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Introduction

The philosophy and approach of plant discase management have been greatly
_influenced by the evolution of an Integrated Pest Management concept, developed
,originally as an integrated cuntrol approach for insects(57). This concept has
developed into a holistic, multidiscipli 2 system that integrates control
methods, on the basis of ecological and cconomic principles, for pests of all classes
that coexist in an agroecosystem(13). Disease management is an integral part of the
crop management system and it implies that discases are inherent components of the
agroecosystem that must be dealt with on a continuous knowledgeable basis.
Management is based on the principle of maintaining the damage or crop loss below
an economic injury level. Plant disease epidemics result from the conjunction of host,
pathogen, weather and time(73) and variations in any of these factors greatly
influence the course of an epidemic.

Pearl millet (Pennisetum glaucum (L.) R. Br.), an important cereal crop of the
semi-arid tropical parts of India, is grown annually on about 11 million ha, mainly in
the states of Andhra Pradesh, Gujaral, Haryana, Karnataka, Madhya Pradesh,
Maharashtra, Rajasthan, Tamil Nadu, and Uttar Pradesh. Pcarl millet suffers from a
number of fungal, bacterial, and viral discases, witchweed (Striga asiatica), and

des(31). Di that are idered cconomically important, in order of
their loss causing potential, are downy mildew (Sclerospora graminicola Sacc.
Schroet.) ergot (Claviceps fusiformis Loveless) smut (Tolyposporium penicillariae
PBref.), and rust (Puccinia penniseti Zimm.). Although these discases have been known
in India for a long time, they reached economic damage level only in the late 1960s
and the carly 1970s when F, hybrids occupied a relatively large arca in the farmers’
fields (67). The higher susceptibility of hybrids is attributed to their greater genetic
uniformity than the open-pollinated varieties(39).

In order to develop a practical discase 2 program knowledge on the
biology of the pathogen, epidemiology of the disease, and genetics and mechanism of
discasc resistance are essential. In this paper an attempt is made to review and



34 Basic Research for Crop Disease Management
analyse the information available on each of the l'our dueues md:cued above, and

discuss the priority areas needing research to achi g gt

in pearl millet.

Downy Mildew

Biology

Reproduction: R duction in S. graminicola is both sexual and asexual. Oospores,

lhe sexual sporcs, are produced in lhe host tissue from a combined infection by two
sexually compatible mating type zoospores(24). Oospores are thick-walled, spbenul,
light to dark brown, long-lived, resting spores which enable lhc pathogen to survive
long, hot-dry, crop-free periods in the field. Although ger of oosp in vitro
has been difficult to obtain, some reports(25, 62) claim that oospores germinate by
the germ tube, germ sporangia, and by sporangiophores, by the extrusion of small,
multinucleate bodies and by the formation of vesicles.

The process of asexual reproduction is dependent upon the supply of
photosynthate in the infected host organ, temperature and relative humidity (RH).
Sporangia, the asexual spores, are produced on the tips of sporangiophores emerging
from the abaxial surface of the infected leaves. They germinate directly by release of
motile zoospores through a pore produced in operculum in the apical region of
sporangium. Zoospores, once liberated, normally swim in a thin film of water before
undergoing encystment and retraction of the flagella. Each sporangium produces 3-8
zoospores(63) and they germinate by producing a germ tube and appressorium while
still in water(38). Zoospores are fragile and ephemeral and they seldom survive at
temperatures above 32°C and below 14°C(63).

Cytology: Cytological studies on S. graminicola have been reported by Shetty(43).
Nuclei from the hyphac located in the leaf tissue migrate into the knob-like structures
of sporangiophores that emerge from stomata. Subsequently, the nuclei from
sporangiophores migrate m(o the sporangia as soon as these are formed. Normally 3-
5 nuclei enter each sporangi but ionally as many as 13 nuclei have also been
observed. All the nuclei are functional and a zoospores is formed around each of
them. Liberation of zoospores from the sporangium is completed within 5-10 min and
within 30-45 min a germ tube is produced from a zoospore and the nucleus migrates
into the tube. When approssoria develop, nuclei occupy the apical region of the germ
tube.

