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In wheat and barley several race specific resistance
mechanisms, such as failure of the pathogen to penetrate
the host cell wall, abortion or inhibition of haustorial
development and degeneration of haustoria in the epidermal
cells, and necrosis of the tissues surrounding the infected
cells have been reported against infection by Erysiphe
graminis (Hyde and Colhoun, 1975; Wright and Heale, 1988;
Kunoh et al., 1990; Toyoda et al., 1990; Nashaat and Moore,
1991; Wang et al., 2003). The rate reducing resistance has
also been observed against wheat and barley powdery
mildews in compatible interactions (Shaner, 1973; Nass et
al., 1981; Sharma et al., 1991). Although, a large number of
resistance sources to the pathogen have been identified
and characterised in India (Sharma and Singh, 1990;
Basandrai and Sharma, 1990; Upadhyay et al., 1972) but
no published account is available on powdery mildew
resistance mechanisms in wheat.

The present investigation was undertaken to study the
chronology of events in the infection process of E. graminis
f sp. tritici in different genotypes of wheat to determine when
and how compatible and incompatible interactions are
differentiated. A quantitative analysis was also made on
histological developments occurring during powdery mildew
infection on both resistant and susceptible genotypes.

MATERIALS AND METHODS

Pathogen

Pathotype 4 of Erysiphe graminis f. sp. tritici, maintained on
susceptible wheat cv. Agra Local, was used in the

investigation. The pathotype was characterised on
avirulence/virulence formula:

Pm 1,2,3a, 3b, 4, 2+6/Pm 3c, 5, 7, 8, Ma.

Host material

Eight wheat genotypes having specific genes for powdery
mildew resistance were included in the study viz. Norka x
Cc8 (Pm 1), CS/Hope (Pm 5), TP 114 (Pm 2+6), Kavkaz (Pm
8), Amigo (Pm 17), Sappo (Pm 2+4b) and Kronjuwel (Pm
4b+8), two commercially grown cvs. HS 240 and HS 295,
and universal susceptible cv. Agra local.

Inoculation of seedlings

Eight days old potted seedlings were spread horizontally
on a glass sheet. The abaxial surface of leaves were kept in
upwards position and inoculated by shaking over them
heavily mildewed seedlings of Agra Local from 30 cm
height. Uniformity in inoculum distribution on leaves was
ensured by microscopic examination of conidia trapped on
vaseline coated glass slides placed along with the leaves.
The inoculated seedlings were incubated in a muslin cloth
covered wooden chambers (temperature: maximum 20±3
°C, minimum 12±3 °C) under natural light.

Infection process and components of rate reducing
resistance

The time course of the infection process was followed
histologically using a Nikon Biophot microscope.The central
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portion of the inoculated leaves was cut into 0.5 and 1.0 cm
segments after 12, 24, 48, 72, 96 and 144h of inoculation.
The leaf segments were decolourised in Carnoy’s solution
(Haywood and Ellingboe, 1979), stained in lactophenol
trypan blue solution (0.02%), and examined
microscopically.

For quantitative determination of the pathogen development
on both resistant and susceptible genotypes, observations
were recorded on conidial germination, appressorium
formation, elongated secondary hypha (ESH) production,
haustorium production and their size, and rate reducing
components including incubation and latent periods, colony
number and size, sporulation index, and sporulation
capacity (Shaner, 1973; Hyde and Colhoun, 1975; Nashaat
and Moore, 1991).

