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Abstract
The aim of this study was to determine the response of potato cultivars to Clavibacter
sepedonicus (Cs) infection in a field experiment. The research focused on the infection
in a latent form as it is a risk for unnoticed spread. A total of 18 cultivars were tested in
the years 2013–2016. Symptoms of the disease were observed on the leaves during
growth and in tubers after harvest and after storage. The infection incidence was
determined by microscopic observation of leaf and tuber samples stained by the IFAS
method. A diverse response of potato cultivars to Cs infection was found. The lowest
number of asymptomatic infected plants was found in cultivars ‘Vineta’, ‘Bila’ and
‘Irga’. As for cultivar ‘Stasia’, the entire tuber yield was latently infected by Cs. A low
or medium concentration of Cs cells in leaves did not change significantly or increased
depending on the potato cultivar. A higher incidence of tubers with disease symptoms
was found after the storage period. In eight of the cultivars tested, the level of tuber
infection by Cs confirmed microscopically after harvest was significantly correlated
with the occurrence of disease symptoms in tubers after the storage period.

Keywords Bacterial ring rot of potato .Clavibacter sepedonicus . Latent infection

Introduction

Gram-positive Clavibacter sepedonicus (Cs) (formerly Clavibacter michiganensis ssp.
sepedonicus; Li et al. 2018) is the causative agent of potato ring rot. The species has the
status of a quarantine organism in the European Union. Council Directive 2006/56/
EC (2006) provides legal regulations regarding detection and control of the pest. The
pathogen can be found on all continents where potatoes are grown, except in Australia.
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Cs mainly prefers a temperate climate (Hukkanen et al. 2005). The occurrence of Cs
bacteria in potato cultivation results in a significant yield decrease and enforces the use
of expensive procedures related to the introduction of quarantine at the potato produc-
tion site. Detection in the field is hampered by a slow development of the disease due to
a low multiplication rate. Other diseases, nutrient deficiency and drought can mask the
expression of symptoms and/or result in symptoms similar to those of ring rot. Typical
disease symptoms appear at a later stage of plant growth in the form of chlorosis among
the leaf vascular bundles, leading to wilting and necrosis. The Cs infection is most
common in the latent form. Standard pathogen detection methods include Gram
staining of bacteria, biotests, isolation on semi-selective media and serological and
molecular methods (De Boer et al. 2005). The occurrence of disease symptoms depends
on potato resistance factors, environmental conditions (temperature, soil conditions and
sunlight) and virulence and abundance of Cs bacteria in the plant (Omelichkina et al.
2017; Pánková et al. 2019). Colonization of vascular bundles of a potato plant is
associated with several virulence factors of the pathogen. One of those factors is the
ability of Cs to form a biofilm (Donlan 2002; van der Wolf et al. 2005; Bae et al. 2014).
Current knowledge about the plant-pathogen interaction is insufficient in view of the
susceptibility of various potato cultivars to biofilm formation by Cs (Marques et al.
2003). Early detection during plant growth and the differences in disease symptoms
among currently grown cultivars are of great importance for the potato industry
(Whitworth et al. 2019). The sources of the latent form of the disease, as well as the
biotic and abiotic conditions that cause the occurrence of symptoms, have not yet been
specified in detail.

The aim of this study was to analyse the susceptibility of selected potato cultivars to
Cs infection and to determine the correlation between the density of bacteria in the
plant (the number of Cs bacteria cells in 1 ml of plant extract) and the occurrence of
disease symptoms in tubers.

