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Abstract Three long-term nodal tissued cultured Russet

Burbank potato clones and nine thaxtomin A-treated re-

generant lines, derived from the nodal lines, were assessed

for genetic and epigenetic (in the form of DNA methylation)

differences by AFLP and MSAP. The treated regenerant

lines were originally selected for superior resistance to

common scab disease and acceptable tuber yield in pot and

field trials. The long-term, tissue culture clone lines exhib-

ited genetic (8.75–15.63% polymorphisms) and epigenetic

(12.56–26.13% polymorphisms) differences between them

and may represent a stress response induced by normal plant

growth disruption. The thaxtomin A-treated regenerant lines

exhibited much higher significant (p \ 0.05) genetic

(2–29.38%) and epigenetic (45.22–51.76%) polymorphisms

than the nodal cultured parent clones. Methylation-sensitive

mutations accumulated within the regenerant lines are sig-

nificantly correlated (p \ 0.05) to disease resistance. How-

ever, linking phenotypic differences that could be of benefit

to potato growers, to single gene sequence polymorphisms in

a tetraploid plant such as the potato would be extremely

difficult since it is assumed many desirable traits are under

polygenic control.

Keywords Tissue culture-induced variation � AFLP �
Cytosine methylation � MSAP � Disease resistance �
Thaxtomin A

Introduction

Plant tissue culture technologies have proven very valuable

in horticulture for maintenance of healthy nuclear stocks

and rapid propagation of planting material. Most potato

seed propagation systems around the world maintain elite

clones in tissue culture. These are used to produce micro or

mini tubers in glasshouse culture before seed tuber prop-

agation in the field. Whilst clonal propagation through

tissue culture should generate individuals identical to the

plant from which they were sub-cultured, studies over the

past two decades have shown genetic and epigenetic

changes may accumulate over time. These may lead to

phenotypic changes in the propagated clones and altera-

tions in agronomic performance (Vazquez 2001; Vazquez

and Linacero 2010).

Tissue culture practices involving induction of callus

cultures and subsequent regeneration of whole plants have

been shown to produce a greater frequency of genetic and

epigenetic change than propagation of nodal cuttings

(Bordallo et al. 2004; Pacheco et al. 2008; Sharma et al.

2007). This induction of variation has been occasionally

used to select regenerant variants of target crop plants with

superior cultivar traits. Variable proportions of tissue-cul-

tured plants showing polymorphisms have been described

in a number of commercial plant species for example, rye

(de la Puente et al. 2008), potato (Bordallo et al. 2004;

Joyce and Cassells 2002; Nielsen et al. 2007), banana

(Lakshmanan et al. 2007), pea (Kuznetsova et al. 2006) and

cocoa plants (Rodrı́guez-López et al. 2010).

The molecular basis for epigenetic and genetic vari-

ability, and their interactions, are now becoming apparent

and involves profound effects on transcription, transpos-

able nucleic elements and chromosomal changes (Alvarez

et al. 2010; Zilberman and Henikoff 2007). Epigenetic
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changes occur on several interdependent levels including

reversible DNA methylation, histone modifications and

chromatin remodelling (Grant-Downton and Dickinson

2005) which can be mutually antagonistic (Zilberman et al.

2008). Changes in DNA methylation are quite stable and

are frequently transmitted during meiosis, gametogenesis

and mitosis (Saze 2008). Hence, advantageous phenotypic

and morphological traits induced by genetic and epigenetic

changes in commercially important crop plants have

become of great importance as these changes have been

linked to disease resistance (Abou-Taleb et al. 2010;

Alvarez et al. 2010; Sha et al. 2005). However, it can also

become an undesirable phenomenon when the main

objective is continual propagation of genetically identical

plants for cropping.

Methods to detect genetic and epigenetic changes have

become more streamlined and exhaustive with next-gen-

eration sequencing; however, amplified fragment length

polymorphisms (AFLP) and methylation-sensitive ampli-

fied polymorphisms (MSAP) are still a reliable and rela-

tively cheap alternative (Aversano et al. 2007; Bayazit

et al. 2007; Bonin et al. 2005; Guthridge et al. 2001;

Laurentin and Karlovsky 2007; Peredo et al. 2006) and are

well known for producing reproducible genetic markers

compared with other methods such as random amplifica-

tion of polymorphic DNA (RAPD) and simple sequence

repeats (SSR) in potato (McGregor et al. 2000).