RESULTS AND DISCUSSION

Sequence of events in the infection process

Compatible host pathogen interactions: On cv. Agra Local,
the germinated conidia produced appressoria terminally
on germtubes within 12h of inoculation. A mature
appressorium was subtended by the septum formed across
the germ  tube. Appressoria were more or less foot shaped,
closely appressed to the host surface, and produced
primarily on periclinal host cell wall (Fig. 1a). Primary
penetration of the host surface was direct and the infection
peg formed at the undersurface of the appressorium
penetrated through host cuticle and outer epidermal cell
wall. Mostly, penetration was effected within 24h of
inoculation through the penetration holes having smooth
margins (Fig. 1b). Occasionally epidermal cell wall thickened
and formed a collar like structure (papilla) around the
infection peg (Fig. 1b). An oval shaped primary haustorial
body developed within the epidermal cell at the tip of
penetration hypha (Fig. 1b). Between 24 and 72h of
inoculation, the haustorium increased in size and digitate,
elongated finger like appendages developed from both
ends of the haustorium. Concomitant with haustorial
development, formation of elongated secondary hyphae
from appressoria on the host surface was also observed
after 48h of inoculation (Fig. 1c). A mycelial weft developed
on the leaf surface with continued growth and branching of
elongated secondary hyphae. Growth of mycelial weft was
accompained by secondary penetration of the leaf surface
and subsequent production of secondary haustoria
between 48 to 72h of inoculation (Fig. 1d). In stained material,
blue “halos” were often observed 6 days after inoculation
along the sites of subsequent penetrations. Secondary
penetrations were effected through the penetration holes
produced within “halos” (Fig. 1e, 1f). Conidiophore
development sites were deeply stained and terminally
swollen appendages were formed on the mycelial weft after
48 to 72h of inoculation (Fig, 1g). These had swollen bases
and produced conidial chains with mature conidia in
acropetal succession after about 6 days of inoculation.

A similar sequence of events was observed during
infection in compatible host pathogen interactions, involving
pathotype 4 of E. graminis f. sp. tritici of other susceptible

host genotypes, viz. CS/Hope (Pm 5), Transec (Pm 7), Kavkaz
(Pm 8), Amigo (Pm 17), HS 240, and HS 295. However,
development of sporulating colonies in Amigo (Pm 17), HS
240 and HS 295 were observed after seven days of
inoculations instead of six days in CS/Hope (Pm 5), Transec
(Pm 7) and Kavkaz (Pm 8). Although histological studies
have been carried out to understand mechanisms of
resistance associated with some known powdery mildew
resistance genes (Pm genes) in wheat (Slesinski and
Ellingboe, 1969; Hyde and Colhoun, 1975; Haywood and
Ellingboe, 1979), such investigations involving susceptible
genes Pm 7, Pm 17 and resistant gene combinations Pm
2+4b, and Pm 4b+8 are being reported here for the first
time.

Incompatible host pathogen interactions: Various levels
of resistance mechanisms were observed in resistant
genotypes Norka x Cc8 (Pm 1), TP 114 (Pm 2+6), Sappo

Fig. 1. Infection process of Erysiphe graminis f. sp. tritici ‘pathotype
4’ on Triticum aestiuum cv. Agra Local: (a) Germinated
conidium showing appressorium (app) with subtending
septum (se) (12h after inoculation), x 1000; (b) Primary
penetration of the host-surface by a conidium, showing
primary germtube (pgt), papilla (pa) and primary haustorium
(pha) (24h after inoculation), x 2000; (c) Conidium with
elongated secondary hypha (esh) and condiophore (cp)
on host-surface and primary haustorium with digitate
processes (pha) within the epidermal cell (48h after
inculcation) x 1600; (d) Secondary penetration of host-
surface showing secondary haustoria (sha) (72h after
inoculation) x 1600; (e) Secondary penetration showing blue
“halos” around the penetration site (arrow) and secondary
haustoria (sha) within epidermal cells (6 days after
inoculation), x 2000; (f) smooth penetration hole in the “halo”,
indicated by an arrow (6 day after inoculation), x 2800; (g)
Conidiophores (cp) with conidial chains (cc) (6 days after
inoculation), x 800.
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(Pm 2+4b) and Kronjuwel (Pm 4b+8). Conidial germination
was less on resistant genotypes, particularly on Norka x
Cc8 and Sappo, as compared to susceptible ones. Germtube
growth was normal on all the resistant genotypes except
Sappo on which growth was inhibited (Fig. 2a). On Norka x
Cc8 and Sappo mature appressoria formed after 24h of
inoculation (Fig. 2b), while on Kronjuwel and TP 114 mature
appressoria developed after 12h (Fig. 2d, 3a). On Sappo
(Fig. 2b, 2c) and Kronjuwel (Fig. 2e, 2f) the germtubes
appeared weak, shriveled and distorted when examined
after 24 to 72h of inoculation. Appressoria appeared
reduced in size, flattened and deformed. Growth of the
pathogen stopped after papilla formation on Kronjuwel (Fig.
2e). Further development of pathogenic units was inhibited
after appressoria formation in Sappo. In genotypes Norka x
Cc8, Sappo and Kronjuwel mesophyll cells underlying the
infection court assumed loose disorganised appearnce
within 48h of inoculation (Fig. 2g). This indicated that
resistance mechanisms probably became operative at the
cuticular level. However, in other investigations cuticle
provided no serious barrier to penetration (Jarosz et al.,
1982; Nashaat and Moore, 1991). Svec and Mikulova (2009)

