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Abstract The structural defense response of a black
pepper line (04-P24) showing root resistance to
Phytophthora capsici was studied in comparison with
a highly susceptible line (Sreekara). Role of cell wall
reinforcement and cell membrane integrity was ana-
lyzed. Cell membrane integrity was studied under hy-
droponic system in terms of leakage of electrolytes
caused by the cell membrane damage due to pathogen
entry. Root cell membrane rupture and resultant

phenolic leakage were clearly visible in the form of
color change of the liquid phase during the course of
infection. Root leachates of Sreekara turned highly dark
due to the increased level of phenol leakage which was
proportional to the cell membrane damage. The root
leachate was analyzed for change in conductivity, total
phenols and ortho-dihydroxy (OD) phenols. Cell wall
reinforcement of the vascular tissues of black pepper
root upon pathogen inoculation was analyzed histo-
chemically. Toluidine blue O and Maule staining differ-
entiated the intensity of lignin deposition in the root
cells of both lines and it was comparatively stronger in
the resistant line. Scanning electron microscopy re-
vealed that hyphae of P. capsici are not penetrating the
root of 04-P24 supporting the finding that roots of this
line don’t support Phytophthora infection.
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Introduction

Cell wall-associated plant defense is important in basal
resistance and the cell wall acts as a protective barrier
against pathogen penetration (Wang et al. 2015). Basal
resistance seems to be suppressed by virulent pathogens
but boosted in induced and in race-specific resistance
(Pellizzari et al. 1970). Immediately after the attempted
penetration of a pathogen, the host plant prepares for the
cell wall reinforcement (induced structural defense
mechanism) which can improve host resistance (Guest
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Highlights 1. The study was carried out in Phytophthora capsici
susceptible (Sreekara) and resistant (04-P24, shows root resistance
to the pathogen) black pepper lines.
2. The role of cell membrane integrity and cell wall reinforcement
in imparting resistance to P. capsici was studied and found that
increased cell membrane integrity and higher lignification of root
cells (mainly vascular tissues) play crucial role in root resistance of
04-P24 to P. capsici.
3. In our previous paper published in the journal PMPP (Vandana
et al., 2014), the role of lignin in root resistance of 04-P24 was
clearly described. The results obtained in this study confirm the
above finding.
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and Brown 1997). If the host cell can repair and/or
reinforce its cell walls quickly, it can reduce the pene-
tration efficiency of the pathogen.

Modification of the cell wall serves as barriers for the
progression of pathogens (van Kan 2006) and is an
important defense mechanism of flowering plants
against necrotrophs (Asselbergh et al. 2007; Curvers
et al. 2010). Reinforcement of the cell wall involves
accumulation of phenolic compounds (lignifications),
suberization etc. at the penetration sites. This makes
the cell wall less vulnerable to degradation by cell
wall-degrading enzymes released by the intruders. Lig-
nin also acts as an impermeable barrier for free move-
ment of nutrients causing starvation of the pathogen.

The cell membrane acts as Bsignal sensors^ for ex-
ternal stimuli and on receiving these signals, change in
membrane permeability is induced causing the acidifi-
cation or alkalinization of extra-cellular medium and
subsequent activation of defense genes (Guest and
Brown 1997). Therefore, the maintenance of cell-
membrane integrity is essential for the survival of plants
under biotic stress conditions. Cell membrane damage
in infected plants induces HR response as reported by
Heath (2000). Change in membrane permeability takes
place in the early disease process in the seedlings of
wheat in response to brown rust (Singh 2006).

Plant roots exude an array of small-molecular-weight
compounds into the rhizosphere. Root exudate contains
secondary metabolites (Uren 2000; Bertin et al. 2003)
having direct defensive qualities (Jackson and Ilamurugu
2014). Pathogen recognition by the host plant root results
in root secretion of antimicrobial compounds.

Phytophthora foot rot (‘quick wilt) is one of the
major diseases identified in Black pepper (Piper nigrum
L.). The causal organism for foot rot disease,
Phytophthora capsici, is one of the most serious threats
to black pepper cultivation in India. It is a soil-borne
pathogen and attacks the roots, stems, leaves, branches
and fruit spikes of black pepper vine. The pathogen is
spread bywater and soil cultivation operations in pepper
gardens. The pathogen can infect both mature and im-
mature plants. Crop loss due to this disease has been
identified as a major constraint in black pepper produc-
tion (De Waard 1986).

Although various chemical and biocontrol measures
are available to control foot rot disease in black pepper,
development of resistant cultivars is the best solution to
tackle this problem. Identifying resistance sources is an
effective and long-lasting disease-management strategy.

