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Abstract—Several genotypes belonging to two different Solenum tuberosum subspecies were inoculated with
Erwinia carotovora subsp. atroseptica and their susceptibility to subsequent blackleg disease was monitored.
The stem cell walls of the resistant genotype were characterized by a higher content of highly methylated and
branched water-soluble pectins, although these cell walls were able to de-esterify very rapidly Citrus pectin.
Numerous pectin methylesterase isoforms were extracted from all cell walls investigated but an acidic isoform,
present in the cell walls of the susceptible genotypes, could not be detected in the resistant cell walls. This
isoform might therefore be involved in the in muro demethylation of the pectins which controls the charge
density of the apoplasm. Differences between subspecies were also observed. Copyright € 1997 Elsevier Science

Ltd

INTRODUCTION

Soft rot disease caused by pectinolytic erwinias sev-
erely hinder potato production worldwide. Erwinia
carotovora subsp. atroseptica is the most common
among the Erwinia species isolated from rotting tubers
in European countries [1]. These bacteria are able to
macerate tubers and stems by producing enzymes,
such as pectate lyases (PL), pectin lyase (PNL) and
pectin methylesterases (PME), that depolymerize
pectin, a major plant cell wall component [2].

Differences in susceptibility are known among
potato cultivars. Recent studies investigating resist-
ance mechanisms reported correlations between the
resistance of potato tubers and the degree of methy-
lation of their pectins [3, 4]. This parameter can oper-
ate at different levels. It is well known that PLs and
polygalacturonases can hydrolyse only demethylated
or slightly (up to 25%) methylated polygalacturonic
acid [5, 6]. Moreover, the degree of methyl esteri-
fication isinvolved in the control of the cell wall charge
density [7, 8] and, thus, in the control of apoplasmic
pH. Finally, the ionic interactions between cell wall
polymers depend also on the number and on the dis-
tribution of the methyl groups along the poly-
galacturonic backbone [9].

§ Author to whom correspondence should be addressed.

In contrast to tuber studies, little information is
available on the stem behaviour of potatoes when
infected by E. ¢. atroseptica. We attempted, therefore,
to assess stem susceptibility to this bacterium of five
genotypes from two subspecies of Solanum tuberosum,
namely tuberosum and andigena. The latter subspecies
was chosen because it can be crossed with common
potato cultivars and presents some genotypes resistant
to soft rot [10]. A cultivar of S. ¢. ruberosum (Bintje),
and four genotypes of S. t. andigenu (ADG) were
selected for this study. Among the andigena genotypes,
two were tuber-resistant (ADG 88S-262-7 and ADG
88S-412-10) and the two others, tuber-susceptible
(ADG 88S-249-3 and ADG 88S-249-4) [10].

The present paper reports some characteristics of
pectins extracted from the stem cell walls of S. tub-
erosum genotypes exhibiting different susceptibility to
blackleg. We have also investigated cell wall PMEs
which might be considered as markers of susceptibility
to attack by pectinolytic erwinias, since these activities
are supposed to control in muro the degree of methy-
lation of pectin and, in turn, the susceptibility of the
plant cell walls to pectinolytic enzymes of pathogenic
organisms.

RESULTS AND DISCUSSION
Stem susceptibility tests

Reaction of the five genotypes to infection by £. ¢.
atroseptica is illustrated in Fig. 1. In all cases, control

1435



1436

Symptom severity

Bi  249-3 412-10 249-4 262-7
Genotypes

Fig. 1. Distribution of plants in each genotype according to

symptom severity noted from 0 to 4 (see Experimental). The

number of plants presenting symptoms of a given score is

expressed as a percentage of total number of plants from

each genotype. Bi, cv. Bintje; 249-3, ADG 88S-262-7; 412-

10, ADG 88S-412-10; 249-4, ADG 88S-249-4; 262-7, ADG
88S-262-7.

