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Abstract: The infection biology of Bipolaris oryzae and the defence responses of its host rice were
studied using the rice cv. MTL 189 inoculated with two isolates of B5 (highly compatible with
MTL 189) and K2 (less compatible). In the former interaction, the hyphal progress was accompanied
by tissue degradation and extensive sporulation after 8 days, whereas in the latter interaction, only
very limited tissue degradation and sporulation was observed. Quantitative microscopy of the
infection showed that the percentages of conidia and appressoria causing penetration and fluorescent
epidermal cells (FEC) were lower for isolate K2 than for isolate B5 at 12 and 24 hours after inoculation
(hai). Fluorescent papillae (FP) were only seen in the less compatible interaction and the percentage
of conidia causing single FEC was highest in the less compatible interaction at 12 hai, but not at
24 hai. Qualitative examination of other defence responses showed that H2O2 started to accumulate
at 4 hai in the less compatible interaction, whereas it appeared in the compatible interaction only
at 12 hai. The level of H2O2 was generally higher in the less compatible than in the compatible
interaction. Cross sections of leaves showed that H2O2 accumulated in the outer walls of epidermal
cells. Likewise, accumulation of callose and polyphenolic substances was most pronounced in the less
compatible interaction and occurred at the same places as H2O2. To our knowledge, this is the first
report implicating H2O2 as an early defence response against the hemibiotrophic pathogen B. oryzae
during early infection stages in rice. Understanding defence reactions may aid in resistance breeding.

Keywords: brown spot; fluorescent papillae; fluorescent epidermal cells; H2O2; polyphenolic
substances

1. Introduction

Brown spot caused by Bipolaris oryzae (syn. Cochliobolus miyabeanus, Helminthosporium
oryzae, Drechslera oryzae) is a common and devastating disease of rice in many rice-growing
regions of the world [1–3]. The most prominent example of damage caused by brown spot
is the outbreak in the then Bengal province (currently parts of the state of West Bengal
in India, as well as Bangladesh) in 1943 [4]. The disease was a contributing factor to the
Bengal famine where more than two million people died, among others because of rice
yield reductions of 40–90% [4]. In Vietnam, the disease often causes problems and has been
severe in several provinces of the Mekong Delta, e.g., in the provinces Tien Giang [5], Long
An and Tien Giang [6]. Recently, brown spot has caused severe damage in the spring crop
in the Ha Tinh Province in the middle of the country. Crop losses were estimated to be up
to 90% [7].

Resistance is one of the best and most environmentally safe ways of controlling disease.
However, even though cultivars with varying levels of resistance have been found, no
genes for complete resistance have yet been identified [2,8]. Resistance relies mainly on
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quantitative trait loci (QTLs) giving varying levels of protection, which might vary under
changing environmental conditions [1,2,9].

In order to utilise resistance in the best possible way, it is important to understand
how the pathogen infects and how the plant defends itself against infection. However, con-
sidering the importance of the disease and the potential damage it may inflict, remarkably
few studies have investigated the infection biology of the pathogen. The initial infection
processes of B. oryzae in rice were studied previously [10–12]. On the other hand, cellular
defence responses against B. oryzae infection have generally not been studied in much detail.
Polyphenolic compounds [13–15] and callose [16] are among the substances implicated in
defence. Biochemical defences have also been studied, e.g., defence-related enzymes [17]
and phytoalexins [18]. Hydrogen peroxide accumulation has also been reported in relation
to infection by B. oryzae [15,19–21], but the role appears to be unclear. Recently, Marwein
et al. [22] performed a transcriptome study of resistance and susceptible rice cultivars, but
they did not perform any functional characterisation of their findings.

The present work aimed at quantifying the initial infection processes of B. oryzae in
a compatible and a less compatible interaction with rice and furthermore to characterise
the cellular and some biochemical defence responses against infection by microscopy.
Quantitative microscopy of infection stages can help by determining directly where and
often how pathogen growth is arrested [23] without relying on indirect and often expensive
methods. The results obtained can form the necessary basis for more detailed future
studies of plant defence and thus rice resistance breeding. In the current investigation,
compatibility and incompatibility was obtained by inoculating two fungal isolates on one
rice cultivar. This made it difficult to make a link between resistance source and defence
responses, and how defence responses may be utilised in future breeding. However, our
prime goal was to characterise how rice may defend itself against the pathogen, and the
hope is that the information presented here can be utilised in future resistance breeding by
looking to the responses highlighted.