Fig. 2. Infection process of Erysiphe graminis f. sp. tritici ‘pathotype
4’ on Triticum aestivum genotypes Sappo (a-c) and Kronjuwel
(d-g): (a) Germinated conidium with inhibited germtube
growth on Sappo (12h after inoculation), x 1600; (b) An
ungerminated conidium and a germinated conidium with
mature appressorium on Sappo (24h after inoculation), x
1200; (c) Shrivelled and distorted appressorium and
germtube on Sappo (48h after inoculation), x 1200; (d)
Conidium with primary germtube (pgt) and mature
appressorium (app) on Kronjuwel (12 h after inoculation), x
1800; (e) Papilla (pa) formation around the penetration site
in Kronjuwel (24h after inoculation) x 1200; (f) Shrivelled
and distorted growth of the pathogen on Kronjuwel (48 h
after inoculation), x 2400; (g) Disorganization of mesophyll
cells in Kronjuwel (48 h after inoculation) x 1600

compared the values of pre-haustorial resistance in the
supersensitive hexaploid control cultivar Ai-bian 1 and in
dicoccum wheat genotypes CGN 11486 and TRI 6158. It
was reported that in the dicoccum samples less than 80%
of pathogen’s units were arrested in appressorial stage and
more than 20% infection units could penetrate the host’s
cell and developed into secondary germ tube stage by 48
hours after inoculation. Lupton (1956) reported that E.
graminis germinated and produced appressoria on the
leaves on Triticum carthlicum, T. dicoccum var. farrum and
T. dicoccum f sp. georgicum, T. timopheevi and Aegilops
caudata but it was unable to penetrate the epidermal wall.
In another investigation, almost complete inhibition of ESH
formation was observed in near isogenic line CI 14123 (Pm
4) and cv. Khapli (Pm 4 donor) inoculated with either isolate
W 9/30 or W 71/178 of E. graminis f. sp. tritici (Hyde and
Colhoun, 1975). The reaction was a marked epidermal
hypersensitivity which resulted in the rapid abortion of
developing haustoria after penetration.

Formation of papillae was observed in KronjuweI (Pm
4b+8). Some workers have found association of papillae
with race specific incompatibility (Stolzenburg et al., 1984;
Nashaat and Moore, 1991) whereas, others did not find
evidence of their involvement in resistance (Hyde and
Colhoun, 1975; Wright and Heale, 1988; Serezhkina et al.,
1996; Hu and Kang, 1998). In the present investigations
papillae were also observed in the universal susceptible
cv. Agra local also. This showed that papillae probably have
no role in resistance.

As stated above, Sappo and Kronjuwel containing
genes Pm 2+4b and Pm 4b+8, respectively, showed
resistance to pathotype 4, however, Kavkaz containing gene
Pm 8 was susceptible. It has been shown by other workers
that the P2/Pm2 gene combination did not appear
incompatible until approximately 3 days after inoculation,
when mesophyll cells underlying the infection court turned
necrotic (Slesinski and Ellingboe, 1969; Hyde and Colhoun,
1975). However, in the present investigation a genotype
containing gene Pm 2 could not be tested. It may be
concluded -from the available evidence in the present
studies that gene Pm 4b in combination with the genes Pm
2 and Pm 8 in genotypes Sappo and Kronjuwel, respectively
resulted in incompatibility with pathotype 4.