The MSAP method, a modification of the AFLP tech-

nique, can be differentiated by the methylation state indi-

cated by digestion with the isoschizomers HpaII and MspI.

These isoschizomers recognise the same tetranucleotide

sequence 50-CCGG but have different sensitivities to the

methylation of the cytosines: HpaII will not cut if either of

the cytosines are fully methylated, whereas MspI will not

cut if the external cytosine is fully- or hemi-methylated;

they cannot distinguish between unmethylated and fully

methylated cytosines or hemi-methylated internal cytosines

(McClelland et al. 1994). Thus, for any given DNA sample

two major methylation states at 50-CCGG sites can be

distinguished, methylation sensitive and methylation

insensitive. Hence, the methylation percentages obtained

by this method will be lower than the total absolute values.

In spite of this limitation the MSAP method has been

successfully applied in a wide range of studies where

alterations in cytosine methylation were detected in re-

generants of various plant species (Baránek et al. 2010;

Hao et al. 2004; Joyce and Cassells 2002; Matthes et al.

2001).

Russet Burbank originally selected as a mutant of cv.

Burbank in 1873 (Stansfield 2006) is one of the most

commonly cropped potato cultivars in the world whose

tuber traits are ideal for French fry processing. Several

agronomically distinct clonal lines of Russet Burbank have

been identified since its original selection that suit different

cropping regions. In Tasmania the Vancouver clone is the

main cropping potato. The original Vancouver clone was

divided into five separate lines (RBK1–RBK5) (Fig. 1)

which were propagated independently in tissue culture to

ensure identification of any aberrant phenotypic changes.

Common scab is one of the most economically impor-

tant diseases affecting potato (Loria et al. 1997). Whilst

Russet Burbank is regarded as possessing moderate resis-

tance to this disease (Goth et al. 1985), common scab

epidemics frequently occur where disease pressure is high

(Wilson 2004; Wilson et al. 1999). In order to improve

common scab resistance, clones of Russet Burbank were

subjected to a somatic cell selection program to obtain

regenerant variants with enhanced disease resistance.

During selection, cell cultures were exposed to thaxtomin

A, the primary phytotoxin produced by pathogenic Strep-

tomyces spp., known to have an implicit role in infection

and common scab disease development (Fry and Loria

2002). Regenerated cell lines were screened for enhanced

disease resistance, tuber yield and processing qualities

(Wilson et al. 2010).

The aim of this study was to determine the level of

genetic and epigenetic changes that have occurred within

the parent clones after long-term tissue culture, to com-

pare this to changes resulting from toxin-exposed cell

selection.

Materials and methods

Plant DNA extraction

Plant DNA was extracted from 100 mg leaves collected

from duplicate sub-cultures of six Russet Burbank toxin-

exposed regenerant lines (A168a, A380, TC9M4, TC9M4-

7, TC-RB8 and TC10C1) and three parent clonal lines

(RBK1, RBK3 and RBK5). All regenerant lines were

derived from parent clone RBK5, except for TC10C1 and

TC-RB8 (from RBK3) (Fig. 1). These lines had been

maintained on MS media and incubated under controlled

environmental conditions of 22�C, 16/8 h light/dark cycles

using fluorescent light (65 lmol m-2 s-1). Total DNA was

extracted using the FastDNA�SPIN kit (MP Bio, Solon,

USA). First the tissue was homogenised in the FastPrep

FP120 instrument for 40 s at maximum speed with lysis

matrix D and purification following the manufacturer’s

protocol. DNA concentration was estimated using a Pico-

fluor fluorometer (Promega, Sunnyvale, USA) with a

Quant-itTM PicoGreen DNA assay kit (Invitrogen, Carls-

bad, USA) and DNA was stored at -20�C.
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AFLP and MSAP assays