2. Materials and Methods
2.1. Plants

Rice cultivar MTL189 was grown in the greenhouse of University of Copenhagen,
Faculty of Science (Denmark) under natural daylight conditions with supplementary light
(Philips Power tone SON-T Plus, 400 w) at 25–28 ◦C. Plants were grown in 10 cm round pots,
15 plants per pot, containing the soil mix “Weibulls Enhetsjord”. Manganese (0.15 mL/pot)
and iron (0.08 g/pot) were supplied right after sowing. Nitrogen was applied 12 days after
sowing at a rate equivalent to 67 kg N/ha (0.25 g/pot of ammonium sulphate containing
21% ammonia N and 24% water-soluble S, Kemira Danmark A/S, Vedbæk). When the
plants were 25–30 days old, they were transferred to a growth chamber with alternating
cycles of 12 h light (OSRAM L36w/11, Tageslicht Lumilux Daylight) at 24 ◦C and 12 h
darkness at 20 ◦C. Here, the fully expanded fifth leaves were fixed in a horizontal position
on bent plastic plates, abaxial side upwards, using unbleached cotton strings [24].

2.2. Inoculum Production and Inoculation

Two isolates of B. oryzae from Vietnam were used, i.e., B5 (highly pathogenic on cv.
MTL189) and K2 (very low pathogenicity on cv. MTL189). The isolation of B5 and K2 was
described previously [25]. The inoculum was produced on diluted potato dextrose agar
(19.5 g potato dextrose agar (Difco) and 11.0 g plain agar (Difco) per L distilled water).
The cultures were incubated for 10–14 days under alternating cycles of 16 h near-UV light
(Philips TLD 36W/08) at 20 ◦C and 8 h darkness at 15 ◦C. Conidia were harvested in
glass-distilled water and the inoculum concentration adjusted to 20,000 conidia/mL.

Inoculation took place at 24 h after the plants were transferred to the growth chamber.
The inoculum was applied onto the fixed leaves with a glass hand sprayer until run-off
and immediately, the plants were sealed in plastic bags. Plants were kept in darkness
12 h before and until the plastic bags were removed at 24 h after inoculation. For the
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different investigations described below, samples were harvested at different time points
as indicated.

2.3. Quantitative Study of the Initial Stages of Infection

Leaf segments (4–5 cm long) were cut 12 and 24 h after inoculation (hai) with B. oryzae,
cleared and studied by light and fluorescence microscopy, as previously described [26]. At
each sampling time and for each of the two isolates, eight leaves were harvested (four leaves
from each of two pots at each sampling time). On each leaf, the stage of fungal development
was recorded for 25 arbitrarily chosen conidia of B. oryzae (a total of 200 conidia per isolate
and time point). Only conidia not in direct contact with others were examined. For each
conidium, it was recorded whether it was germinated or not. For those germinated, the
following parameters were recorded: the number and length of germ tubes, whether
the germ tubes branched, whether appressoria were produced, the number and size of
appressoria, whether the appressoria caused penetration (penetration was defined as when
conidia-caused fluorescent papillae (FP), fluorescent epidermal cells (FEC), fluorescent cell
walls (FCW) or further hyphal growth), whether FP formed as a response to penetration
attempts, whether FEC, either single or multiple, occurred where B. oryzae actually did
penetrate and finally, whether FCW formed. FP, FEC and FCW are all considered putative
defence reactions.

2.4. Qualitative Examination of Other Host Responses and Later Development of B. oryzae

Hyphal growth within leaf tissues was studied at 12, 24, 48, 72, 96, 120, 144 and 192 hai.
Leaf pieces (4 by 5 mm) were cut with a razor blade from the middle of the leaves at
each sampling time. The leaf material was fixed in 2.5% glutaraldehyde and 24 h later
dehydrated in a graded series of ethanol. Some of the leaf pieces were transferred to
isopropanol (IPA) and then embedded in paraffin for sectioning. Sections 7-µm thick were
cut on a rotary microtome. Before sectioning, the tissue in the blocks was softened for
24 h in a solution of IPA, propylene glycol and distilled water (9:2:9 v/v). The sections
were stained with 0.05% toluidine blue O, pH 4.4 at 50 ◦C for 20 min in a water bath,
following the procedure of Graham and Joshi [27]. Subsequently, the paraffin was removed
by UltraClear (Mallinckrodt Baker B. V. Deventer, Holland) and the sections transferred to
100% IPA. Finally, the slides were air-dried and mounted with Permount (Fisher Chemical,
Fair Lawn, NJ, USA).