On TP 114 penetration of host cell walls, primary
haustorial development, elongation of secondary hyphae,
secondary penetrations, lesser development of secondary
haustoria, and restricted growth of mycelial weft were
observed (Fig. 3b, 3c, 3d). However, further production of
primary and secondary haustoria stopped after 96h of
inoculation (Fig. 3d). Although conidiophore initials were
formed, no conidiophore or conidia developed. As has been
observed in the present studies, Wu et al. (1985) and Wang
et al. (2003) reported resistance to E. graminis f. sp. tritici in
some cvs of wheat was conferred by reduction in number
and final size of haustoria. A reduction in the size of haustoria
in incompatible interactions were also found by Haywood
and Ellingboe (1979). It is thus clear that the resistance
mechanisms in TP 114 (Pm2+6) are different from those in
Norka X Cc8 (Pm1), Sappo (Pm 2+4b) and Kronjuwel (Pm
4b+8).
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Quantitative analysis of histological development during
infection: Data was recorded on conidial germination,
appressorial formation, elongated secondary hyphae and
haustorial production for quantitative determination of
powdery mildew development on different genotypes (Table
1). Conidial germination was at par on all the susceptible
cultivars. However, it was significantly less on resistant
genotypes Norka x Cc8, TP 114, Sappo and Kronjuwel as
compared to susceptible ones. Appressorial formation was
significantly less on all resistant genotypes as compared to
Agra local and other susceptible genotypes. Appressorial
formation was least on genotype Norka x Cc8, followed by
Sappo and Kronjuwel. On susceptible genotypes the
mature appressoria produced ESH. However, inhibition in
ESH production occurred on resistant genotype TP 114,
while on others such as Norka x Cc8, Sappo and Kronjuwel
no elonagated secondary hyphe (ESH) were produced.

In susceptible genotypes 80-90% parasitic units
produced primary haustoria after 48 h of inoculations
against 30 % in the resistant genotype TP 114. Primary
haustorial production was not observed in Norka x Cc8,
Sappo and Kronjuwel. The size of primary haustoria was
the largest in genotypes Transec and HS 240, and the
smallest in TP 114.

In susceptible genotypes 5.1-6.1 secondary haustoria
per parasitic unit were produced as against 0.6 haustoria
per parasitic unit in the resistant genotype TP 114. No
secondary haustorial production was observed in Norka x
Cc8, Sappo and Kronjuwel.

Components of rate reducing resistance

Observations on components of rate reducing resistance in
compatible combinations were recorded on incubation and

Fig. 3. Infection process of Erysiphe graminis f. sp. tritici pathotype
4 on Triticum aestiuum genotype TP 114: (a) Germinated
conidium showing primary germtube (pgt) and
appressorium (app) with subtending septum (se) (after 12h
after inoculation), x 1200; (b) Primary penetration by a
conidium showing primary haustorium (pha) (24 h after
inoculation), x 1800; (c) Primary penetration showing
haustorium (pha) with digitate process (dp) and elongated
secondary hyphae (esh) (48h after inoculation), x 800; (d)
secondary haustoria (sha) developing within epidermal cells
and conidiophore intials (ci) developing on mycelial weft
(72h after inoculation), x 1600; (e) Restricted growth of
mycelial weft with secondary penetration sites (sps) (96h
after inoculation), x 1600.

Table 1. Conidial germination, appressorial formation, elongated secondary hyphae (ESH) and haustorial production by Erysiphe graminis
f. sp. tritici pathotype 4 on different wheat genotypes

Genotype Powdery Reaction to Conidial Appressorial ESH/Appr.           Primary Mean Mean
mildew pathotype 4 germination formation (%) (%)           haustorial primary number of

resistance (%) (12h*) (24h*) (48h*)            production haustorial secondary
gene(s)             (%) size (mm) haustoria/

(72h*) parasitic
(24h*) (48h*) unit(72h*)

Agra local None S 86 (68.0) 85 (67.2) 100 80 85 107.3 x13.5 5.1

Norkax Cc8 Pm 1 R 13 (21.1) 13 (21.1) — — — — —

CS/Hope Pm 5 S 93 (74.7) 90 (71.6) 100 70 85 107.3x13.5 5.4

TP 114 pm 2+6 R 62 (51.9) 60 (50.8) 80 25 30 68.8x13.5 0.6

Transec Pm 7 S 92 (73.6) 90 (71.6) 100 75 82 118.4x13.5 5.9

Kavkaz Pm 8 S 96 (78.5) 96 (78.5) 100 78 80 99.9x13.5 5.8

Amigo Pm 17 S 92 (73.6) 90 (71.6) 100 85 90 108.0x13.5 5.8

Sappo Pm 2+4b R 50 (45.0) 34 (35.7) — — — — —

Kronjuwel Pm 4b+8 R 48 (43.9) 48 (43.9) — — — — —

HS 240 ? S 89 (70.6) 88 (69.3) 100 80 80 118.4x13.5 6.0

HS 295 ? S 91 (72.5) 90 (71.5) 100 75 85 107.3x13.5 6.1

S.E. ±2.3 ±1.3

CD (5%) 4.8 2.7

*hours after inoculation; ?=not known; R=resistant; S=susceptible
Data was taken on 90 units from three replicates and analysed following completely randomised design (CRD)
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latent periods, colony number and size, sporulation index,
and sporulation capacity (Table 2).