Recently, at ICAR-IISR, an open- pollinated progeny of
black pepper (04-P24) obtained from a moderately re-
sistant line (IISR-Shakthi) showed root resistance to
Phytophthora species by all means of screening (Bhai
et al. 2010). Even after repeated inoculations, the plant
showed resistance toPhytophthorawhich may be due to
structural defense barriers. This article focuses on test-
ing this structural defense barriers (first-level defense
barriers) associated with this OP progeny in resisting the
P. capsici invasion. Since the plant is showing resistance
to root infection, the main focus is given to understand-
ing the first-level defense barriers, viz., cell wall and cell
membrane integrity.

Materials and methods

Study on the role of cell membrane integrity

Plant material and pathogen inoculation

P. capsici susceptible (Sreekara) and resistant (04-P24,
OP progeny of IISR Shakthi) lines of black pepper (Piper
nigrum L.) were used in this study. The plants were
multiplied using the serpentine propagation method
(Thankamani 2008). Single-node black pepper cuttings
were grown in sterile potting mixture (soil: sand: farm
yard manure, 2:2:1) in polythene bags of size 20 × 10 cm
under greenhouse conditions, maintaining a temperature
of 20–25 °C with 12 h photoperiod. Plants of 4–5 leaf
stage were used for studying the cell membrane integrity.

The P. capsici isolate 06–04 maintained in the Na-
tional Repository of Phytophthora, ICAR-IISR, Kozhi-
kode, Kerala was used for inoculation. The isolate was
sub-cultured and maintained in carrot agar (CA) medi-
um (Griffin 1977).

Determination of cell membrane integrity

Cell membrane integrity was studied by inoculating
plants with Phytophthora inoculum under a hydroponic
system. This was done by two methods. In the first
method sterile de-ionized water was used as the inocu-
lation medium whereas in the second method Hoagland
solution (HS) was used. In both cases cell membrane
integrity was studied by analyzing the root leachates in
the medium by cell wall disruption due to pathogen
attack. The root leakage study was done using the meth-
od described by Li et al. (2013).
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Collection of root leachates and analysis

The plants grown as described earlier (Sreekara and 04-
P24) were carefully removedwith intact root system from
the polythene bags and washed thoroughly in running tap
water to remove the adhering soil particles. These plants
were again washed with sterile distilled water. Individual
plants were placed in 250 ml sterile bottles with the roots
completely submerged in sterile de-ionized water (150ml
/ bottle). Each bottle was inoculated with P. capsici inoc-
ulum plugs (5 mm discs, five numbers) and incubated at
25 °C for 8 days. The water in the bottle was observed for
color change, if any, in response to root infection. To
analyze the root leachates, the samples were drawn from
the 1st day of inoculation until the 8th DAI (day after
inoculation). The samples were filtered through a double
layer of Whatman No. 1 filter paper and analyzed for
changes in conductivity, total phenols and OD phenols.
Uninoculated plants served as negative control for
Phytophthora growth and sterile de-ionized water with
the same number of Phytophthora discs as positive con-
trol. Carrot agar discs alone in sterile distilled water
served as absolute control. The color change of the liquid
phase indicates the membrane leakage. The experiment
was conducted in triplicate. The same procedure was
used for collecting the root leachates in HS medium.
Here, instead of de-ionized water, sterile HS (Hoagland
and Arnon 1950) was used as the liquid phase.

Determination of change in membrane conductivity
of black pepper root cells during the course of P. capsici
infection

The change in conductivity is directly proportional to
the membrane damage induced in the plant cells. The
change in conductivity of the liquid phase was measured
every 24 h using a conductivity meter (EUTECH Instru-
ments cyberscan con 11) and the values were recorded
in microSiemens (μS).

Determination of total phenols and OD phenols in black
pepper root leachates

The total phenol was estimated using the modified Folin-
Ciocalteau method described by Eynck et al. (2009). To
1 ml of sample, 1 ml of Folin-Ciocalteau reagent was
added and incubated for 3 min at room temperature. 1 ml
of 1M sodium carbonate was added to this and incubated
in a rotary shaker at room temperature. After 45 min,

absorbance was read at 725 nm in a spectrophotometer
and quantified against a standard of gallic acid. The total
phenolic content was reported as gallic acid equivalents
based on a calibration curve.

OD phenols were estimated using the method de-
scribed by Gutfinger (1981). For estimation, to a 1-ml
sample, 1 ml of 0.1 M phosphate buffer (pH 6.5) and
2 ml of 5% Na2MoO4.2H2O solution were added. The
contents were mixed and incubated for 15 min; the
absorbance was read at 350 nm in a spectrophotometer
and quantified against a standard of caffeic acid. The
OD phenolic content was reported as caffeic acid equiv-
alents based on a calibration curve.