Materials and Methods

The field experiments were performed in the years 2013–2016 at the Institute of Plant
Breeding and Acclimatization - National Research Institute, Bydgoszcz, Poland. Tuber
yield was analysed twice every year: first in autumn after harvesting and the second
time in spring after storage period. The last analysis was performed in spring 2017. A
total of 18 potato cultivars, most often cultivated in Poland, were included. A 3-year
study was performed for each cultivar, except for ‘Innovator’ (2-year study). Certified
potato tubers free from infection with Cs were used. The study used the NCPPB 4053
mucoid strain with a cell concentration of 2.5 × 108 cfu ml−1 (0.01 M phosphate buffer,
pH 7.2). Inoculation consisted of introducing a suspension of Cs bacteria or PB buffer
alone (negative control) into the tuber through 1 cm deep incisions, with a sharp-
pointed scalpel with a 4 cm cutting edge. Each year, 10 tubers were inoculated with the
Cs suspension. Another five tubers were used as the control. Tubers were planted in the
experimental plots immediately after inoculation at 40 cm intervals in the rows, with a
distance of 70 cm between rows. Control and inoculated tubers of the same cultivar in
two independent experimental plots with 80 cm distance were planted. The distance
between the cultivars was 140 cm. To minimize side effects between and around
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experimental plots, healthy tubers were planted. Tubers were planted into luvisol with a
granulometric composition of light loamy sand. The soil was slightly acidic (pH 6.2–
6.5), with a high content of phosphorus, potassium and magnesium. Standard fertili-
zation was applied before potato cultivation. During plant growth, protection against
Colorado beetle and fungal diseases was performed. The plants were not irrigated.
Weeding was carried out manually. A simplified, 2-year crop rotation was introduced
in potato cultivation. During growth, after flowering, three leaves from each stem,
without disease symptoms, were collected for laboratory tests. During the growth
period, screening for ring rot symptoms was performed by analysing the differences
in the habit of inoculated and control plants (growth, number of shoots) and typical
symptoms on the leaves, i.e. asymmetry, chlorosis and necrosis (Table 2). The tubers
were harvested manually, separately from each plant. The harvested tubers were
counted and weighed. Tubers were cut using sterile knives to detect infection by a
symptomatic form of the disease. If symptoms were found in tubers, no material for
microscopic analysis was taken from them. A small core of tissue was cut out by
scalpel with blade no. 10 from the stolon end of each symptomless tuber. Healthy
leaves from lower level of each stem (20 pieces) and all progeny tubers collected from
one plant constituted a single sample. After harvest and sampling in autumn, tubers
were stored in a room with temperature set at 4 °C (winter) for 5 months. Next, they
were cut, and symptoms of the infection were again observed.

The Indirect Immunofluorescence Assay (IFAS) was used to assess the density of
bacteria in the material collected from the above-ground plant parts and tubers following
the Council Directive 2006/56/EC. The petioles were cut by sterile scalpel (blade no. 10)
into sections of about 5 mm. Tuber fragments from the heel were cut into cones with a
base diameter of about 6 mm. Samples taken from above-ground parts and tubers were
shaken in sterile plastic containers in 10 and 5 ml maceration buffer (0.05 M phosphate
buffer, pH 7.0), respectively, for 4 h. The suspension was then centrifuged (10,000 rpm,
10 min, 4 °C). The supernatant was gently decanted, and the concentrated pellet was
suspended in 1 ml of 0.01 M phosphate buffer (pH 7.2). The sample, as well as its 10-
and 100-fold dilutions, was applied to multi-point slides (Thermo Scientific, 10 well,
6.7 mm), dried on a heating plate (37 °C) and fixed over a flame. Polyclonal antibodies
(Loewe Biochemica GmbH) and conjugate (Loewe Biochemica GmbH, -Cy3) were
used for staining. Staining with a monoclonal antibody kit (Agdia) was used to confirm
the uncertain samples in which atypical cells due to cross-reaction were observed.
Observation was performed at × 1000 magnification (Nikon Eclipse Ci), by counting
typical bacterial cells in 40 fields of vision of the microscope.

Statistical Analysis

In order to facilitate the analysis, the results of microscopic observations are presented
as levels (degrees) of infection, corresponding to the mean number of Cs bacteria cells
in the microscope field of vision and the number of Cs bacterial cells in 1 ml of plant
extract (Table 1). Leaf extracts (from leaf petioles) and cones cut with a scalpel from
the heel end of tubers from Cs-free plants as described above were used to prepare the
infection scale. The amount of plant material used corresponded to the mean number of
petioles and tuber cones in the plot experiment. Suspensions of Cs bacteria with a
known number of cells in 1 ml were added to the extracts, shaken for 30 min and
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placed on microscope slides. After fixation, the specimens were stained with a poly-
clonal antibody kit. The counting results from 40 fields of vision were used to calculate
the mean number of cells in the field of vision of the microscope. Table 1 presents the
mean number of bacteria in leaf and tuber samples.