H2O2 accumulation and localization was demonstrated with 0.05% DAB (3,3′-
diaminobenzidine, D-8001, Sigma) as described by Shetty et al. [26]. Reddish-brown
staining indicated accumulation of H2O2. Sampling took place at 0, 4, 8, 12, 16, 20 and
24 hai. The leaves were cut into 3–4 cm pieces and cleared as previously described. In order
to observe the distribution of H2O2 inside the tissue, stained regions were cut, dehydrated,
embedded in paraffin, sectioned and stained with toluidine blue O as described above.

Callose accumulation were studied in leaf samples collected at 12, 24, 48, 72, 96, 120
and 144 hai. Leaves were cleared as before and stained with aniline blue for 1 h to localize
callose, as described by Shetty et al. [28]. Specimens were observed using fluorescence
microscopy with an excitation filter of 330–385 nm, a dicroitic mirror DM 400 and barrier
filter > 420. Regions with callose deposition emitted a greenish yellow fluorescence.

Accumulation of polyphenolic substances was studied in leaves sampled at 12, 24, 48,
72, 96, 120 and 144 hai. Leaves were cleared as described above and stained with toluidine
blue O for 1 h, followed by light microscopy observations [24]. Green to turquoise staining
indicated the accumulation of polyphenolics.

2.5. Statistical Analyses

Data on the average length of germ tubes and the average number and diameter of
appressoria (Table 1) represent continuous variables. These parameters were analysed by
analysis of variance, assuming a normal distribution. Variances were stabilized by appro-
priate transformation of data if necessary and means separated by LSD values. The rest of
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the parameters in Table 1 represent discrete variables, as it was recorded whether or not a
certain event had taken place (e.g., whether or not a conidium germinated). These results
were therefore analysed by logistic regression assuming a binomial distribution (corrected
for over-dispersion when present) [29] or by Fisher’s exact test [30]. For comparison of
discrete variables (percentages), odds ratios were calculated using isolate B5-treated plants
as reference (odds ratio = 1.00). For example, the odds ratio for percentage of appressoria
causing penetration at 24 hai is 10.05 (Table 1). This means that the odds (that is, P/[1 − P],
where P is the probability of an appressorium causing penetration) in K2-treated leaves are
approximately ten times higher than the odds for B5-treated leaves. For both continuous
and discrete variables, hypotheses were rejected at p ≤ 0.05. All data were analysed by
PC-SAS (release 9.4, SAS-Institute, Cary, NC, USA).

3. Results
3.1. Quantitative Studies of the Initial Stages of Infection

Bipolaris oryzae conidia generally germinated from the basal or terminal cells, rarely
from the middle cells. The germ tubes often branched, and appressoria generally formed
terminally on branches. Some germ tubes became very long before forming appressoria
and attempting to penetrate, whereas others quickly formed appressoria. In rare cases,
several appressoria formed along the germ tube. The appressoria varied in shape from
hemispherical to elliptical, clavate or irregular.

In Table 1, the penetration processes of isolate B5 (compatible interaction) and isolate
K2 (less compatible interaction) in the rice cultivar MTL189 are compared at 12 and 24 hai.
The percentage of conidia germinating was not significantly different between the isolates
at either time point (Table 1). On the other hand, germ tubes were shorter and fewer
germ tubes branched in the less compatible than in the compatible interaction at both
time points (Table 1). The percentage of conidia forming appressoria was higher, and the
average diameter of appressoria was higher in the less compatible than in the compatible
interaction at both time points (Table 1). The average number of appressoria per conidium
was significantly higher for the less compatible interaction at 24 hai, but not at 12 hai
(Table 1). The percentage of conidia and appressoria causing penetration was significantly
lower in the less compatible than in the compatible interaction at both 12 and 24 hai (Table 1).
After penetration in the compatible interaction, hyphae became thicker and often grew into
the cells around the initially penetrated cell, whereas in the less compatible interaction, the
hyphae remained thin and were usually restricted to the invaded cell.