Histochemical changes

Pathogen inoculation and sampling

P. capsici was grown on CA for 72 h at 24 ± 1 °C.
Inoculum plugs of 5 mm size were cut from the periph-
ery of the actively growing culture using a cork borer
and were kept for sporulation in sterile distilled water
under continuous light for 48 h at 24 ± 1 °C. The spor-
ulating discs were used for plant inoculation. These
sporulating discs were placed on the root surface of each
intact plant grown in the polythene bags after removing
some soil near the root system without injuring the root
and then the inoculated root system was covered with
soil. Uninoculated plants served as control. Three bio-
logical replications were maintained.

From the P. capsici inoculated and uninoculated
plants, root samples were drawn and subjected to histo-
chemical analysis. For each sampling, plants were up-
rooted, the root system was washed thoroughly in run-
ning tap water and cut into slices of around 1 cm size.
Three biological replications were maintained for each
treatment. Uninoculated plants served as control.

Light microscopy

Freehand sections (transverse sections) of root tissue of
both P. capsici inoculated and uninoculated plants were
stained using lactophenol cotton blue and were observed
under bright-field microscope (Nikon-Eclipse Ci-L) and
photographs were taken. Microtome sections (cross sec-
tions) of the root were used for Toluidine blue O (TBO),
Maule and Sudan black B staining. For making micro-
tome sections, the segmented root tissues were fixed in
FAA fixative (formalin: acetic acid: ethyl alcohol;
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5:5:90) for 24 to 48 h (Johansen 1940). The fixed
segments were washed with distilled water (5 h),
dehydrated in an ethyl alcohol and tertiary-butyl alcohol
(TBA) series (Johansen 1940) and embedded in paraffin
wax (60 °C). Thin cross sections of 12 μm sizes were
cut using a rotary microtome (Leitz Microtome, No.
1512). The cross sections were stained using Toluidine
blue O (O'brien et al. 1964), Maule staining (Faulkner
and Kimmins 1975) and Sudan black B staining (Wang
et al. 2007). The stained sections were mounted in a
drop of Canada balsam, covered with a cover-slip and
dried at 60 °C in an oven for at least 3 days for prepa-
ration of permanent slides (Eltahir and AbuReish 2010).
Observations were recorded under a Leica DM 5000B
microscope and photographs were taken.

Scanning electron microscopy (SEM)

The portions of roots where the P. capsici hyphae was
found to be attached were removed from the root system
and processed for SEM analysis. Specimens were fixed
in 3% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2) in screw-top vials, washed 3 times in 0.1 M
phosphate buffer (pH 7.2), post-fixed in 2% osmium
tetroxide in 0.2 M phosphate buffer, rinsed in 0.1 M
phosphate buffer (pH 7.2), dehydrated in 30, 50, 70, 80,
90, 95 and 100% ethanol and critical-point-dried (CPD).
SEM of the sample was carried out at the Department of
Nanotechnology, National Institute of Technology, Ko-
zhikode, Kerala, India..

Statistical analysis

The data were subjected to two-way analysis of variance
using ANOVA. Means were compared by Duncan’s test
using statistical package SAS software (Version 9.3).
Differences among various treatment means were sepa-
rated by least significant difference (LSD) at the 0.05
level of probability. Analysis of correlation (p < 0.05) of
conductivity with other parameters tested was also
performed.

Results

Collection and analysis of root leachate

When plants were kept inoculated under the hydroponic
system, color change was observed in the liquid phase

after challenging with the pathogen. Leakage of phe-
nolic compounds by the root upon stress conditions
led to the change of color of the liquid phase. Four to
5 days after inoculation, the color change was prom-
inent in the susceptible line when compared to the
resistant line. No color change was observed in root
leachates of uninoculated plants. The color intensity
was more in the liquid phase of pathogen-inoculated
Sreekara plants compared to its resistant counterpart
(Figs. 1, 2 and 3). Fig. 3 shows color change of HS
upon inoculation with P. capsici. Under stress condi-
tions cell membrane integrity is disturbed and this
results in increased membrane leakage. Hence the
conductivity of root leachate was analyzed to express
the change in membrane integrity since they are pos-
itively correlated. Upon pathogen inoculation on root,
the root exudes anti-pathogenic compounds to its
surroundings. Hence the root leachates were analyzed
for anti-pathogenic phenolics.

Analysis of root leachates in the liquid phase

In sterile de-ionized water

Analysis of root leachates in sterile de-ionized water
was carried out until the 8th DAI since the inoculated
plant of the susceptible line wilted completely on the 8th
DAI.