The following parameters are given: the incidence (%) of tubers infected with the
symptomatic form of the disease after the growing season, the incidence of rotten tubers
(the severity of other diseases might have been the result of infection with ring rot) and
the incidence of tubers with symptoms observed in spring after storage. Tuber samples
with confirmed homogenization of vascular bundle in autumn and after storage were
compared with the results of microscopic observations of these samples. The obtained
results of latent infection allowed for the division of cultivars based on the expression
of disease symptoms and bacterial cell content in leaves and yield. The yield of control
and inoculated plants within a given cultivar was compared with Student’s t test for
independent samples. A non-parametric Spearman correlation was calculated between
the content of bacteria in tubers (expressed as the level of infection) and the content of
bacteria in leaves, the number of tubers with symptoms after the growing season and
after storage. All statistical analyses were performed using the Statistica 8.0 software.

Results

Symptoms on plants during growth are difficult to observe. Among the tested plants, only
10 cultivars showed typical symptoms on the leaves. In the years 2014–2015, differences
in the growth of inoculated and Cs-free plants were reported in seven cultivars (Table 2).
The presence of a latent form of the disease was confirmed microscopically in all cultivars
tested, with various numbers of infected plants. Analysing the average plant infection in
different growth periods, a higher incidence of samples containing Cs was found in
progeny tubers than in leaves (except in the year 2014). The least asymptomatically
infected plants were found in cultivars ‘Vineta’, ‘Bila’ and ‘Irga’. As for cultivar ‘Stasia’,
the entire studied tuber yield (years 2013, 2014, 2016) was latently infected by Cs. A very
high incidence of samples from progeny tubers latently infected by Cs was found in
cultivars ‘Cekin’, ‘Michalina’ and ‘Owacja’.

Table 1 Scale of tuber latent infestation by Cs, based on the IF test

Level of
infection

Number of Cs cells observed in the
microscope field of vision

Mean number of Cs cells in 1 ml of
petiole extract and heel tuber fragments

Number of Cs
cells in the plant

1 0–20 in the preparation well < 1. 9 × 104 Low

2 0–5 2.0 × 104 – 1.9 × 106 Medium

3 6–10

4 11–25 2.0 × 106–6.9 × 107 High

5 26–75

6 76–150

7 151–300 7.0 × 107–4.9 × 108

8 301–500

9 > 500 > 5.0 × 108 Very high

462 Potato Research (2021) 64:459–468



Low correlations were found between the mean level of infection in tuber samples
and the mean level of infection in leaf samples for individual potato cultivars (Table 3).
Nonetheless, in half of the cultivars tested, a significant decrease in the tuber yield was
reported in inoculated plants compared with Cs-free plants. The ratio of yield weight in
inoculated plants to that in healthy plants was different in the cultivars tested and
ranged from 47.1 to 96.1%.

Individual tubers with symptoms of infection were found both in cultivars with a
significant yield decrease (‘Bryza’, ‘Cekin’, ‘Denar’, ‘Irga’, ‘Miłek’, ‘Owacja’, ‘Tajfun’)
and in cultivars with no clear downward trend in tuber yield (‘Bellarosa’, ‘Michalina’,
‘Vineta’). As for cultivars ‘Innovator’ and ‘Iris’, despite the decrease in yield, no symptom-
atic form of the disease in tubers was found. Amuch higher incidence of tubers with disease
symptoms was found after storage; the mean incidence of tubers with symptoms increased
from 0.8 to 4.6%. The increase in the number of tubers with symptoms observed after
storage, expressed as a percentage, was proportional to the level of tuber infection. In eight
cultivars, the correlation was statistically significant. The mean level of infection in tubers
with confirmed symptoms was 6.9 and 7.9 in autumn and after storage, respectively. The
level of infection in tubers with confirmed symptoms immediately after harvest ranged from

Table 2 Observations of ring rot on plants during the growing season and the share (%) of samples from
leaves and tubers infected latently by Cs in the IFAS test