Shetty and Ahmed(“) reponed differences in the nuclear contents of l\x‘

h ic races of S. gr The pathogenic race specific to NHB 3 had 2-
nuclcl per sporangium wlule the other noc specific to ‘Kalukombu’ had 3-13 nuclei, ¢
being the most common.

Mai of culrure, lum. S. graminicola is an obligate biotroph. Attempts to
grow the fungus in axenic culture usmg tissue culture techniques have met with
limited success(9, 38, 64). Callus culture obtained from. the downy mildew infected
stem-tip and panicle of pcurl millet, developed mycelia after 20-25 dayi. After profuse
mycelial growth sporangia were produced and subseq y oogonial and antheredial




Basic Research on Management of Pearl Millet Diseases 345

structures developed. The fungus culture can be maintained on callus by repeated
subculturing for up to 5 years without losing its virulence(43).

Transmission of downy mildew from infected to healthy calli occurred through
contact within 3 days and from infected callus to healthy seedling within 1 week.
Young seedlings of a susceptible pearl millet line were successfully infected by placing
them on a heavily sporulating leaf for 4-5 h (27). The seedlings were transferred to
the Murashige and Skoog medium supplemented with nutrients and incubated at 20
+ 1 C with a 12 h photoperiod. Callus initiation occurred in 3 days and mycelial
growth of S. graminicola in 6 days. This tcchnique can be used for screening pearl
millet genotypes for downy mildew resistance, and from resistant calli plantlets can be
regenerated to produce resistant plants(43). However, the effectiveness of such
resistance under field conditions is yet to be demonstrated.

Epidemiology

Pathogen factors: Both seed-borne and soil-borne inocula are known to be a source of
primary infection. Surface contamination of seed with oospores lying in glumes and

-icarp is reported to be a major source of sced inoculum(75). The internal seed
uansmission of the disease has been a subject of controversy for a long time. In one
study(45) mycclium present in the cmbryo caused scedling infection, and a lincar
relationship was observed between the numbcer of infected embryos and infected
scedlings, while in another(76) a successful transmission of the disease was not
obtained under controlled conditions from the sceds suspected to be infected with S.
graminicola. The subject has recently been reviewed(75). Nevertheless, the evidence
in favour of internal seed transmission of the discase warrants the excrcise of caution
in the movement of pearl millet seed from the crops infected with downy mildew. A
procedure has been laid out(75) to elimi the possi h of seed
transmission of the disease. The procedurc i harvest ph lly mature
seed from downy mildew frec plants, thoroughly sun-dry to 10% moisture level,
remove all glumes, husks, and debris, surface sterilize seeds in 0.1% HgCl, for 10 min
followed by several washes in sterile distilled water, redry the seed, and treat it with
metalaxyl at 2 g a. i. kg seed.

1ud; FR)

Failurc to germinate oospores in vitro has bcen the major limitation in the
quantitative estimation of the infective potential of cosporic inoculum in soil, although
oosporic inoculum is used to infest soil in ficld and pot experiments, and in fact the
‘j;:k-plol" technique of screening for downy mildew resistance is based entirely on

poric inoculum in the soil. Subramanya et a/.(60) reported 31% seedling infection
with oospores alone and 68% with both oospores and sporangia. The role of ocospores
in the secondary spread of the disease, however, is likely very limited.

Sporangia produced on the infected plants play a major role in the secondary
spread of the discase(S5, 60), although this remained doubtful for a long time(37).
Under severe disease pressure the infected secdlings die within 15-20 days and such
seedlings may not contribute to cosporic inoculum in the soil. The infected plants that
survive produce sporangia and later oosporcs in the necrotic tissues. As the plant
grows the infected lcaves senesce and fall to the ground adding numerous oospores
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through leaf dcbris in the soil. Air-borne cosp are also deposited b the
glumes of the sced and are carricd on the seed as external contaminant. The asexual
phase of the pathogen is very efficient; the sporangial cycle repeats every 24 h under
favourable conditions, the number of sporangia produccd per unit infected leaf
surface is large, and spore dispersal and disseminatior is rapid.