Among host reactions to penetration by the pathogen, fluorescent papillae (FP)
(Figure 1A) appeared as brightly autofluorescent circular structures in the outer epidermal
cell wall just beneath the appressoria where penetration was attempted. FP were seen in
the less compatible interaction at both 12 and 24 hai, but only for 1.5–2% of the conidia
(Table 1). No FP were observed in the compatible interaction at all. However, there were
no significant differences between the isolates at either time point (Table 1). Fluorescent
epidermal cells (FEC) were seen as brightly autofluorescent entire cells (Figure 1B). The
percentage of conidia causing single FEC was significantly higher in the less compatible
than in the compatible interaction at 12 hai, whereas there was no significant difference
at 24 hai (Table 1). On the other hand, the percentage of conidia causing multiple FEC
was higher in the less compatible than in the compatible interaction at both 12 and 24 hai
(Table 1). Likewise, fluorescent cell walls (FCW) were seen as autofluorescing parts of cell
walls. The percentage of conidia causing FCW was higher in the less compatible than in
the compatible interaction at both 12 and 24 hai (Table 1).
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Table 1. Incidence of the various developmental steps in the infection process of compatible and less
compatible interactions between Bipolaris oryzae and rice a.

Time after Inoculation of MTL189 with Two Isolates of B. oryzae

Infection Process 12 h 24 h

Process
Isolate K2

Less
Compatible

Isolate B5
Compatible

Odds
Ratio b

Isolate K2
Less

Compatible

Isolate B5
Compatible

Odds
Ratio b

Conidia germinated (%) 95.7 97.6 1.81 NS 93.9 96.6 1.86 NS

Conidia with branched germ tubes (%) 29.5 69.0 5.58 *** 33.0 69.5 4.64 ***
Conidia forming appressoria (%) 82.5 15.5 0.04 *** 76.0 45.5 0.24 ***
Conidia causing penetration (%) 1.5 5.5 3.83 *** 5.5 18.5 3.91 ***
Appressoria causing penetration (%) 0.6 3.1 18.46 *** 9.7 23.0 10.05 ***
Conidia causing FP c (%) 2.0 0.0 NS d 1.5 0.0 NS d

Conidia causing single FEC (%) 8.0 0.0 0.00 *** 1.0 0.5 0.49 NS

Conidia causing multiple FEC e (%) 25.5 0.0 0.00 *** 65.0 22.0 0.15 ***
Conidia causing FCW f (%) 33.0 1.5 0.03 *** 29.5 11.5 0.30 **
Mean length of germ tubes per conidium (µm) 211.9 398.8 - g 181.6 588.7 - g

Mean diameter of appressoria (µm) 12.1 7.5 - h 12.7 8.9 - h

Mean number of appressoria per conidium 1.7 1.4 - i 1.6 1.3 - i

a. Values given are percentages (discrete data) and averages (continuous data). b. Odds ratios for comparison
of isolates K2 and B5 (isolate B5 used as a reference, odds ratio = 1.00). The number of asterisks indicates the
degree of significance. NS = non-significant difference, *** = significant at p ≤ 0.001, ** = significant at p ≤ 0.01.
c. FP: fluorescent papillae. d. Analysed by Fisher’s exact test. e. FEC: fluorescent epidermal cells. f. FCW:
fluorescent cell walls. g. Continuous variable, analysed by analysis of variance. There was a significant difference
between the average length of germ tubes, p ≤ 0.001, LSD = 59.5 and LSD = 98.6 at 12 h and 24 h, respectively.
h. Continuous variable, analysed by analysis of variance. There was a significant difference between average
diameter of appressoria, p ≤ 0.001, LSD = 1.4 and p ≤ 0.01, LSD = 2.1 at 12 h and 24 h, respectively. i. Continuous
variable, analysed by analysis of variance. There was no significant difference between average numbers of
appressoria at 12 h. At 24 h, there was a significant difference, p ≤ 0.01, LSD = 0.1.