Membrane conductivity

Upon inoculation with P. capsici, the conductivity of the
water phase showed a significant increase from the 3rd
day onwards in the susceptible line and from the 4th day
onwards in the resistant line. Considering the uninocu-
lated negative controls, conductivity of root leachates of
the susceptible line remained at par with that of the
resistant line throughout the experiment. In both lines
a gradual and steady increase of conductivity could be
observed during the course of infection. The highest
increase was noticed on the 8th DAI in both lines viz.
10 and 4-fold increase in Sreekara and 04-P24 respec-
tively and it was around 2.2 fold higher in Sreekara as
compared to its resistant counterpart. Only during the
later days of infection (5–8 DAI), did the conductivity of
negative and positive controls show significant differ-
ence (Fig. 4a).
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Total phenols

The total phenol content in water phase of inocu-
lated plants increased significantly from the 1st
day onwards in the susceptible line. In the resis-
tant line, during the first 2 days total phenols of
both inoculated and uninoculated plants were at
par, and thereafter a significant increase was noted
until the 8th DAI. The highest total phenol content

was detected on the 8th DAI in root leachates of
pathogen-inoculated plants of both lines, ~ 3.1 and
1.4 fold high in susceptible and resistant lines,
respectively. In both lines, until the 4th DAI, total
phenol content of both negative and positive con-
trol remained at par and after it increased signifi-
cantly (Fig. 4b). However, the highest phenolic
content was observed in the susceptible line com-
pared to the resistant line.

Fig. 1 Color change in the water
phase of Sreekara (a – e) and 04-
P24 (f – j) during the course of
P. capsici infection, on 0th DAI
(A, F), 5th DAI (B, G), 6th DAI
(C, H), 7th DAI (D, I) and 8th
DAI (E, J). Flasks 1: negative
control, 2–4: inoculated plants, 5:
positive control
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OD phenols

Upon inoculation with P. capsici, a significant differ-
ence between leakage of OD phenols in the susceptible
and resistant lines could be observed from 6 to 8 DAI
and at all 3 days, it was high in the root leachate of
the susceptible line. The highest increase of around

4.7 fold was noticed on the 8th DAI in inoculated
susceptible plants as compared to the uninoculated
plants. In the resistant line also the highest increase
was noticed at 8 DAI, but it was 2.9 fold only. From 3
to 8 DAI, OD phenol content increased significantly
in uninoculated plants compared to the positive con-
trols (Fig. 4c).

Fig. 2 Color change in the water phase of Sreekara and 04 - P24 during the course of P. capsici infection, on 6th DAI (a), 7th DAI (b) and
8th DAI (c)

Fig. 3 Status of plants in
Hoagland solution (HS). Color
change in the HS of Sreekara (a-
c) and 04-P24 (d-f) during the
course of P. capsici infection on
10th DAI (A, D), 11th DAI (B, E)
and 12th DAI (C, F). C: Control,
I: Inoculated plants
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Fig. 4 Variations in conductivity (a), total phenols (b) and OD
phenols (c) in root leachates of uninoculated and P. capsici-inoc-
ulated black pepper plants (P. capsici susceptible Sreekara and
resistant 04-P24) at regular time intervals. NC: Negative Control,

I: inoculated plants, PC: Positive Control, CAD: Carrot Agar Discs
and 1 to 8 DAI: 1st to 8th day after inoculation. LSD (p < 0.05) for
interaction - treatment x days after inoculation - 21.78 (A), 1.200
(B) and 0.377 (C)
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In sterile Hoagland solution

Analysis of root leachates in sterile HS was carried out
until the 12th DAI since the inoculated plants of the
susceptible line wilted completely by the 12th DAI.

Membrane conductivity

Conductivity of HS was measured separately and
subtracted from the values for conductivity of the liquid
phase of P. capsici inoculated and uninoculated plants,
positive control and carrot agar discs (CAD). Except on
1, 2 and 5 DAI, conductivity of the liquid phase showed
a significant increase compared to the control plants in
the susceptible line. But in the resistant line, significant-
ly higher exudation of ions by the root cells could be
seen only on 9, 11 and 12 DAI. In both lines, highest
conductivity was observed on 9, 11 and 12 DAI. It was
about 1.6 and 1.5 fold in susceptible and resistant lines,
respectively (Fig. 5a).

Total phenols

Total phenols in the root leachates of Sreekara plants
increased significantly upon P. capsici inoculation from
1 DAI until 9 DAI and after that it started decreasing.
Highest increase was observed on 8 DAI, ~1.6 fold. In
the resistant line, from the 4th day onwards it increased
significantly, giving the highest increase on 12 DAI
(~1.6 fold) (Fig. 5b).

