment of the in vitro, greenhouse grown and tuber potatoes proportionately 

increased the level of soft-rot infection.  These results may also conform to earlier reports that prolonged 

stress treatment is needed for inducing complete HSPs profiles in potato varieties.  Higher level of host 

HSPs production (such that caused by prolonged stress) has been reported to benefit pathogens rather than 

host under attack (Vasquez-Robinet 2008).  Our results indicated trends that by increasing the temperature 

stress the spread of soft-rot infection, on the in vitro and greenhouse grown potatoes also increased which 

was also substantiated through pectate lyases (Pel) assay. 

 

The heat-susceptible host was expected to be further prone to soft-rot infection under heat-stressed 

conditions.  Accordingly the cold-climate potato variety Atlantic showed somewhat more (f= 1.578, p= 

0.211) shoot damage (0.95±0.08) resulting from soft-rot infection compared to that on heat-tolerant 
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Norchip variety (0.82±0.07) under heat-stress.  The difference in production rate and stability of HSPs 

between the stress sensitive/tolerant potato varieties (Ahn et al. 2004; Vasquez-Robinet 2008) can be 

responsible for varied response to infection under these stressed conditions.  This notion is also supported 

by our Pel assay comparison that showed significantly higher soft-rot activity on the Atlantic potatoes 

than that on the Norchip when both tissues had undergone 16 hr heat stress.  Since 18 kDa HSP remained 

stable for 18 hours in heat-sensitive Atlantic compared to 12 hours in heat-tolerant Norchip (Ahn et al. 

2004), such and similar host heat-shock-proteins may be recruited by pathogens for relatively more 

aggressive infection on heat-sensitive varieties.  The presence of non-pathogen specific HSPs in our Pel 

assays was also found to increase the P. carotovorum activity.  On the basis of these experiments, it can 

be concluded that diseases and plant host stress can cohort for enhancing severity of infections. 
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Figure Captions 

 

 

 
 

 

 

Fig. 1 (a) Greenhouse grown potato plant being inoculated through 10 µl. Spread of soft-rot symptoms: 

(b) on green house grown plants (browning and enlargement of the inoculation wound), (c) on tissue 

cultured plants (browning and subsequently drying of shoots) plants, and (d) in potato tubers (internal 

tissue maceration) 
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Fig. 2 The effect of increasing heat-stress (on x-axis) on the infectivity (y-axis) as depicted by using heat-

sensitive 'Atlantic' and heat-resistant 'Norchip' potato (Solanum tuberosum) varieties, and soft-rot 

Pectobacterium carotovorum (Formally Erwinia carotovora subsp. carotovora) Ecc71 strains KD100 (the 

parent) KD201 (hypervirulent mutant).  Data from both potato varieties and bacterial strains is pooled to 

reveal the host-stress and pathogenicity relationship: (a) Average shoot damage (infection) on potato 

cultures- unstressed = 0.80±0.09, after four hours stress = 0.91±0.09, after 16 hours stress 0.95±0.12, and 

after 24 hours stress 1.60±0.14; (b) average shoot damage (infection) on greenhouse potato plants- 

unstressed = 2.99±0.42, after two hours stress = 2.91±0.44, after six hours stress = 4.09±0.27, and after 16 

hours stress = 4.31±0.35; (c) average macerated tissue recovered (maceration) from potato tubers-  

unstressed = 0.06±0.01, after four hours stress = 4.11±0.02 and after 16 hours stress = 0.45±0.15 grams, 

respectively; (d) average pectate lyases (Pel) activity induced by- unstressed plant extracts = 117.45±13.4, 

plant extracts after 16 hours stress = 138.75±7.2), and unstressed plant extracts along with heat shock 

proteins (HSPs) mixture = 125.73±25.5.  

 