3.2. Qualitative Examination of the Later Development of Bipolaris oryzae and Host Responses

The following descriptions constitute a general overview of observations made from
the examination of cleared leaves as well as sectioned, paraffin-embedded tissues at differ-
ent time points. Only consistent observations are presented, meaning that they were seen
regularly in the observed material.

3.2.1. Hyphal Growth

After the initial intracellular penetration of the epidermal cells in the compatible
interaction, the hyphae grew into the intercellular spaces between the mesophyll cells and
proliferated here. At later time points (144–192 hai), hyphae started to invade the mesophyll
cells. Hyphal growth was abundant, with many thick hyphae spreading in the tissue; this
was accompanied by tissue degradation. Thus, the cells were gradually degraded, making
it impossible to distinguish their shapes, and at 192 hai, many lesions with abundant
conidiophores and conidia were produced. In the less compatible interaction, hyphal
growth was very limited, and the hyphae appeared slightly thinner than in the compatible
interaction. Very limited or no tissue degradation was seen, and hyphae colonised few
cells; only a few small, pinhead spots were observed as the macroscopic signs of infection.
Sporulation was very restricted, i.e., only very few conidiophores and conidia were seen.

3.2.2. Localisation of H2O2

Accumulation of H2O2 was seen as a reddish-brown staining with DAB. H2O2 ac-
cumulated earlier and to a higher extent in the less compatible than in the compatible
interaction. The reddish brown staining was generally darker and covered larger areas in
the less compatible than in the compatible interaction.

In the less compatible interaction, the accumulation of H2O2 was first seen in the
epidermal cell as pale, reddish brown circles around the appressoria at 4 hai. The diameter



Agronomy 2023, 13, 231 6 of 13

of the brown regions increased at 8 hai and almost the entirety of the cells being penetrated
were stained by 12 hai (Figure 1C). At 16 hai, H2O2 accumulation was seen in many cells
to a varying degree, i.e., from faint to heavy accumulation (Figure 1D). By 20 hai, the
H2O2 accumulation was seen as irregular reddish-brown staining in the epidermis and
mesophyll (Figure 1E), and at 24 hai, the brown staining had further intensified both
in extent and colour (Figure 1F). In the compatible interaction, H2O2 accumulation was
not seen until 12 hai. H2O2 accumulation was seen in the epidermal cells beneath the
appressoria (Figure 2A). At 16 hai, whole-cell staining was observed (Figure 2B). At 20 and
24 hai, there was still an increasing H2O2 accumulation in several cells, but often with a
reduced intensity (Figure 2C,D). In the case of very strong accumulation of H2O2, hyphal
growth in the cell was not observed. The whole-cell DAB staining in the epidermis occurred
in the same cells in which autofluorescence was seen (FEC). Single-cell H2O2 accumulation
was seen in the outer walls of epidermal cells in both cleared leaves and in cross sections of
DAB-stained regions from the less compatible interaction (Figure 3A,B).
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Figure 1. Details of infection biology and defence responses of rice cv. MTL189 infected by Bipolaris
oryzae isolate K2 (less compatible interaction). (A) Autofluorescent papillae (FP) at penetration
attempts of B. oryzae at 12 hai. (B) Multiple fluorescent epidermal cells (FEC) at 12 hai. (C–F) DAB
staining showing hydrogen peroxide accumulation in relation to B. oryzae. (C) FEC at 12 hai. (D) FEC
16 hai. (E) Multiple FEC at 20 hai. (F) Multiple FEC and spreading staining reaction at 24 hai.
acw: anticlinal epidermal cell wall; app: appressorium; co: conidium, ep: epidermal cell; FEC:
fluorescent epidermal cell; FP: fluorescent papilla; gt: germ tube; mc: mesophyll cell. Arrows indicate
DAB-stained regions.
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Figure 2. Details of infection biology and defence responses of rice cv. MTL189 infected by Bipolaris
oryzae isolate B5 (compatible interaction). DAB staining showing H2O2 accumulation in relation to
B. oryzae. (A) Penetration attempt resulting in hydrogen peroxide accumulation under papilla (arrow)
at 12 hai. (B) Penetration resulting in hydrogen peroxide accumulation under papilla at 16 hai. Arrow
shows FEC. (C) Penetration resulting in hydrogen peroxide accumulation in FEC at 20 hai. Arrow
shows FEC. (D) Penetration resulting in hydrogen peroxide accumulation in FEC at 24 hai. Arrow
shows FEC. Abbreviations as in Figure 1.