Envi Envir I factors, particularly temperature and RH, influence
sporulation to a great extent. Sporulation occurs between 14 and 30 C and the
maximum is at 23 C and 100% RH(37). Light is also known to influence sporulation,
and a minimum of 2 h exposure to light of infected lcaf prior to incubation at 24 C
and 100% RH is essential for sporulation and with increasing light duration
sporangial production per unit lesion areas increases(43). Production 35000 sporangia
em” of lesion and 11 crops of sporangia were reported (38). Sporangia are forcibly
discharged from sporangiophores up to 2.5 m (23) and sporangial liberation occurs
continuously at 24 C and 100% RH in darkness. The viability of air-borne sporangia is
influenced by prevailing temperature, RH, and wind speed before they are deposited
on a suitable substrate. About 50% sporangia rcmain viable for at lcast 1 h at 98%
RH, 22 C, and 50 m min' wind speed (59). Singh and Williams (55) recorg;
dispersal of sporangia up to 340 m during the rainy scason but the discase spri
occurred only up to 80 m from the inoculum source during the dry scason, while
Mayee and Sirasker(22) recorded spread of the disease up to 2 km from the
source of inoculum. Sporangia that fall to the ground, under favourable conditions,
can liberate zoospores in wet soil which can infect plants through roots and root hairs.
Sporangia deposited on the soil have been reported to remain infective upto 5 h (36),
and these can be source of secondary inoculum as well.

Infection Process: Infection of the pearl millet secdlings by zoospores occurs through
roots, root hairs, coleoptiles, and the young meristematic tissues enclosed in the leaf
whorl(61). Germinating zoospores develope an appressorium and a tube-like infection
peg that develop into primary vesicles which later develop as intercellular hyphae
(43).

Pathogenic Variability: Intervarictal differences in susceptibility to S. graminicola in
pearl millet was for the first time reported by Bhat (8). A pearl millet hybrid, NHB 3,
was reported resistant at Mysore but susceptible at other locations in India. Similar
observations were made in West Africa (15) and in India again on some other pearl
millet lines (44). Results of several years of multilocational testing of pearl millet lines
in the International Pearl Millet Downy Mildew Nursery in several countries in W
Africa and India clearly indicate the differential susceptibility of a set of pearl millet
llnes (54). Studics at the University of Readmg, UK, provide strong evidences of the
of different pathotypes of S. g icola in India and West African countries
(4-6, 54) S. gﬂnumcola isolates l'rom West African countrics were generally more
aggressive than those from India, and among the West African isolates, those from
Nigen'a were the most aggressive. An isolate from Zambia rescmbled Indian isolates
in virulence, but dll‘l’ered in ns re:cuon on a hybrid, BJ 104, in which it produced
normal d to stunt i duced by all the other
isolates from India and Wesl Afnca In India, NHB 3, whnch is known for its high
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sceptibility has shown resistant reaction at one location, Durgapura, Rajast“an,
ice 1981(54). This shift in the disease reaction of NHB 3 from susceptibility to
sistance over a period of few years, when NHB 3 was out of cultivation, can be
ributed to a change in the virulence of the pathogen population in the absence of
4B 3 at that location. Differential reactions of MBH 110 and 852 A/B to S.
iminicola isolates from ICRISAT Center, Mysore, and Aurangabad provide further
idence of the existence of different pathotypes (S.B. King, ICRISAT, personal
mmunication).

:sistance

The mode of inheritance of resistance to downy mildew is not very clear. In
me studies resistance was rcported to be governed by single~ or double-dominant
nes(2, 14, 53) while in other cases by polygenes with additive and nonadditive
‘ects(7, 46, 51). These diffcrences among genotypes for resistance to downy mildew
uld be either due to true genctic diffcrences or due in part to other factors, such as
= use of heterozygous host genotypes, variable pathogen popnlalions, variable

=ulum concentrations, differcnt inoculation methods, and differences in weather
llmonﬁ(54) To obtain meaningful results these variabilities have to be reduced
d experiments need to be conducted in controlled cnvironments.