Amplified fragment length polymorphism reactions were

carried out according to the protocol described in (Vos

et al. 1995) for the enzyme combination EcoRI/MseI and

MSAP reactions were carried out according to the protocol

described in (Xu et al. 2000) using the enzyme combina-

tions EcoRI/MspI and EcoRI/HpaII with the exception that

10 pmol of HpaII enzyme was used as it has reduced

activity in NEB#4 buffer. Adapters and primers are sum-

marised in Table 1. Genomic DNA (500 ng) was incubated

for 4 h at 37�C then 16�C overnight with 5 U of each

enzyme (New England Biolabs, Ipswitch, USA) for AFLP

(EcoRI/MseI) and MSAP (EcoRI/MspI and EcoRI/HpaII)

in a solution containing 91 NEB #4 buffer (New England

Biolabs), 50 ng BSA, 2 U T4 ligase, 91 T4 ligase buffer

containing 1 mM ATP, 1 pmol EcoR-adpaters, 5 pmol

Mse-adapters (AFLP) or 5 pmol HM-adapters (MSAP) and

made up to 50 lL with sterile distilled water. Reactions

were diluted to 250 lL with sterile distilled water and

stored at -20�C. Adapter mixes were prepared by adding

equimolar amounts of both adapters and heating to 95�C

for 5 min and slowly cooled to room temperature.

Pre-selective PCRs were prepared using 91 Reaction

Buffer (Bioline, Tauton, USA) 2 mM MgCl2 1 1 mM

dNTPs, 0.3 pmol EcoR-T primer, 0.3 pmol Mse-C primer

(AFLP) or 0.3 pmol EcoR-T, 0.3 pmol HM-0 primer

(MSAP), 1 U Biotaq polymerase (Bioline) and made up to

25 lL with sterile distilled water. The reaction conditions

were 1 9 72�C/3 min, 35 9 (94�C/30 s, 56�C/30 s, 72�C/

2 min) and 1 9 72�C/10 min. All PCRs were visualised in

1.5% agarose gel electrophoresis with SYBR SafeTM DNA

Gel Stain (Invitrogen) in 19 lithium borate buffer. The

reaction mixture was diluted 1:10,000 with sterile distilled

water and stored at -20�C.

Selective PCRs were prepared using 91 HotStarTaq

Master Mix (Qiagen), 1 pmol of each primer in a combi-

nation (Table 2), and 1 lL of the diluted template from the

pre-selective PCR and made up to 25 lL with sterile dis-

tilled water. All PCRs were again visualised by agarose gel

electrophoresis. Reactions were stored at -20�C wrapped

in aluminium foil. Ten primer combinations were used for

AFLP analyses and nine for MSAP analyses.

PCR products (1 lL) were mixed with 30 lL Sample

Loading Solution (Beckman Coulter) and 0.3 lL of 600

base pair (bp) DNA size standard (Beckman Coulter) and

analysed using a Beckman Coulter CEQ8000 Genetic

Analysis System using the Frag-4 method (injection

2.0 kV 30 s-1, run at capillary temperature 50�C at

4.8 kV for 1 h). Results were analysed using the

Fig. 1 Schematic diagram of

the origin of the tissue-cultured

Russet Burbank potato parental

clone lines and thaxtomin A

treated regenerant lines and the

experimental outline
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Beckman Coulter CEQ8000 Fragment Analysis System

software. The samples were normalised by using a lower

threshold peak height of 5% and results were filtered for

peak height \5,000 dye fluorescent units (dfu). Peak data

were binned as presence/absence (1/0) with a 1 bp bin-

ning threshold.

Data analysis

The results from the fragment analysis for all AFLP

selective primer combinations were pooled for all samples

into one binary matrix and checked for redundant markers

using AFLPOP (Duchesne and Bernatchez 2002). The

results from the MSAP fragment analysis for all selective

primer combinations of the separate digests (EcoRI/MspI

and EcoRI/HpaII) were combined into a binary matrix

(1 = fragment presence in EcoRI/MspI digest, 0 = frag-

ment presence in EcoRI/HpaII digest), i.e. the different

methylation-sensitive states, full (both strands) methylation

of cytosines (1) or the external cytosine is fully- or hemi-

(single strand) methylated (0). The methylation-insensitive

fragments were not included, i.e. the same fragment in both

digests (no methylation) or no fragment in either digest

(full methylation of cytosines on both strands or hemi-

methylated on the internal cytosine). In both AFLP and

MSAP analyses polymorphic fragments for each line were

counted as a gain or loss of a unique fragment compared

with the parent line it was regenerated from and calculated

as a percentage of the total number of fragments overall;

for example, clone line A168a had 39 gains and losses of

unique fragments compared with the parent (RBK5) in a

total of 160 fragments (Table 3). Parent clone lines were

compared with one another.