3.2.3. Polyphenol Accumulation

Accumulation of polyphenolics was observed by light microscopy as green to turquoise
staining with toluidine blue O. Polyphenols started to accumulate in the cells and epidermal
cell walls at 24 hai in both interactions, but to higher levels in the less compatible than in
the compatible interaction (Figure 3C,D).

3.2.4. Callose Accumulation

Callose accumulated in the walls of epidermal cells near the appressoria of the fungus.
A higher level of accumulation took place in the less compatible than in the compatible
interaction. In the less compatible interaction, callose was initially seen 24 hai as bright
parts of the cell walls. Generally, accumulation increased and by 144 hai, the intensity
was strong, with very thick and brightly fluorescing deposits in the cell walls in the less
compatible interaction (Figure 3E). In the compatible interaction, callose accumulation also
started at 24 hai and slowly increased until 144 hai (Figure 3F), but the extent and amount
of the callose accumulation was considerably lower and occurred slower than in the less
compatible interaction.
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Figure 3. Details of infection biology and defence responses of rice cv. MTL189 infected by Bipolaris
oryzae K2 (less compatible interaction) and isolate B5 (compatible interaction). (A) DAB staining
showing hydrogen peroxide accumulation in FEC at 12 hai (isolate K2). (B) Cross section of similarly
DAB-stained area (isolate K2) at 12 hai, arrow showing staining in the outer epidermal cell wall.
(C) Accumulation of polyphenolic substances, seen as greenish-turquoise staining, as a response to
infection attempt by isolate K2 at 72 hai. (D) Polyphenolic accumulation as a response to infection
attempt by isolate B5 at 72 hai. (E) Callose indicated by fluorescence (arrows) as a response to
infection attempt by isolate K2 at 144 hai. (F) Callose indicated by fluorescence (arrow) as a response
to infection attempt by isolate B5 at 144 hai. Abbreviations as in Figure 1.

4. Discussion

The early infection stages of B. oryzae in rice have previously been studied to some
extent [10–12], whereas the later stages of pathogen growth apparently have not been
studied in much detail. To our knowledge, the present study is one of the first reports
to give a quantitative study of the early infection processes of a compatible and a less
compatible interaction between rice and B. oryzae, as well as a demonstration of host
responses to pathogen attack, including fluorescent papillae, fluorescent epidermal cells
and accumulation of callose and H2O2. H2O2 has, however, been reported in the interaction
between rice and B. oryzae before [15,19–21], but not as a defence response.

Most previous studies have included one fungal isolate inoculated on two or more
cultivars of rice differing in resistance [11,12,22]. There are few reports that compare two
isolates inoculated on one cultivar as a means to obtain compatible and less compatible
interactions as in the present study. One example is Vidhyasekaran et al. [13], who in-
vestigated the role of toxins in the penetration processes of B. oryzae. The present study
used an approach with one cultivar and two isolates. This was based on pathogenicity
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testing by Thuy [25], where 75 Vietnamese isolates of the pathogen were inoculated on
eight differential rice cultivars. All isolates reacted similarly on the cultivars, i.e., a similar
kind of reaction was caused in all the differentials, with no differential interactions. Either
an isolate caused high levels or low levels of disease in the cultivars. There were no cases
where an isolate caused high levels of disease in one cultivar and low levels in another.
This made it impossible to find one isolate attacking two cultivars in a differential way.
Isolate K2 had a very low compatibility to all eight cultivars tested [25]. Not even the
cultivar Tetep showed a response different from other cultivars, even though this cultivar
is known to possess a certain level of resistance [31]. Therefore, a highly pathogenic isolate
(B5, denoted as giving a compatible interaction with MTL189) and an isolate showing a
very low degree of pathogenicity (K2, denoted as giving a less compatible interaction with
MTL189) were selected for the studies.