Cultivar Symptoms on leaves
(%)*/differences in growth

Incidence of samples latently infected by Cs based on
leaf/tuber IFAS

2013 2014 2015 2016 2013 2014 2015 2016 2013–2016

Bellarosa nt 10/+ – – nt 60/70 40/90 80/100 60/87

Berber – – nt – 90/67 90/100 nt 70/90 83/86

Bila nt −/+ 10 – nt 10/80 80/60 90/80 60/73

Bryza nt – – – nt 29/90 80/90 90/100 66/93

Cekin nt −/+ 20/+ 10 nt 78/89 80/100 90/100 83/96

Denar nt −/+ 10 30 nt 100/100 50/100 60/70 70/90

Ingrid – – nt – 100/100 60/90 nt 40/80 67/90

Innovator nt nt – – nt nt 90/100 80/70 85/85

Irga nt −/+ −/+ 10 nt 40/90 78/70 80/70 66/77

Irys nt – 40/+ – nt 100/90 40/100 90/90 77/93

Legenda 10 −/+ nt – 90/100 90/70 nt 90/100 90/90

Lord nt – – – nt 90/70 50/100 100/50 80/73

Michalina 10 – nt 10 90/100 60/100 nt 70/90 73/97

Miłek – −/+ nt 20 100/100 90/100 nt 70/60 87/87

Owacja – – – nt 100/100 90/90 100/100 nt 97/97

Stasia 10 – nt – 90/100 40/100 nt 80/100 70/100

Tajfun nt – – – nt 60/90 80/90 90/100 77/93

Vineta nt – – – nt 70/30 50/60 60/70 60/53

Average – – – – 94/95 86/85 68/88 78/83 –

nt, not tested; −, no differences in growth were observed; +, differences in growth were observed; *, incidence
of plants with symptoms (asymmetry, chlorosis, wilting, leaf necrosis)
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3 (‘Michalina’) to 9 (‘Tajfun’). As for the tuber samples with symptoms found after storage,
the level of infection byCswas high and ranged from 6.8 to 9. The incidence of rotten tubers
varied in the cultivars tested.More rotten tubers were found in samples with a higher content
of Cs cells and a higher incidence of symptomatic tubers.

Discussion

Introduction of the seed certification programme, the principles of phytosanitary measures
and conducted controls has resulted in substantial reduction of the incidence of potato ring
rot in many EU countries. According to Hill et al. (2011), information on the symptom
expression as well as level of infection, depending on the cultivar and weather conditions,
would be important considering the scale of annually performed inspections and the volume
of sampling. Research has shown that the cultivar has a significant impact on the level of
infection, expression of symptoms and yield decrease. According toWhitworth et al. (2019),
knowledge about the type of symptoms and the time of their occurrence on potato plants of
new cultivars is important for the producers and manufacturers.

The absence of Cs cells in certified seed material does not mean that there will be no
positive samples in commercial production (Kudela 2007). According to Pánková et al.
(2019), the occurrence of samples infected by Cs in fields where all procedures have
been followed to prevent the spread of the pathogen prompts the need to undertake tests
determining the sensitivity and expression of disease symptoms in cultivated potato.
According to the authors, data on susceptibility to Cs among cultivated genotypes
should also constitute a breeding element. It is generally believed that tolerant cultivars
that do not show disease symptoms on the plant and tubers are considered to be a
dangerous source of the spread of the disease. According to Pastuszewska (2008) and
Franc (1999), disease symptoms may not be found on plants for several seasons of
vegetative reproduction in a given cultivar due to low bacterial cell concentration in the
plant. Currently, commonly used methods of detecting the culprit of potato ring rot
(immunofluorescence test, semi-selective culture and biotest) are not fully effective and
according to van Vaerenbergh et al. (2017) should be replaced by more sensitive
protocols, especially in the presence of bacteria in the plant at a very low level. In
the absence of reliable methods for detection of a latent form of infection by Cs, it is
recommended to grow potato cultivars that show the frequent occurrence of typical
symptoms of the disease (Manzer et al. 1987; De Bore and McCann 1990).