OD phenols

Upon P. capsici inoculation, leakage of OD phenols by
roots of Sreekara increased during 1 and 2 DAI and then
showed a decreasing tendency until 7 DAI. Thereafter it
increased significantly until 12 DAI. But in the resistant
line, on 2, 3, 8 and 10 DAI OD phenols leakage increased
significantly. Compared to the uninoculated plants, roots
of inoculated plants of the susceptible line showed the
highest leakage on 12 DAI (3.3 fold) and the resistant line
showed the same on 3 DAI (2.1 fold) (Fig. 5c).

Correlation analysis (conductivity, total phenols,
and OD phenols)

Correlation analysis was carried out with the values for
analyzed parameters in sterile de-ionized water. A high-
ly positive correlation was found between the

conductivity (measure of membrane damage in terms
of membrane conductance) and phenols tested in both
lines. Correlations of 0.979 (Sreekara) and 0.921 (04-
P24) were obtained between conductivity and total phe-
nols. The correlation between conductivity and OD
phenols was 0.992 in Sreekara and the corresponding
value in 04-P24 was 0.981.

Light microscopy

Lactophenol cotton blue staining

Stained sections of infected portions of roots of the sus-
ceptible black pepper line showed blue-stained hyphae and
sporangia ofP. capsici demonstrating the tissue penetration
by the pathogen (Fig. 6a - d). In the transverse sections of
roots of the resistant line, the hyphae and sporangia were
visualized only on the surface of the section but could not
be spotted in the tissue inside (Fig. 6e - h). This indicates
that in both lines the pathogen attaches to the root surface
and induces defense responses in the host plant. In the
resistant line, the pathogen is restricted to the root surface
and is not penetrating the healthy tissue below. But in the
susceptible line, the hyphae penetrate the root tissues and
damage them causing disease.

Toluidine blue O (TBO) staining

The roots of both uninoculated and P. capsici-inoculated
plants of Sreekara and 04-P24 were collected on the 4th
and 7th DAI. Cross sections (microtome sections) of the
root were stained with TBO and observed for tissue
staining. TBO is a general stain used for viewing differ-
ent cells and parts of the tissue. Lignin stains blue with
TBO. Other cell wall-associated phenolic compounds
stain green to blue green.

In this study, TBO staining revealed blue to blue
green-stained xylem vessel walls and parenchyma cell
walls (Fig. 7). These cells of uninoculated plants stained
relatively less intensely compared to the inoculated tis-
sues (Fig. 7a, and d). Upon pathogen inoculation cell
walls of xylem vessel and parenchyma cells stained
more strongly compared to the corresponding uninocu-
lated plants in both lines (Fig. 7b-f). Moreover these
cells stained weakly for lignin in the susceptible line
compared to the corresponding cells from the resistant
line (Fig. 8).
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Maule staining

This is a specific staining technique for visualization of
lignin. KMnO4 is used for staining. This specifically

reacts with syringyl lignin and results in a reddish brown
color. The use ofMaule reaction revealed brown-stained
xylem vessel walls and adjacent parenchyma cell walls
in the root cells of both P. capsici susceptible and

Fig. 5 Variations in conductivity (a), total phenols (b) and OD
phenols (c) in root leachates of uninoculated and P. capsici inoc-
ulated black pepper plants (P. capsici susceptible Sreekara and
resistant 04-P24) at regular time intervals. NC: Negative Control,

I: inoculated plants, PC: Positive Control, CAD: Carrot Agar Discs
and 1 to 12 DAI: 1st to 12th day after inoculation. LSD (p < 0.05)
for interaction - treatment x days after inoculation −114 (A), 0.998
(B) and 0.599 (C)
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resistant lines (Fig. 9). The walls of cells of uninoculated
plants stained positively (Fig. 9a, d). After pathogen
inoculation, both lines exhibited a stronger staining
response compared with the corresponding uninoculat-
ed plants (Fig. 9b-f) and this response was stronger in
inoculated 04-P24 roots than in its inoculated suscepti-
ble counterpart (Fig. 10). Hence, lignin deposition was
mainly confined to vascular tissue, especially xylem
vessels.

Sudan black B staining

The stain Sudan black B is used for staining lipids in the
cell walls of plant cells. In this study, the cross sections
(microtome sections) of Sreekara and 04-P24 roots were
stained in Sudan black B for analyzing the deposition of
suberin on cell walls. Cell wall stains dark blue on

reacting with the stain. Suberin deposition could not
be observed in any of the sections under native or
induced conditions (Fig. 11).