Germination of conidia was not different between the two isolates, whereas germ
tubes were longer in the compatible than in the less compatible interaction. Horino and
Akai [11] also found that the length of germ tubes of an isolate of B. oryzae was shorter
on coleoptiles of a resistant than on a susceptible cultivar, whereas Hau and Rush [12]
observed that germ tubes were longer on two resistant cultivars than on a susceptible
cultivar. We also found a significantly higher percentage of conidia of K2 producing
appressoria than for B5, and the average number of appressoria per conidium was higher
for K2 than for B5. This is in contrast to results by Hau and Rush [12], who observed that
early in the penetration process, the number of appressoria per conidium was higher on a
susceptible than on a resistant cultivar. However, Hau and Rush [12] studied two cultivars
inoculated with one isolate, so the results are not strictly comparable. The differences in
pre-penetration growth between the two interactions, we observed, likely reflect differences
between the two isolates studied. Pre-penetration growth is usually not expected to be
influenced by resistance of the host, even though this has been reported from other host-
pathogen systems [32,33]. There are reports on morphological variation between isolates
of B. oryzae [10,34,35], and therefore it is not surprising to find significant differences in
morphology and variation in the behaviour of the two isolates used in the current study.
Such variation among isolates should be taken into consideration when comparing the
present results with previous investigations in which two cultivars of rice and one isolate
of the pathogen have been used.

The percentage of conidia causing penetration was significantly lower for isolate K2
than for isolate B5 (Table 1). This can at least partly be explained by the observation that the
ability of appressoria to cause penetration was significantly lower for K2 than for B5. Again,
this difference may partly be attributed to differences in the pre-penetration growth of the
isolates, but the ability of the host to inhibit penetration of the two isolates is also important.
Hyphal progress was accompanied by tissue degradation for B5, with many large lesions
and abundant sporulation occurring at 192 hai. On the other hand, for K2, very limited
or no tissue degradation was seen, lesions were very small and sporulation was highly
restricted. This shows that the host succeeded in stopping pathogen development in the
less compatible interaction and thus prevented tissue degradation.

Several host responses to infection were differentially expressed to infection attempts
and infections by the two isolates. Formation of fluorescent papillae (FP) was seen only
for K2. FP is a well-known primary resistance mechanism against penetration attempts
by pathogens in species in Poaceae [36,37], but has apparently not been reported as a
host response against B. oryzae before. The percentage of conidia causing FP was very
low (1.5–2%), indicating that other mechanisms of resistance are involved. Likewise, the
percentage of penetration attempts causing papilla formation in rice infected by Pyricularia
oryzae has been found to be very low [38,39]. In the barley-B. sorokiniana interaction, Kumar
et al. [40] suggested that the toxin helminthosporol produced by the fungus is able to
suppress formation of papillae in the host. B. oryzae is also known to produce several
toxic compounds, the ophiobolins [13,41–43], and therefore a similar situation could be
envisaged in the rice-B. oryzae system, explaining the low occurrence of FP. In accordance
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with this, Vidhyasekaran et al. [13] found that a non-pathogenic isolate of B. oryzae was
inhibited just after penetration. They suggested that one of the primary roles of the toxin
produced by the pathogen is to suppress the synthesis of phenolic compounds, which have
been suggested to act as an important defence response in rice against B. oryzae [13–15].

Callose deposition was also observed as a response to infection (Figure 3E,F), occurring
to a higher degree in the less compatible than in the compatible interaction between rice and
B. oryzae, thus potentially indicating a role in defence. On the other hand, De Vleesschauwer
et al. [16] did not find any clear evidence for the role of callose in abscisic acid-induced
resistance in rice against B. oryzae, based on inhibitor studies. Callose deposition constitutes
a structural barrier in plants against attempted penetration and the development and
spread of pathogens in the host tissue [28,44,45]. Furthermore, callose deposition in cells
around the progressing hyphae could act by sealing off the flow of nutrients or water, as
well as inhibiting the action of fungal toxins and/or cell wall-degrading enzymes. These
functions would cause depletion of the nutrient base of B. oryzae and thus inhibit its growth.