Variation was visualised among the regenerant lines

based on genetic and epigenetic polymorphism similarities

by principal coordinate analysis (PCoA) and dendogram

construction by UPGMA (Unweighted pair-group method

with arithmetic averages) and the ANOVA was calculated

for each variable between the parental (untreated) and re-

generant lines (treated). The similarity matrices were

generated using Jaccard’s similarity coefficient. All anal-

yses were performed with XLSTAT v 2010.4.01 (Addin-

soft New York, USA) in Microsoft Excel�. Disease

severity and yield were recorded from seven field and pot

trials conducted in between 2004 and 2008 (Wilson et al.

2010). To test for possible relationships between genetic

and epigenetic differences and disease and yield differ-

ences, Pearson correlation coefficients were generated

Table 1 Primers and adapters used for AFLP and MSAP analysis

50–30 Sequence

Adapters

EcoR-adl CTC GTA GAC TGC GTA CC

EcoR-ad2 AAT TGG TAC GCA GTC TAC

Mse-adl GAC GAT GAG TCC TGA G

Mse-ad2 TAC TCA GGA CTC ATC

HM-adl GAT CAT GAG TCC TGC T

HM-ad2 CGA GCA GGA CTC ATG A

Pre-selective primers

EcoR-T GAC TGC GTA CCA ATT CT

Mse-C GAT GAG TCC TGA GTA AC

HM-0 ATC ATG AGT CCT GCT CGG

AFLP selective primers-unlabelled

Mse-CTG GAT GAG TCC TGA GTA ACT G

Mse-CAC GAT GAG TCC TGA GTA ACA C

MSAP selective primers-unlabelled

HM-ATC ATC ATG AGT CCT GCT CGG ATC

HM-GGC ATC ATG AGT CCT GCT CGG GGC

HM-TCC ATC ATG AGT CCT GCT CGG TCC

HM-TCA ATC ATG AGT CCT GCT CGG TCA

HM-GCT ATC ATG AGT CCT GCT CGG GCT

HM-AGG ATC ATG AGT CCT GCT CGG AGG

AFLP/MSAP selective primers-labelled

EcoR-TAC GAC TGC GTA CCA ATT CTA C-D3

EcoR-TCA GAC TGC GTA CCA ATT CTC A-D3

EcoR-TCT GAC TGC GTA CCA ATT CTC T-D3

EcoR-TGA GAC TGC GTA CCA ATT CTG A-D4

EcoR-TGT GAC TGC GTA CCA ATT CTG T-D4

Label enzyme target and selective bases or adapter number, HM
HpaII/MspI, D3 WellRed Beckman Coulter labelled oligo dye D3,

D4 = WellRed Beckman Coulter labelled oligo dye D4

Table 2 AFLP and MSAP selective primer combinations

EcoDye labelled Unlabelled

Mse-CAG Mse-CTG HM-TCA HM-TCC HM-AGG HM-GGC HM-GCT

EcoR-TAC-D3 AFLP #2 AFLP #3 MSAP #1 MSAP #2 MSAP #3 MSAP #5 MSAP #6

EcoR-TCA-D3 AFLP #5 AFLP #6 MSAP #7 MSAP #8 MSAP #9 MSAP #11

EcoR-TCT-D3 AFLP #8 AFLP #9

EcoR-TGA-D4 AFLP #11 AFLP #12

EcoR-TGT-D4 AFLP #14 AFLP #15

See Table 1 for abbreviations
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between all the similarity matrices and tested for statistical

significance against 10,000 random permutations by the

Mantel test (Mantel 1967). Multiple linear regression

analysis was used to identify any correlation between re-

generant lines with respect to disease severity and mean

total yield traits as the dependent variables and genetic

polymorphisms, methylation-sensitive polymorphisms,

ratio of gains/losses of genetic polymorphic loci and ratio

of gains/losses of methylation-sensitive polymorphic loci

(i.e. if the ratio is [1 there is a net gain in polymorphic

sites and\1 is a net loss of polymorphic sites) (Table 3) as

the explanatory variables.