Scanning electron microscopy (SEM)

The portions of roots where P. capsici hyphae were
attached to the surface were drawn for SEM analysis.
Scanning electron micrographs of roots of Sreekara and
04-P24 inoculated with P. capsici are shown in Fig. 12
and in Fig. 13, respectively. In both lines, hyphae of
P. capsici were found attached to the surface of the roots
(Fig. 12a-c, 13b, c, and f). In the root of Sreekara,
germination of P. capsici zoospores and subsequent at-
tachment of the germinated hyphae on root surface were
clearly observed (Fig. 12). Root damage caused by the
pathogen (Fig. 12a-c) and penetration of hyphae into the

Fig. 6 Transverse sections of
intact roots of Sreekara (a –d) and
04-P24 (e – h) inoculated with
P. capsici at 4 DAI. Root surface
colonized with pathogen (A, B
and E, F). Hyphae (C) and
Sporangia (D) are seen inside the
root tissue of Sreekara. The inner
tissue of root of 04-P24 found
devoid of them (G). Red arrow:
sporangia and yellow arrow: the
hyphae
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injured portion (Fig. 12f) are clearly observed in
Sreekara. In 04-P24, P. capsici hyphae attached to the
surface of the root but penetration into the root tissue was
not noticed (Fig. 13 b, c, and f).

Discussion

In this study, the structural defense response of black
pepper roots to P. capsici infection was studied in
Phytophthora-resistant black pepper line 04-P24 (Bhai
et al. 2010) in comparison with the susceptible line
Sreekara. Role of cell membrane integrity and cell wall

reinforcement (important structural barriers to pathogen
ingress) were studied here. The overall result showed
increased cell wall strengthening and cell membrane
integrity in the resistant line compared to its susceptible
counterpart.

The cell membrane integrity was studied as a mea-
sure of membrane leakage. During pathogen entry into
the host cell, the membrane is ruptured. This results in
leakage of cell components into the surrounding medi-
um, either soil or water. The leachate mainly contains
ions, phenols (anti-microbial) and nutrient components
like carbohydrates and amino acids. Under natural con-
ditions these are exuded by plant roots. However, in

Fig. 7 Intensity of lignification in
root cells of black pepper in
response to P. capsici infection
Sreekara (a-c) and 04-P24 (d-f).
A and D: uninoculated roots of
Sreekara and 04-P24 respectively;
B and E: root tissue drawn on 4
DAI; C and F: drawn on 7 DAI.
Characteristic blue or blue green
staining of xylem vessel walls and
parenchyma walls denote lignin
and/or other cell wall associated
phenols

Fig. 8 Difference in the histological response of root cells of Sreekara (a) and 04-P24 (b) to TBO staining. Cell walls of xylem vessels and
parenchyma of 04-P24 root stained more strongly (indicated by red arrow) than the corresponding cells of Sreekara root
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response to biotic stress they are exuded at higher rates
due to membrane damage (Buonaurio 2008). There are
many reports on plant cell membrane damage caused by
biotic stresses (Benhamou and Bélanger 1998; Singh
2006; Trivedi and Singh 2014). Hence in this study, a
new technique was adopted to assess the membrane
integrity of root cells in P. capsici inoculated and unin-
oculated plants of both susceptible and resistant black
pepper lines. The plant roots were completely immersed
in a liquid phase and inoculated with the pathogen.
During the progress of infection, a color developed in

the liquid phase and the intensity of color increased with
increase in the incubation period. The color change was
prominent and high in the case of susceptible line (Figs.
1, 2, 3). Leakage of phenols resulted in the color change
of the medium. The conductivity of the liquid phase was
measured which is directly proportional to the membrane
damage induced in the root cells. High conductivity de-
notes increased membrane damage and increased leakage
of electrolytes by the injured cells. The root leachate was
also analyzed for phenols. Plants secrete more anti-
microbial compounds in the rhizosphere to defend the

Fig. 9 Intensity of lignification in
root cells of black pepper in
response to P. capsici infection -
response of Sreekara (a-c) and 04-
P24 (d-f) to Maule staining. A
and D: uninoculated roots of
Sreekara and 04-P24 respectively;
B and E: root tissue drawn on 4
DAI; C and F: drawn on 7 DAI.
Characteristic brown staining of
xylem vessel walls and
parenchyma walls denote
lignifications of cell walls of these
cells

Fig. 10 Difference in the histological response of root cells of Sreekara (a) and 04-P24 (b) to Maule staining. Cell walls of xylem vessels
and parenchyma of 04-P24 root stained more strongly (indicated by red arrow) than the corresponding cells of Sreekara root
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root from soil-borne pathogens. In both lines, total phe-
nols and OD phenols increased with increase in days after
inoculation but the increase was significantly high in root
leachates of Sreekara during later days of infection (Fig. 4b
and c, 5b and c) since infection was very prominent in
Sreekara during this period.