It is well known that pearl millet plants arc usually more susceptible to S.
iminicola at the seedling stage than at the later stages of growth, indicating a kind
‘adult plant resistance’ phenomenon. It means that if plants are protected for about
veeks at the seedling slage, downy mildew mcndencc can very well be reduced. Seed
:atment with a laxyl, to control downy wildew works on the
me principle of seedhng prolectmn In certain cases, however, melalaxyl has been
ind ineffective and this is probably because of inactivation of the active ingredients
exposure to high soil temperature, drought stress, or the evolution of a metalaxyl-
iistant S. graminicola population.

Recently a new type of resistance called ‘recovery resistance” has been
:ntified(18). This resistance is expressed by producing symptom-free leaves on the
iin shoot which show downy mildew infection on primary leaves, or producing
nptom-free secondary shoots from the plants showing downy mildew on the main
dot, This phenomenon is in contrast to the generally believed concept for systemic
ection in downy mildew. This recovery resistance has been shown to be heritable
lIffen‘» a kind of immunity in the plants. This kind of resistance seems very useful,

ore studies are needed to understand the mechanism and durability of this
iistance before it could be utilized a resistance breeding program.

got

sHogy

production: Both sexual and asexual reproductions occur in C. fusiformis.
cospores, the sexual spores, are produced from germinating sclerotia thai are

kned in the infected florets of penrl millet. Sclerotia are brown to dark brown or
'k and of variable shapes and sizes. Considerable morphological variations were
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reported among C. fusiformis isolates collected from different parts of India(12). Host
genotypes and environmental fmots, parucula.rly lempennn'e. humidity, and
of rain sh seem to i morphology. Germination of
sdero(uhubeenemnc.mdgemmnuonmﬁeldmd" ,Il.been ported
with varying d of 21, 30, 69). On ger stipes
andglobtdnrcapuuhanthﬂrupsNumetompmlormpembuamembeddedm
the peripheral somatic tissue of the capitulum. Asci are i persed with p
in perithecia. Asci are long, hyaline, and operculate with 2 narrow base. Each ascus
wnwnlelghtuwlporuwlnchuelonghydme,nonupuw and thin-walled.

duced in the honeydew from infected florets are the asexual spores
ofthcﬁmc"’ ’,‘ 'Ltwotype;ofeomdn,pnmaryor
idi 11 47), but in some cases production of
tertiary conidia Ius dlo been repcmed(29 47). Macroconidia are fusiform and
hyaline, wh are globose and hyaline. Macroconidia from fresh
houydewgcrmmnem:dnlywnhm 16hal 25 C(12, 69), and arc usually more
than idia. Both macro and microconidia germinate by producing

one to several germ tubes that bear macro or microconidia at the tips.

Cyroloy Cytological mformulon on C. fusiformis is very limited. Prakash et a/(29)

ported that are ) and that, on germination, the nucleus from
the ncoxpore mwate: mto the pnmnry conidium and from lhere into secondary
without g any division. In some p the divided into!
twogwmgmelotwopnmury comdu Their i lation studies indicated that onk
the last-f d were inf irrespective of their origin from ascospores o
conidia.
culture/inoculum: C. fusiformis is a b hi The fungu:
unusdybecukuredonardﬁudmedu The most eommotdyusedmedmm1.
KirchofPs 100 g, p jum dihydrogen phosphate 1 g, asparagine 1 g

magnesium sulphate 025 g, and 1 L distilled water). Maximum growth anc
sporulation on KirchofPs medium occnrredulpHG.S—lSu?jC.mdspomhumw
inhibited at pH 9(42). Alpangmc and uugneslum sulphate were found to be the bes

and p y, but sulph of barium, bismuth

of nitrog

sodmm.ndoopperwetonc.