Results

AFLP analysis

The ten primer sets used for AFLP analysis generated 185

duplicate fragments from all clone lines in this study. This

was reduced to 160 by the removal of redundant loci by

AFLPOP. Parent clone lines had much less polymorphisms

between them representing genetic changes from long-term

nodal culture. Within the three parent clones, RBK1 and

RBK3 had a relative net gain of polymorphisms (15.63 and

13.13% respectively), with RBK5 showing net loss of

common polymorphic sites. The regenerant lines TC9M4,

TC9M4-7 and TC10C1 had the highest number of poly-

morphisms (28–29%) compared with their respective

parental lines. Regenerant lines A168a and A380 had the

same amount of polymorphism (324.38%) and similar

gains and losses of unique polymorphisms to their parent

clone RBK5. Regenerant line TC-RB8 was the only clone

with yields greater than its parent (RBK5). This clone has

the lowest genetic polymorphisms (20%) with a net loss of

polymorphic sites (Table 3). Regenerant line A380 had the

phenotype combination of greatest disease resistance of the

cell lines studied and reasonable tuber yield and presented

a high net gain of polymorphic sites (Table 3) similarly

with regenerant A168a, indicating increased genetic poly-

morphism may have conferred some desirable phenotypic

traits.

Analysis of variation with AFLP data for all clonal lines

illustrated the overall similarities between the parent and

clone lines (Fig. 2). The treated regenerant lines clustered

with their respect parental lines but there was low overall

similarity between the groupings (0.489) and ANOVA

indicated the treated lines were significantly different in

genetic polymorphisms to the untreated parent lines

(p \ 0.01). Principal coordinate analyses (PCoA) (Fig. 3)

confirmed that the thaxtomin A-treated regenerant lines

were genetically similar to their respective parent lines.

RBK1 was the least similar to all the other lines and had

the highest net % polymorphisms within the parent lines

(15.63%) (Table 3). The Mantel test indicated there was no

significant correlation (p [ 0.05) between the similarity

matrices for genetic polymorphisms with disease severity,

yield or methylation-sensitive polymorphisms matrices.

Methylation-sensitive AFLP analysis

The nine primer sets produced 386 reproducible fragments

from all the clone lines; this was reduced to 199 by the

removal of redundant loci by AFLPOP. The methylation-

Table 3 Summary of AFLP (10 primer pairs) and MSAP (9 primer

pairs) fragments, counts and % polymorphic overall, number of gains,

losses and ratio (gains/losses) for each Russet Burbank regenerant line

compared with their parent clone line and number of unique genetic

and methylation-sensitive markers

AFLP polymorphisms Methylation sensitive polymorphisms

Clone

line

% Polymorphic Gain/

loss

Ration Unique % Polymorphic Gain/

loss

Ratio Unique Mean disease

severity

Mean tuber

yield (kg)

Treated RBK1 15.63 14/11 1.27 0 12.56 15/20 0.75 0 1.24 1.83

RBK3 13.13 11/10 1.10 1 26.13 26/26 1.00 0 1.17 1.82

RBK5 8.75 3/11 0.27 1 23.62 22/25 0.88 1 1.29 1.79

Untreated A168a 24.38 26/13 2.00 1 45.22 48/42 1.14 0 0.39 1.03

A380 24.38 29/10 2.90 1 50.35 47/53 0.89 0 0.29 1.52

TC9M4 28.13 21/24 0.88 0 51.76 62/41 1.51 0 0.44 1.56

TC9M4-7 29.38 30/17 1.76 1 49.75 48/51 0.94 1 0.60 1.73

TC-RB8 20 15/17 0.88 1 45.72 50/41 1.22 0 0.73 2.45

TC10C1 28.13 23/22 1.05 1 46.73 54/39 1.38 1 0.55 1.15

ANOVA p 0.001 0.223 <0.0001 0.08 0.001 0.116

ANOVA calculated separately for all variables between parental (untreated) and regenerant lines (treated)

Mean disease severity and mean tuber yield taken from previous field and pot trials (2004–2008). Parent clonal lines were compared with each

other. Significant p values in bold
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sensitive polymorphisms (Table 3) were relatively low in

the parent lines RBK1 = 12.56%, RBK3 = 26.13% and

RBK5 = 23.62%) and represent long-term tissue-culture

only effects. The thaxtomin A-treated regenerants had

higher methylation polymorphisms compared with their

parent lines as expected (45.22–51.76%).