Due to the choice of a field experiment to evaluate the susceptibility of cultivars to
Cs potato infection, we focused mainly on the microscopic assessment of the number of
bacteria during growth and in tubers. Macroscopic observation of tubers after harvest
and storage was also included. In the present research, a detailed assessment of plant
infection during growth was omitted due to different weather conditions and pressure
from other pathogens and pests in a given year. In contrast with the research by
Whitworth et al. (2019), in the present study, a single dose of bacterial inoculum was
used, and plant fragments during growth (after flowering) and after harvest were
analysed. In the present study, the number of disease symptoms on leaves and stems
was low. Pánková et al. (2019) found that among 52 potato cultivars tested, only 10
(19.2%) did not show typical changes on the leaves and tubers. The remaining 42
cultivars presented the expression of potato ring rot symptoms with different intensities
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and from time since the moment of inoculation. In the present study, typical lesions
were found only in 20 specimens of 10 cultivars. Differences in plant growth were
found in the same cultivars, except for ‘Bellarosa’, ‘Michalina’ and ‘Stasia’. The results
of a multi-year study by Hill et al. (2011) are in agreement with the present findings that
the symptoms on the plant during growth occur at a constant level in a given cultivar.
Research on potato plants representing four cultivars, i.e. ‘Cekin’, ‘Denar’, ‘Irga’ and
‘Michalina’, showed expression of disease symptoms or changes in growth in two of
the three growth periods studied. However, most cultivars showed no signs of infection
or only during one growing season. This is in contrast with the reports by Westra and
Slack (1994) and Kawchuk et al. (1998) who found that the occurrence and severity of
symptoms in tubers were relatively low compared with the symptoms of ring rot on
leaves. In the present study, differences in plant habit recorded during growth in 5 out
of 7 cases resulted in a significant yield decrease (P < 0.01). No signs of disease on the
surface of the tubers in the form of cracks in the skin were found, as reported by
Whitworth et al. (2019). It should be emphasized that the above studies were conducted
on other cultivars, and a different strain and concentration of Cs was used as the
inoculum. Analysis of symptoms in tubers made after harvest (autumn), during 4 years
of research, revealed a total of 40 tubers with typical changes in vascular bundles.
According to Kaemmerer et al. (2007), the size of bacterial population in the above-
ground parts and tubers of plants is a factor affecting the occurrence of infection,
symptom expression and potato yield. These researchers found that the symptoms
appear on leaves and in progeny tubers only with a higher bacterial concentration in
the plant. In the present study, the tested cultivars were characterized by a different
number of bacterial cells in samples from the above-ground parts and from tubers. One
should keep in mind that the Cs biofilm formation is local and uneven in the plant. The
lack of correlation between the content of Cs cells and the occurrence of symptoms
may be caused by difficulties in the research methodology. Based on the study, the
cultivars were divided into genotypes with low or medium cell concentration in leaves
and tubers (‘Bila’, ‘Denar’, ‘Vineta’) and with low or medium cell concentration in
leaves and high in tuber samples (‘Bellarosa’, ‘Bryza’, ‘Ingrid’, ‘Irga’, ‘Lord’,
‘Michalina’, ‘Tajfun’). Other cultivars were characterized by a high level of leaf and
tuber infection (except for ‘Innovator’—medium level of cell concentration in tubers).
Kaemmerer et al. (2007) also reported that 20% of tubers derived from plants with
higher infection and stored for 4 months showed typical disease symptoms. The
number of bacteria detected with the IFAS test in tuber samples stored until spring
did not change significantly. In the present study, a significant increase in the number
of tubers with symptoms was found after 5 months of storage. Due to the methodology
used, the number of bacteria in tubers stored during winter was not microscopically
evaluated. However, it was found that in eight cultivars, a low incidence of tubers with
symptoms occurred both after harvest and after storage. In six cultivars studied,
infections in none or a small number of post-harvest tubers increased significantly
after storage. Two cultivars, ‘Cekin’ and ‘Miłek’, showed a high incidence of tubers
with symptoms immediately after harvest and in spring.

In conclusion, a varied response of potato cultivars to latent and symptomatic
infection by potato ring rot was observed. The number of bacteria in a plant that causes
the disease to change from asymptomatic to symptomatic form varies depending on the
potato cultivar. Therefore, it is important to recognize factors other than the number of
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bacteria in the plant and their virulence that determine the reaction of cultivars to Cs
infection (e.g. habitat and weather conditions).
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