plants did not exhibit any symptoms. All inoculated
genotypes developed disease symptoms, which con-
firms previous observations [11] reporting the absence
of truly resistant genotypes to Erwinia among andi-
gena or tuberosum subspecies. However, obvious
differences were observed in the extent of stem rot.
More than 60% of inoculated plants from cv. Bintje
and the ADG 88S-249-3 genotype were severely affec-
ted and developed symptoms reaching levels 3 and 4
(see Experimental). In contrast, necroses did not
exceed | c¢cm length in ca 60% of inoculated plants
from andigena genotypes 88S-262-7 and 88S-249-4.
Therefore, cv. Bintje and ADG 88S-249-3 were
defined as susceptible (S) to blackleg, while ADG 88S-
262-7 and ADG 88S-249-4, which were reported to be
tuber-susceptible [10], were characterized as resistant
(R). ADG 88S-412-10, tuber-resistant [10], was inter-
mediate. No correlation was apparent between stem
and tuber susceptibilities. The more resistant (ADG
88S-262-7) and the more susceptible (ADG 88S-249-
3) andigena genotypes and the tuberosum genotype
(cv. Bintje) were investigated further.

Characterization of pectins extracted from stem cell
walls

Cell walls were isolated and their pectins extracted
sequentially with boiling water and hot EDTA. The
first treatment is known to solubilize highly esterified
and branched pectins and, the second one, acidic gal-
acturonan [12, 13]. The susceptible genotypes con-
tained much more acidic galacturonan than the resist-
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ant one (Table 1). Moreover, the balance between the
neutral sugars and the uronic acids was obviously
lower in cell walis isolated from the susceptible geno-
types. In these cell walls, the water-soluble pectins
represented only 30% of the total pectins. Because of
their relatively high content of low methylated pectins,
the cell walls of the susceptible genotype could thus be
more easily attacked by pectinolytic enzymes, which
cannot act on highly methylated galacturonan [14].
The nature of the neutral sugars associated with
the water-soluble pectins was investigated. The water-
soluble fractions were loaded on a DEAE Sepharose
CL 6B column; the highly methylated and branched
pectins that did not bind, were eluted with 0.05 M
acetate buffer, pH 4.7. These pectic fractions were
then hydrolysed. In all cases, the hydrolysis was
incomplete, with ca 25% of the constitutive monomers
being released from pectins of the resistant genotype
ADG 88S-262-7 and 47% and 66% from the pectins of
ADG 88S-249-3 and Bintje, respectively. The pectins
from the resistant genotype were thus less easily
hydrolysed than the pectins from the susceptible ones.
After hydrolysis. the solubilized sugars were analysed
by HPLC (Fig. 2). The sugar composition depended
mainly on the subspecies. Galactose was the prevalent
sugar in the pectins from both andigena genotypes,
whereas arabinose represented ca 50% of the sugars
solubilized from Bintje pectins. In contrast, rhamnose
appeared to be related to the resistance because it was
detected only in the pectins of the resistant genotype.

Properties of cell wall pectin methylesterases

Cell wall fragments isolated from the three selected
genotypes de-esterified Citrus pectin very rapidly in
the presence of 150 mM NaCl. The bound PMEs
could be solubilized with 1 M NaCl. The properties of
bound and solubilized cell wall PME activities were
investigated in parallel. Figure 3 shows the effects of
pH on the reaction rate. Regardless of the pH, the
solubilized activities were obviously lower than the
bound ones and their pH plots were shifted towards
neutral pHs; bound activities exhibited an optimal
pH at ca pH 8 and solubilized activities at ca pH 7.
Differences between bound and solubilized enzyme
activities have already been reported [15, 17]. More-
over, in all cases, the resistant genotype exhibited
higher PME activities than the two susceptible ones.
The bell shapes of all pH plots suggest that PME
molecules (E) can occur in three ionic states (EH,, EH
and E), with only one of them (EH) being involved
in the catalysis. Moreover, for all the investigated
fractions, the difference between the apparent pK, and
pK, values (defined as pH corresponding to the appar-
ent V,,/2) was lower than 3.5 pH units, which allowed
us to fit the experimental data to the following equa-

tion [18]:
/ 107PH 107k
Cexp = Uiheo | (1 + - +1—0—p‘;)
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Table 1. Analysis of pectins from stem cell walls. Pectins were sequentially extracted with boiling water and hot EDTA.
Uronic acids (UA) were estimated using polygalacturonic acid as a standard, neutral sugars (NS) were estimated using
galactose as a standard. Amounts of UA and NS are expressed as umol mg "' cell walls. DE, degrees of esterification. UA