A dendogram for all the clone lines MSAP data (Fig. 4)

showed low similarity overall (average 0.510). The PCoA

graph showed the overall groupings (Fig. 5). Regenerant

line A380 was the most dissimilar to the other lines and

A168a grouped closely to the parent lines RBK1 and

RBK5, all the other lines grouped together. This illustrates

the regenerant lines that were genetically similar were not

necessarily epigenetically similar. ANOVA indicated the

treated regenerant lines were significantly different to the

parent lines with respect to methylation-sensitive poly-

morphisms (p \ 0.05). The Mantel test indicated there was

significant correlation (p \ 0.05) between similarity

matrices for methylation-sensitive polymorphisms and

mean disease severity but no significant correlation with

the mean total yield similarity matrix.

Data analysis

ANOVA of each variable (% genetic polymorphisms,

genetic ration, % methylation-sensitive polymorphisms and

Fig. 2 UPGMA cluster analysis of AFLP data generated by ten

primer combinations for Russet Burbank untreated parent clonal and

thaxtomin A treated regenerant lines based on a Jaccard’s similarity

matrix

Fig. 3 Relationships between Russet Burbank potato untreated

parent clonal and thaxtomin A-treated regenerant lines illustrated by

Principal coordinate analysis (PCoA) based on a Jaccard’s similarity

matrix of AFLP data. Two axes explain 44.23% of the variability

Fig. 4 UPGMA cluster analysis of MSAP data generated by nine

primer combinations for Russet Burbank potato untreated parent

clonal and thaxtomin A-treated regenerant lines based on a Jaccard’s

similarity matrix

Fig. 5 Relationships between potato Russet Burbank untreated parent

clonal and thaxtomin A-treated regenerant lines illustrated by Principal

Coordinate Analysis (PCoA) based on a Jaccard’s similarity matrix of

MSAP fragment analysis. Two axes explain 32.94% of the variability
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methylation ratio) indicated % genetic (p \ 0.01) and %

methylation-sensitive polymorphisms (p \ 0.0001) and

mean disease severity (p \ 0.01) significantly explained

the variation between untreated parent line and the treated

regenerant lines (Table 3). To test for possible relation-

ships multiple linear regression modelling was performed

with all the potato clone lines. Regression indicated disease

severity was significantly correlated to all polymorphisms

(p \ 0.05, R2 = 0.929), specifically the genetic ratio and

methylation-sensitive ratio contributing the highest corre-

lation (R2 = 0.906). However, there was significant but

low correlation with respect to yield (p \ 0.05,

R2 = 0.576) with % genetic polymorphism having the

highest contribution (R2 = 0.542). This result was possibly

skewed by the regenerant line RC-RB8 as this line had a

high yield (x ¼ 2:45) but low genetic polymorphisms

(20%).

Discussion

AFLP and MSAP methods were applied to determine

genetic and epigenetic tissue culture-induced variation in

long-term, nodal tissue-cultured Russet Burbank potato

parent clone lines and recently produced regenerant vari-

ants from callus culture that have been selected for superior

disease resistance traits. The parent clone lines had been

independently sub cultured by nodal cuttings in tissue

culture for approximately 40 years. AFLP and MSAP

analyses indicated some genetic variation and compara-

tively low methylation-sensitive polymorphisms have been

acquired by separate clonal culture during this time

(Table 3). This indicated long-term nodal tissue culture

may induce some plant stress responses as normal cellular

processes are disrupted, which results in a cascade of

genetic and epigenetic instabilities but not enough to pro-

duce phenotypic differences in this case, although it has

been found in other instances to be quite substantial, even

autoploidy (Phillips et al. 1994). Comparatively the tha-

xtomin A-treated regenerants, selected from RBK5 to

RBK3 parent lines 9 years ago, have significant increases

in both genetic and methylation-sensitive polymorphisms

evident across all the regenerant lines (Table 3). However,

the number and net gain and loss of polymorphic sites are

variable. Hence, the DNA methylation state is also prone to

alterations in response to various stresses and new epial-

leles can be formed which may allow an adaptive response

with the particular stress (Richards 2006). DNA methyla-

tion appears to have been the main contributor to acquired

enhanced disease resistance in the thaxtomin A-treated

potato clone lines and the amount of polymorphic sites

gained and lost also appears important. There was no

correlation between the similarities found in AFLP analysis

and MSAP analysis unlike Guo et al. (2007), Li et al.