GmmhofCﬁu#mmeirchoﬂ’smdiumisusunﬂymy:hw;myoaﬁxj
wmhmmwhhh?dnj:mdwﬂamwnhmlmbnﬁcnnme&q r

lmtlblefotmnmumngthewlmno(lhefungmbmnmmﬁllfor
inoculum. Luxuriant growth and sporulation of C. fusif was reported(20) of
modified calcium nitrate medium (calci numel;dihydmmpotnﬁun
hosphate 2.5 g, i iphate 1.25 g, maltose 2%, and pep 12gin1}
dmnedwnter) Honeydew droplets appeared on the mycelial growth 25 days afte]
moculmmonthemedmmu%*zc

Epidemiol

Pathogen Factor: Sclerotia left over in the field at harvest or mixed with sced serve
primary inoculuni for the next crop. These sclerotia germinate, following rain showe
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that b bornemdmfectpearlmllﬂ
ndesltﬂowermpln.ddmonto p d in the cavitics and
lhe:mfmdlderoﬁam:umw&ommuopmntolheunmdum
ction(65). Honeydew appears within 1 week after inoculation and conidia, both
o and micro, contained in the honeydew are the major source of spread of the
ase in a scason(47). Comdnmdmemmtedbysphshmgrmwmd,phymd
tact with healthy panicles and, probably, by a of insects. The role of
xcts in discase transmission has been reponed under controlled conditions(41, 74),
ough it is difficult to assume that insect transmission of ergot can occur in nature.
scts feed on honeydew and mostly visit panicles that are at anthesis to collect
len grains, and they probably never visit panicles having fresh stigmas. It is
refore highly unlikely that discase transmission can occur through conidia carried
insect bodies.

Several coll 1 hosts are reported for C. fusiformis(32). Recently Panicum

dot¢l¢(66) lnd Cem:lmu alum.r(SZ) have been reported from Hisar, Haryana and

ly. These grasses grow the year round and bear

l:yfle\v and sclerotia, and thus serve as a source of primary inoculum for the pearl
t crop.

rironment: Weather conditions at the flowering stage of the crop are important in
ot epidemiology. High RH (70-100%), an overcast sky with reduced sunshine
irs, frequent drizzling rains, and cooler nights (18-20°C) are conducive for ergot
clopment(3, 16, 35, 48). Chahal and Dhindsa(11) reported that uniform
ribution of rains during the period of flowering favors ergot development. More
cise information on macro- and microclimatic conditions are nceded to better
lerstand the role of weather factors in ergot epidemiology.

xtion Process: Infection in pearl millet florets takes place through fresh
mas(28, 68) and, once stigmas wither either due to polhmmon or ageing, mfemon

revented(68). Withering of stig occurs b of d of locali
striction in style either due to polhmtlon or ngemg(78) Comdu germinate on the
ts of stigma protruding from the flor and p of
hac down the styloidia follow the pllh mm'nnlly taken by the pollcn grnn(77)
onization of the ovary by l!:e fungus p ugh the
xial 'lll the tract supplying the ovary. Hyphae ‘remain
1 hrough invasion of the stigma and colonization of the ovary.
aeydew exudation from the florets marks establis} of the sphacelium 4-5 days
't inoculati
hogenic Variability: Variation in aggressi was reported(12) among cight

ates of C. fusiformis collected from the same cultivar grown in the same season
neﬂdﬂetmbammlmmremhmver,nodefmmewdemelo
post the of di variability in C. fusiformis is
hhlydlﬁaﬂttombeauerwumuhrplybudon(hepolhmum
tection mechanism, and not on the differeatial physiologic inhibition of the
hogea at the cellular lovel,
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Resistance

Genetics of ergot resi is relati lex. Resi has been rep
to be ive and polygenicall ! "71) Moregencucmld:umneededu
clearly understand the inheritance pattern for properly utilizing the resistance.