water soluble uronic acids

‘Bintje’ ADG 885-249-3 ADG 88S5-262-7
Water-soluble fraction (WSF)
UA 0.47 (+0.013) 0.36 (£0.015) 0.45 (£ 0.003)
DE (%) 56 a7 62
NS 0.22 (¢) 0.18 (+£0.004) 0.24 (+£0.002)
EDTA-soluble fraction
UA 0.76 (+0.038) 0.79 (£0.012) 0.56 (+0.008)
DE (%) 17.0 10 7.6
NS & 4 0.04 (+0.001)
NS/UA, 0.15 0.15 0.27
UA./UA, (%) 33 30 43
Results are means ( + standard deviation) of triplicates.
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Fig. 2. Sugar composition of methylated pectin fractions. _B\ 2‘; £0.3 ;rj
The different neutral sugars released by acidic hydrolysis are S 154 i o
expressed as a percentage of the total sugars; arabinose (Ara), = ] ¢ F0.2 E
galactose (Gal), glucose (Glu), xylose (Xyl) and rhamnose % E % -
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than the experimental ones but the highest theoretical M ] @ 06 =
activities were observed with the resistant genotype as 24 ST 99
were the experimental ones. In addition, it was noted 1 04~
that the bound PMEs of the resistant genotype exhi- 1- 02
bited a reduced pH range of activity (between pH 7.3 . :
and 9) when compared with the two other bound 0 LA AR AR AN 0
555 6 65 7 75 8 85 9

activities.

PME activities were then assayed in the presence of
increasing NaCl and MgCl, concentrations (Fig. 4).
In all cases, regardless of the concentration or the
nature of the cation, the resistant genotype exhibited
a higher activity than the two susceptible genotypes.
As reported for other plant PME activities [19], mag-
nesium ions were more effective than sodium ions.
Solubilization also reduced the sensitivity to cations.

The isoform patterns of the PME solubilized from
the ionic cell wall extracts were assessed by isoelectric
focusing (IEF) (Fig. 5(A)). After detection of PME
activities, IEF gels were scanned and analysed lane by
lane (Fig. 5(B)). Five groups, A-E were separated,
their apparent pl being ca pH 5.5. 6.5, 7.5, 8.3 and 9.
respectively. The last two groups represented more

pH
Fig. 3. pH plots of bound (@—@) and solubilized (O—Q)
PME activities of cell walls isolated from the three Solunum
tuberosum genotypes. Reaction rates were measured in a pH-
stat at various pH values, ranging from 5.2 and 8.4. in the
presence of 0.15 M NaCl and under N, flux. Activities as
nEq H™ sec ' mg~' cell walls. Experimental data are means
(4 standard deviation) of triplicates.

than 50% of the total PME activity. Differences could
be observed between (1) resistant and susceptible
genotypes and (2) in the two subspecies. Both sus-
ceptible genotypes contained two isoforms in the most
acidic group (A), whereas only one isoform could
be detected in this group for the resistant genotype.
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Table 2. Effect of pH on bound and solubilized PME activities. ¥ theoretical (v, ) and pK values were obtained from the
best fits of experimental data (see Fig. 3). V, initial reaction rate, as nEq sec™' mg~' cell walls

‘Bintje’ (S) ADG 88S5-249-3 (S) ADG 88S-262-7 (R)
Bound Solubilized Bound Solubilized Bound Solubilized
Optimal pH 8.2 6.8 8.4 7 82 7
V at optimal pH
Tesp. 2.35(+£0.22) 0.14(+0.01) 1.85(+0.01) 0.27(£0.01) 335(4+0.19) 0.85(4+0.07)
Tiheo. 2.71 (+£0.18)  0.16 (+£0.01) 2,04 (+£0.08) 0.24(40.01) 4.39(+042)  0.79 (+£0.02)
pK, 6.98 (+0.09) 5.51(40.12) 7.00 (+£0.06) 5.15(40.10) 7.32(4+0.09) 5.32(4+0.07)
pK, 9.22(+0.19) 8.15(40.16) 9.74(+0.37)y 8.72(40.14) 9.06 (£0.27) 8.76(4+0.12)

Data are means ( + standard deviation) of triplicates.

Bound PME activity (nEqsec’ mg™)

3w | 59s bgu) Ayranoe giNg pazijiqnios
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Salt concentration (mwm)
Fig. 4. Effect of increasing NaCl (O—Q) and MgCl, (@—@) concentrations on the de-esterification rate of Citrus pectin
by bound PME (A, B and C) and solubilized PME (A’, B” and C’). PME isolated from cv. Bintje (A, A"), ADG 88S-249-3
(B, B’) and ADG 88S8-262-7 (C, C’). All measurements were performed at pH 7.6. Experimental data are means ( + standard
deviation) of triplicates.