In Agra Local, CS/Hope, Transec and Kavkaz
development of macroscopically visible colonies and spore
production were recorded after 4 and 6 days. Genotypes
Arnigo, HS 240, and HS 295 exhibited incubation and latent
periods of 5 and 7 days, respectively. Similarly, longer
incubation and latent periods vis a vis Agra Local as reported
earlier in Chul x Cc8 having gene Pm 3b (Sharma et al.,
1991) and HS 240 (Kanwar, 1993). A significant reduction
in colony number/unit leaf area was recorded in all the
susceptible genotypes as compared to Agra Local. In
Transec, colony size was at par with Agra local, while in
other susceptible genotypes/cvs. colony size was
significantly smaller. Sporulation index in HS 240 was
statistically at par with susceptible cv Agra Local, while in
other compatible genotypes sporulation index was
signicantly less. Sporulation capacity was markedly reduced
in all compatible combinations, particularly CS/Hope and
Amigo, over Agra Local.

All genotypes and cvs. developed significantly less
colonies per unit area as compared to Agra Local. These
genotypes/cvs., except Transec and HS 240, also exhibited
smaller colony size and low sporulation index, respectively,
in comparison to Agra local. Aggarwal and Bahadur (1995)
studied the development of E. graminis tritici on susceptible
and resistant wheat genotypes through scanning electron
microscopy. Scanty growth and few conidial chains were
observed on resistant genotypes, HD 29 and HD 30 and
heavy growth with 24-30 conidial chains per microscopic
field were observed in susceptible Cu, WL 711. Similarly,
Ryabchenko et al. (2003) reported that development of E.
graminis f. sp. tritici on wheat- Aegilops derived line 135/99
was characterized by longer incubation period and sparse
colonies from mycelial hyphae with multiple hyphal lobes
with often disturbed adhesion to the surface of epidermal
cells. Low sporulation has also been reported in near -
isogenic lines having genes Pm 3c, Pm 4 and Pm (Ma) vis
a vis susceptible cv. Agra Local (Nass et al., 1981). Likewise,
smaller colonies and low spore production was observed
in lines with genes Pm 3a, Pm 3b, Pm 3c, and Pm 8

compared to cv Agra local (Sharma et al., 1991). The rate
reducing resistance in CS/Hope, Transec, Kavkaz, and
Arnigo appears related to genes pm 5, Pm 7, Pm 8, and
Pm17, respectively. In commercially cultivated line HS 240,
the rate reducing resistance is possibly related to gene Pm
8, incorporated by genotype Veery in the pedigree. The
results also clearly indicated existence of gene(s) for
residual resistance in HS 295.

The lack of development of visible colonies in Norka x
Cc 8(Pm 1), Sappo (Pm 2+4b), Kronjuwel (Pm 4b+8) and TP
114 (Pm 2+6) implied that resistance mechanisms
operating in these genotypes were capable of inactivating
build up of the initial inoculum. Race specific vertical
resistance genes retard epidemic development by reducing
the effective initial inoculum (Vanderplank, 1963, 1968).
Hence, genotypes Norka x Cc8, TP 114, Sappo, and
Kronjuwel showed race specific vertical resistance. As is
evident from the longer incubation and latent periods, less
number of colonies per unit area, smaller colony size and
reduced sporulation in CS/Hope, Transec, Kavkaz, Amigo,
HS 240, and HS 295 on inoculation with Egt pathotype 4
with matching virulence, race-specific resistance also
reduced the apparent infection rate. Thus genotypes
possessing major genes for resistance also showed rate
reducing/residual resistance upon confronting the matching
virulence. Reduction in the apparent infection rate is a trait
generally attributed to gene(s) for horizontal resistance
(Vanderplank, 1963, 1968). Race specific major and non
race specific minor genes have also been described as
expression of different actions of the same gene(s) in
different genetic backgrounds of the pathogen (Nelson,
1975, 1978). Furthermore, the residual or ghost effect of
polygenes is reflected in components of rate reducing
resistance (Clifford, 1975). This residual resistance can be
effectively employed in the development of multiline
varieties with buffering effect to disease development.
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