(2007) who found methylation was significant in regener-

ants of Condonopsis lanceolata but was correlated to

RAPD and ISSR genetic analyses and was not different to

that of the donor plant and hence, tissue-culture alone has

not contributed to the over-all differences between the

clone lines. Li et al. (2007), however, found correlation

only between MSAP and S-SAP (Sequence-specific

amplification polymorphism) and not between MSAP and

AFLP results, as in this study, indicating that intrinsic

interrelatedness of genetic and epigenetic stability may

exist only in certain genomic regions such as regions

flanking retrotransposons. Understanding the causal rela-

tionships between DNA methylation and genetic changes

and their collected contribution to novel phenotypes is of

great importance (Li et al. 2007).

The regenerant line with the greatest enhanced disease

resistance (A380; 78% reduction in disease severity com-

pared with parent) and reasonable yield was the only line

with an overall reduction in methylation sites compared

with its parent line RBK5. Sha et al. (2005) found differ-

ential cytosine methylation in adult rice plants compared

with seedlings led to differential expression of certain

genes which may be associated with adult plant resistance

to bacterial blight. Recent research has also shown patho-

gen-induced DNA methylation changes can occur in Ara-

bidopsis (Pavet et al. 2006) and tobacco (Wada et al. 2004)

but the effect on disease resistance is unknown. The

treatment with thaxtomin A during cell selection is anal-

ogous to exposure to the common scab pathogen S. scabiei

as this toxin is the principal virulence factor and may have

been responsible for some of the genetic rearrangements

and cytosine methylation changes.

Complicating epigenetic variation is genetic variation.

The regenerant line A380 was least like the other regen-

erant lines (Fig. 2) and had the highest gain to loss ratio of

genetic polymorphic sites but one of the lowest in meth-

ylation-sensitive polymorphism ratio (Table 3). Similarly,

the regenerant line A168a also had a high gains to loss ratio

of polymorphic sites and had low disease severity but

lower yield. The line TC-RB8 had a net loss of genetic

polymorphic sites compared with the parent line RBK5

(Table 3). This regenerant has the highest mean disease

severity (but still a 43% reduction in disease severity

compared to its parent) but showed significant increased

yield (137% increase to parent). Pathogen-induced sys-

temic plant signalling triggering DNA rearrangements have

previously been found in tobacco (Boyko et al. 2007).

Furthermore, Boyko et al. (2007) found increases of global

genome methylation a general mechanism against stress in

response to pathogen infection but also found locus specific

de-methylation was associated with a higher frequency of

rearrangements. This was indicated in the thaxtomin
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A-treated potato clone line A380 which had high genetic

polymorphism but a net loss of methylation-sensitive

polymorphisms. The same effect was observed when plant

pathogen-defence mechanisms were activated by the

chemicals 2,6-dichloroisonicotinic acid (INA) or benzo-

thiadiazole (BTH) (Lucht et al. 2002). These findings

suggest that increased somatic recombination is also a

general stress response in plants. This increased genetic

and epigenetic flexibility might facilitate adaptation to

stressful environments or events, such as infection, even in

long-term, tissue-cultured lines that have limited natural

variability, for improved cultivars (Schellenbaum et al.

2008). Induced mutation by exposure to phytotoxins has

long been a method for crop improvement (Cassells 1998),

but improved genetic methodologies has allowed greater

insight into the underlying genetic and epigenetic changes

occurring.

Most of the Russet Burbank tissue culture lines had at

least one unique genetic marker. More primer combina-

tions may have revealed more unique polymorphisms.

However, linking phenotypic differences that could be of

benefit to potato growers, to single gene sequence poly-

morphisms in a tetraploid plant such as the potato would be

extremely difficult since it is assumed many desirable traits

are under polygenic control (Visser et al. 2009) and dif-

ferential gene expression (Hegarty and Hiscock 2008).

Adding to this complexity is epigenetic effects on those

genes and their expression. Despite the importance of the

potato as a global food crop and long history of farming

many qualitative and quantitative agronomic traits are

poorly understood. Extensive sequencing of the AFLP and

MSAP fragments and global gene expression analyses may

be a valuable strategy to examine genomic regions most

affected by genetic and epigenetic changes, progressing

towards identification of gene sequences associated with

observed phenotypic changes.
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