Moreover, in group B, the second isoform pre-
dominated in the susceptible genotype extract but not
in the resistant one. In contrast, both andigena geno-
types exhibited four isoforms in group C. whereas
only two isoforms were present in the cell wall extract
from the subspecies tuberosum.

CONCLUSIONS

The data suggest a relationship between stem sus-
ceptibility and the properties of the pectic fractions.
Thus, the proportion of water-soluble pectins in the
cell walls is higher in the resistant genotype than in
the susceptible ones. Moreover, the degree of esteri-

fication of these water-soluble pectins is greater in the
resistant genotype. In this case, the amount of neutral
sugars associated with the pectins is also higher. The
pectins of the resistant genotype might be less easily
degraded by Erwinia pectinolytic enzymes, which can-
not act on branched or highly methylated galac-
turonans. Conversely, degradation products are
known to elicit defence responses. However, the
degree of pectin methylation is only one among other
factors that control the resistance of a given genotype;
accumulation of hydroxyproline rich glycoprotein,
production of phytoalexins, lectins and proteinase
inhibitors must also be taken into account [11].
Despite the presence of a large amount of methyl-
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Fig. 5. Distribution of PME activities along the pH gradient after isoelectric focusing (IEF). A, PME activities were detected
by the sandwich technique [19]. B, PME activity of each isoform was estimated after scanning and analysis of the gel and
expressed as a percentage of the crude extract activity. Arrows represent sample application.

ated galacturonic units, the cell walls of the resistant
genotype were still the most effective in vitro for the
de-esterification of Citrus pectin, whatever the con-
centration or the nature of the cations added in the
assays. Taking into account the number of isoforms,
it may be suggested that only some of them might
function in vitro, as already reported for PME from
mung bean hypocotyl cell walls [15]. Thus, the acidic
isoform (group A), which is missing in the resistant
genotype, might represent a marker for susceptibility;
if this isoform is especially active in muro, the degree
of esterification will depend on its presence inside the
cell walls. The low amount of methylated galacturonic
units in the cell walls of the susceptible genotypes
might then result from the activity of this isoform in
cell walls. Further work, will be required in order to
verify this hypothesis. n vitro, the degree of pectin
esterification will also depend on several other factors.
Thus, the question of the respective localization of the
different PME and their substrate must be taken into
account. Microdomains differing in their charge den-
sity have been detected in the apoplasm [20, 12]; there-
fore the occurrence of microdomains differing in their
isoform composition might also be postulated.

Our results also showed differences between the two
investigated subspecies, tuberosum and andigena,
although further investigations with more genotypes
are required to confirm these preliminary data. How-
ever, in potato stems, the higher amount of methyl-

ated and branched pectins, and the isoform pattern
of the PME activity, might be considered as potential
markers for resistance to blackleg diseases. The avail-
ability of plants overexpressing the acidic isoform or
with a deleted gene, could address this question more
precisely.

EXPERIMENTAL

Plant material. Two subspecies of S. tuberosum were
investigated. The first belongs to subsp. ssp. tuberosum
(cv. Bintje), the second to subsp. ssp. andigena (ADG).
The latter are clones of the INRA collection of the
Potato Breeding Station (Kéraiber, 29250 Ploudaniel,
France). The genotype ADG 88S-262-7 was obtained
from Drs F. Rousselle-Bourgeois and P. Rouselle
from the P.I. 281133 accession, the genotypes ADG
88S-249-3 and ADG 88S-249-4 from the PI 280970
accession (Inter-Regional Potato Collection, Sturgeon
Bay, WI, U.S.A.) and the genotypes ADG 885-412-
10 from the 007785 accession (German—Dutch Col-
lection, Braunschweig, Germany).