Sterile de-ionized water was used as liquid phase for
this study. But in water, nutrient deficiencywas a problem
which also resulted in stress-induced membrane damage
in root cells of both lines. This might be the reason for the
slight color change observed in root leachates of uninoc-
ulated plants during later days. Hence de-ionized water
was replaced with HS in the next set of experiments. HS
lengthened the period of survival of plants until 12 days

as compared to 8 days in water and also the root infection
was delayed in HS giving notable color change of the
medium from the 9th day onwards. In HS, the results
obtained for conductivity and phenols were not consistent
with those obtained in water phase.

Due to the non availability of adequate methods, the
role played by the root exudates in pathogenesis of root-
infecting bacteria and fungi has not been fully studied
(Bais et al. 2003, 2004). Considering the difficulty in
collecting root exudates in their native form, the hydro-
ponic method described by Li et al. (2013) was adopted
in this study. The exudation of phenolic compounds by
black pepper root in response to P. capsici infection was
visually very clear in this experiment, i.e. the color

Fig. 11 Histological response of root cells of Sreekara (a) and 04-P24 (b) to Sudan black B staining

Fig. 12 SEM images showing attachment of hyphae of the path-
ogen on root surface of Sreekara root inoculated with P. capsici. a
– c: attachment of hyphae of the pathogen on root surface; d – f:

injury caused on root surface by pathogen penetration. Red arrow:
hyphae, blue arrow: Injured site; green arrow: germinating spore
and orange arrow: penetrating hyphae
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development started on the 6th DAI in Sreekara and by
the 7th DAI in 04-P24 in water phase and then increased
until the 8th DAI. A plant resistant to biotic stress
secretes anti-microbial compounds in higher concentra-
tion than the susceptible plants (Dixon 2001). In this
study also, the uninoculated plants of 04-P24 exuded
more OD phenols (6 and 7 DAI) compared to the
uninoculated Sreekara plants.

Li et al. (2013) adopted the hydroponic system
(water) for studying composition of root exudates of
peanut. They immersed the root system of a peanut plant
in sterile water for 24 h and used this water as root
exudate. Here also the root exudates of black pepper
were drawn in the similar way under pathogen inoculat-
ed and uninoculated conditions. In this study, secretion
of phenolics was increased in both varieties under unin-
oculated conditions because of the abiotic stresses like
anaerobic condition and nutrient deficiency in the hy-
droponic system. Even the uninoculated plants died of
wilting in water by the 9th DAI. So the experiment was
stopped by the 8th DAI.Moreover, since black pepper is
a terrestrial plant, it is not well suited for growing under
hydroponic conditions. To solve this problem, the ex-
periment was replicated in HS (Hoagland and Arnon
1950) instead of water. In water, the Sreekara plants
started showing rot symptoms from the 5th DAI but in
HS, it was from the 9th DAI, which means the longevity
of uprooted plants increased in HS. So the experiment
could be prolonged until 12 DAI.

The total phenols and OD phenols were quantified in
root leachates of uinoculated and pathogen inoculated
plants of both varieties to confirm the exudation of phe-
nolic compounds that resulted from the cell membrane
damage in root cells. The result showed higher concen-
tration of all the phenolics in root leachates of pathogen-
inoculated Sreekara plants than in those of 04-P24. This
implies the greater membrane integrity of 04-P24 root
cells. The reason for increased membrane integrity in
04-P24 might be the cell wall reinforcement of root cells.
This was confirmed by histological analysis, in which a
highly positive correlation was observedbetween root
leachates’ conductivity (inversely related to membrane
integrity) and all the phenol contents tested.

This study is supported by the works in barley. In
barley infected with Drechslera graminea, increase in
cell membrane injury was observed with increased days
of infection (Trivedi and Singh 2014). The cell mem-
brane injury results in electrolyte leakage. An increase in
cell membrane injury was associated with disease de-
velopment in barley. Electrolyte leakage is one of the
initial responses of barley to infection by D. graminea
(Trivedi and Singh 2014). According to Belanger and
Bushnell (2002), fungal pathogens invade the host cell
by penetrating the cell wall and, hence, if the intruding
pathogen can be inhibited at this entry stage itself,
cellular integrity is maintained and damage to plant
tissues can be significantly reduced. The interruption
of cell membrane integrity by biotic stresses increases

Fig. 13 SEM images of 04-P24 root inoculated with P. capsici. a, b and d, e: the parts of intact root surface devoid of any hyphae.
Attachment of hyphae of the pathogen on root surface is shown in c and f. Red arrow: hyphae
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root exudates in the rizosphere. To counteract infection
from soil, plants exude a variety of biologically active
compounds into the rhizosphere. Such root exudates are
known to have inhibitory action on soil-borne patho-
gens. Upon pathogen inoculation, synthesis of anti-
microbial compounds is induced and they are released
by the roots along with the naturally occurring ones.
These anti-microbial compounds mainly include
phenylpropanoids. Phenolics and terpenoids secreted
by the roots have strong anti-bacterial and anti-fungal
qualities (Buonaurio 2008; Lanoue et al. 2010; Wurst
et al. 2010; Vukovic et al. 2013). Phenylpropanoids are
ubiquitous phenolics (Lanoue et al. 2010), and flavo-
noids are one of the largest classes of phenylpropanoid-
derived secondary metabolites of root exudates (Cesco
et al. 2010).