DAB-staining showed that H2O2 accumulated in the epidermal cell walls beneath
appressoria and other parts of the epidermal cells. Penetration of B. oryzae was strongly
inhibited in the less compatible interaction. This inhibition cannot be explained by the
formation of FP alone, but accumulation of H2O2 could be a contributing factor. Accumula-
tion of H2O2 in the early stages of infection of biotrophic pathogens like powdery mildews
is known to inhibit fungal penetration [45,46] and some hemibiotrophic pathogens such
as Zymoseptoria tritici [47]. For Bipolaris species, Kumar et al. [40] observed that inhibition
of B. sorokiniana penetration was spatially linked to early H2O2 accumulation, and Poudel
et al. [48] also found that resistance in wheat against B. sorokiniana correlated with H2O2
accumulation and concluded that it was important in resistance. B. oryzae has often been
considered a purely necrotrophic pathogen, whereas the closely related species B. sorokini-
ana is most often considered a hemibiotrophic pathogen [e.g., 40,48]. We consider it very
likely that B. oryzae has a similar lifestyle to B. sorokiniana, and De Vleesschauwer et al. [16]
also concluded that B. oryzae may have a short biotrophic phase during the initial stages
of infection, during which it is sensitive to H2O2-dependent defence. This could suggest
why H2O2 could be a defence response that helps in stopping infection, at least during
the early stages of infection. Clearly, the specific role of H2O2 in stopping the growth of
hemibiotrophic pathogens such as B. oryzae needs to be further studied and may depend
on the pathogen genotype, as reviewed by Shetty et al. [49].

The percentages of conidia causing autofluorescent epidermal cells (FEC) and fluores-
cent cell walls (FCW) were higher for isolate K2 than for B5 at both time points (Table 1),
suggesting a positive correlation between these responses and the inhibition of B. oryzae.
Fluorescence in FEC and FCW occurred in the same cells, which showed whole-cell DAB
staining, thus suggesting that polyphenolic substances were accumulating, as also observed
by Kumar et al. [40] for barley infected by B. sorokiniana. Hyphal growth was not seen
in cells showing whole-cell DAB staining and autofluorescence. The number of conidia
causing single FEC was higher for isolate K2 than for B5 at 12 hai, but there was no signifi-
cant difference at 24 hai due to an increasing number of conidia causing multiple FEC at
that time (Table 1). Collectively, these observations could indicate that accumulation of
H2O2 and polyphenolic substances have an inhibitory effect on B. oryzae during the early
stages of infection, especially in the less compatible interaction. In the defence against
powdery mildews, FEC constitute a well-known phenomenon, which has been taken
as a manifestation of a hypersensitive reaction (HR) [45,46]. FEC effectively restrict the
growth of biotrophic and often hemibiotrophic pathogens [50] such as Pyricularia oryzae in
rice [31,39]. FCW are likewise known to restrict the growth of Pyricularia oryzae in rice [39].
In some cases, hemibiotrophic pathogens are not inhibited by HR. Thus, in the interaction
between B. sorokiniana and barley [40], and between barley and Pyrenophora teres [24], no
correlation between single FEC and inhibition of pathogen growth was found. Similarly,
Ahn et al. [31] concluded that HR was not effective in stopping the growth of B. oryzae
in rice. Kumar et al. [40] suggested that HR (FEC) might either occur too late to stop the
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fungus completely, or alternatively that the fungus might not be affected by cell death at
all. On the other hand, Jørgensen et al. [24] observed that multiple FEC could actually
inhibit the growth of Pyrenophora teres in induced resistant barley. Thus, the response was
not effective in stopping the pathogen in control plants, but given an enhancement by an
inducer treatment, it became quite effective. In the interaction between B. oryzae and rice,
multiple FEC could also be involved in inhibiting the growth of the pathogen, since this
response was significantly more frequent in the less compatible than in the compatible
interaction. This correlated with accumulation of H2O2 and polyphenolic substances as
well as the inhibition of hyphal growth, i.e., hyphae in the less compatible interaction
were thin and initially inhibited. Furthermore, hyphal proliferation was severely restricted,
resulting in only limited lesion formation and sporulation here.

Collectively, our data show that several potential defence reactions are activated in
interactions between rice and B. oryzae, varying in compatibility. Some of these responses
have not been reported before, but we were able to show correlation with incompatibility.
More advanced and comprehensive studies are required to elucidate the responses’ precise
role in defence and how the different responses are interconnected. Nevertheless, a first
identification of potentially pathogen-restricting responses can pave the way for a better
understanding of plant defence, and may ultimately benefit breeding for resistance.
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