Stem susceptibility. Plants were grown in a green-
house (23" day, 15° night; photoperiod 16-8 hr), on a
sterilized mixt. of soil and sand (2:1). Susceptibility
to stem rot was estimated as previously described [21].
Stems of 5-week-old plants (30) were inoculated with
strain 86.20 of E. carotovora ssp. atroseptica, chosen
for its high pathogenicity [22]. A toothpick carrying
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an undiluted smear of 1-3 x 10° bacteria cultivated for
24 hr on King B medium or no bacteria for control
plants was inserted in the stem (5 mm deep) at the
level of the third expanded leaf. After inoculation,
rel. humidity was kept above 80% to allow bacterial
infection. After 3 weeks, stems were cut longitudinally
and the development of the disease was noted as fol-
lows: 0, no reaction; 1, brown dry necrosis < 1 cm at
the inoculation site, no wilting; 2, brown dry necrosis
extending > lem from the inoculation site, no wilt-
ing; 3, dark brown necrosis and slimy rot extending
for several cm from the inoculation site, wilting and/or
chlorosis of the leaves; 4, disease spread through the
entire stem, plant collapsed or dead.

Preparation of isolated cell walls. Potato stems were
collected from 5-week-old plants grown as described
above in the INRA Breeding Station and stored at
—20” until further treatment. Stems were ground in
liquid N, using a pestle and a mortar. The powder
was then transferred in 2 mm Na-K Pi buffer (pH 6).
The suspension was further ground in Pi buffer using
a Polytron homogenizer (2 x 15 min), then filtered
through a cheesecloth (pore size 5 um). The cell wall
residue was stirred with 0.1% Triton X-100 in order
to discard membraneous contaminants. The cell wall
residue was then thoroughly washed with 6 1 of dist.
H,0. All steps were carried out at 4°.

Extraction of pectin fractions. Two pectic frs were
sequentially extracted from cell walls, the first with
boiling H,O pH 5.5 (3x1 hr), the second in 1%
EDTA (6 hr at 60°). The pectins extracted with EDTA
were dialysed against dist. H,O.

Analyses of pectic fractions. Uronic acids were esti-
mated using the m-hydroxydiphenyl method [23] using
polygalacturonic acid as standard. Total carbo-
hydrates were detected with anthrone [24]; neutral
sugars, defined as the difference between the total
amount of carbohydrates and the amount of uronic
acids, were estimated using galactose as standard.

Potentiometric measurements. The pectic frs were
converted into their H-form by H-exchange chro-
matography (Amberlite IR 120H) and neutralized at
20" by progressive addition of 10 mM NaOH, under
continuous N, flux. Measurement of the degree of
esterification of the pectic fractions was performed by
titration of their free carboxylic groups with 10 mm
NaOH before and after chemical de-esterification, as
previously described [25].

Carbohyvdrate composition. Water-soluble pectins
from each genotype were chromatographed on a
DEAE Sepharose CL 6B equilibrated with HOAC
0.05 M NaOAc buffer, pH 4.7. Highly esterified gal-
acturonans did not bind and were recovered in the
void vol. Unesterified galacturonans were then eluted
with 1 M NaCl in 0.05 M acetate buffer. Esterified
galacturonans were hydrolysed for 2 hr in 2 N H,SO,
at 100“. After neutralization with SrCOs, the mono-
mers released were sepd and estimated by HPLC [26]
using an NH, column. Monomers were eluted with an
MeCN--H,O (4:1) and detected with a RI detector.
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Extraction of ionically bound cell wall enzymes. lon-
ically bound proteins were extracted with 1 M NaCl
[15]. The extract was dialysed against H,O and
reduced to a small vol. (ca 5 ml) by ultrafiltration at
4° in a stirred Amicon cell with an Amicon PM10
membrane.

Enzymic assay. PME activity was measured titri-
metrically by following the increase in free carboxyl
groups. The carboxyl groups liberated by PME from
Citrus pectin (Sigma) in the presence of NaCl were
titrated with 10 mM NaOH under N, flow, the pH
being maintained at chosen values ranging from 5.2
and 8.8 with an automatic titrator. All measurements
were performed at 22° and assays contained 15 mg
Citrus pectin in 6 ml (total vol.).

Electrophoresis. Isoelectrofocusing was performed
on ultrathin (0.5 mm) polyacrylamide slab gels (10%
acrylamide, 0.26% bis-acrylamide) containing 10%
Pharmacia 3-10 pH range ampholines. The IEF was
run on a LKB Multiphor at 30 W for | hr (ending
voltage 2000 V). NaOH (0.01 M) and H,SO, (0.1 M)
were used as catholyte and anolyte, respectively. After
focusing, PME activity was revealed by the agar—pec-
tin sandwich technique [27] using ruthenium red
(0.02%).
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