Themethod of root exudates collection (Li et al. 2013)
used in this experiment is easy to perform and reflects the
changes of secretion of the whole root system. However,
this method also has limitations like the problem of
nutrient deficiency in water. So, HS was tested as liquid
phase instead of water. Here, even though the color
change in the medium due to phenolic leakage was
apparently clear, the corresponding values obtained for
conductivity and phenolics were not in accordance with
the increase in color intensity of the medium. The reason
for this may be the interference of inorganic and metal
ions in the solution. Thus sterilized de-ionized water is
found as a suitable liquid phasemedium for root leachates
study in black pepper (Bhai, unpublished). This is the first
report of study on cell membrane integrity in black pep-
per under hydroponic conditions. Similar studies on other
crops are not reported so far.

Reinforcement of cell walls of vascular tissue was
observed in both susceptible and resistant line upon
P. capsici inoculation (Figs. 8, 10). It was stronger in the
resistant line. Lignification of the cell wall is one of the
important first-line defense barriers to pathogen ingress in
plants. The defensive lignification and suberization of the
cell wall takes place faster, restricts the cleavage of its
compounds, reduces the nutrient flow between plant and
pathogen, and also the transport of mycotoxins
(Nicholson and Hammerschmidt 1992). In this study,
increased lignin deposition in the cell walls of xylem
vessels and adjacent parenchyma cells of the inoculated
resistant line compared to the inoculated susceptible line
was observed (Fig. 10). This is in agreement with the
finding of increased lignin content in roots of 04-P24
compared to the roots of Sreekara upon P. capsici

inoculation (Vandana et al. 2014). However suberin (a
polyester of hydroxy acids and dicarboxyl acids) deposi-
tion on cell walls was not observed in the roots after
pathogen inoculation. Even though suberin plays a signif-
icant role in some host – pathogen interactions (Enstone
et al. 2002; Huitema et al. 2004), it is reported that suberin
is mainly seen in relation to wound-associated changes
and at post-infection stages in plants (Pearce and
Rutherford 1981). This might be the reason for the ab-
sence of suberin deposition in this study. In the stain
Lactophenol cotton blue, phenol has the function of kill-
ing the fungus, lactic acid preserves the fungal structures
and cotton blue stains the chitin of fungal cell walls.
Lactophenol cotton blue staining (Fig. 6) and SEM anal-
ysis (Figs. 12, 13) clearly indicated that P. capsici is not
entering into the root tissue of 04-P24 even though hy-
phae are found attached on the root surface.

Upon pathogen attack, plants accumulate structural
phenolic compounds in the cell wall and synthesize lignin
to reinforce it. Thus, the plant cell wall acts as an important
defensive barrier first encountered by many pathogens
before induction of intracellular defense responses (Lipka
et al. 2005). Oliver et al. (2009) observed the deposition of
phenolic compounds in cell walls ofPhyscomitrella patens
infected with Pythium irregulare and P. debaryanum. In-
corporation of phenolic compounds in the plant cell wall is
an important defense mechanism of flowering plants
against Botrytis cinerea (Ramírez et al. 2011). Jones and
Dangl (2006) reported the significance of lignin deposition
on the cell wall in various plant –pathogen interactions
including radish - Peronospora parasitica, potato -
P. infestans, wheat - Septoria nodorum, cucumber -
Cladosporium cucumerinum, cucumber- Colletotrichum
lagenarium and carrot – B. cineria. The role of lignin in
plant resistance to biotic stress is elucidated in different
pathosystems like wheat- Puccinia graminis (Menden
et al. 2007), in wheat- Fusarium proliferatum (Bishop
et al. 2002), in cotton - Verticillium dahliae (Shi et al.
2012), in melon - Podosphaera fusca (Romero et al.
2008) etc. Egea et al. (2001) observed the accumulation
of lignin-like polymers in cell suspension cultures of Cap-
sicum annuum in response to elicitation by both lyophi-
lized mycelium and culture filtrate of P. capsici. All these
results support the finding of this study that increased
lignification of root cells of 04-P24 upon P. capsici inoc-
ulation is positively correlated with the root resistance of
this line. The results of this study highlight the importance
of increased cell wall reinforcement (vascular tissue) and
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cell membrane integrity of root cells in root resistance of
04-P24 to P. capsici.
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