Resistance to ergot in most ergot-resistant lines seems to operate through shor
protogyny, rapid self-anthesis, and stigmatic constriction cither due to ageing o
pollination(68,78). Susceptibility to ergot, on the other hand, is governed by longe:
protogyny (>48 h), and delayed pollination/fertilization. Higher susceptibility of F,
hybrids than open-pollinated varictics under natural conditions is attributed to longe:
protogyny and more synchronous tillering and flowering. In open-pollinated varieties
because of asynchrony in tillering and flowering, pollination continues for a longe:
time that reduces ergot infection. This pollmluon/femllunon-mednned resistance
phcnomenon can be utilized to control ergot in pearl m|llet Slgnlﬁcanl control ol
ergot in pearl millet hybrids obtaincd(72) by strateg ng pollen to the
flowering hybrid crop by mlmpnlltmg planting dl(cs of lhe lest hybnd and an ergot:
resistant pollen donor line, or mixing the seeds of the two in proper proportion.

Smut

Biology

Reproduction: T. Penicillariae reprod both lly and lly. It is d
that sexual reproduction takes plwe through pl. gamy between any two sporidia of
compatible mating types giving rm-. to dlkaryotlc myeelmm as occurs with several
other cereal smuts. The ch P are pro ‘t’romthed:karyouc
mycelia in the host tissue. The i ] teliosp are

subglobose, and yellowish brown. A I.lrge ber of teliosp are held gether in a
sporeball. Sporebalis are of various shapes and sizes, and the number of teliospores
per sporeball varies from 200 to 1400 (58). Individual teliospores germinate to
produce a typical four celled promycelium on which basidiospores are borne either
laterally or terminally.

Asexual reproduction is by budding of b duced on the
promycelium. Sporidia are hyaline, ungle-nelled and spmdle-shaped. Maximum

inati (67%) of teliosp occurred at 30°C and mmun\un (16%) at 15'C(58)
A significant positive lation was found b pore g
temperature up to 30’C

Cytology: Nuclear activity in T. Paucallnm is typical ol’ smut fmp. The cydb
fwmtherutuﬂlpor (teli
(sporidia) to the parasitic dlhtyuplme (mfectm hyphn) In contrast tolheodm
seed-borne smuts, dikaryophase in 7. Penicillariae is much shorter, about 2 weeks.
The diplophase or resting stage in the form of teliospores is much longer, about 8-9
:mmwmwmfwmzsmmummmm
ished).

Mai of Culture/Inoculum: T. Penicillariae is a b h and has sfully
bmmonmchmplcmednupomomwnouw carrot extract, of
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rrot agar with and without sugar.(58) Growth on potato or carrot agar is
usdyspondul.md i growth is obtained at 30-35°C within 5 days
lation on the medi Growth is very slow below 20 and above 40°C.
owever, Pathak and Shekhawat(26) found maximum growth on Brown’s medium at
°C at pH 7.5. Among the carbon sources, inulin supported maximum growth
llowed by dextrose.
pidemiology
athogen factor: Teliospores in the soil left over from the previously infected panicles
1d teliospores adhering to the seed surface are the main source of prunnry inoculum.
‘nder favourable conditions of soil moisture, teliosp to prod
iillions of sporidia which become air-borne and infect the ﬂowenug panicles of pearl

iillet. The incubation period is usually about 2 weeks and latency about 3 weeks.
fected icles; they lncr turn bmwn to dark
i These

mut sori, initially app shiny on p
rown at maturity, and rupture to release masses of
re deposited on the ground or carried by the wind to the neighbouring fields -nd,
uder favourable cond.luons, can cause infection. Secondary spread of the discase
‘Chin a crop is mini of a prol ‘lutentpcnod.bywh:hume
lowering is almost complete. Significant reduction in smut infection due to rapid
ollination has been demonstrated(70). It seems that under natural conditions smut
afection is greatly reduced due to the availability of enough pollen in the field when
he weather is dry at flowering time; but, when ﬂowering coincides with wet weather,
ather dchiscence is adversely affected and pollen grains arc washed, and sporidia
recome abundant in the h This results in reduced competition between
rollen grains and sporidia and lhereby severe smut infection occurs (R.P. Thakur,
npublished).

Snvironment: Weather factors, particularly temperature and RH, are most important

n smut epidemiology. A P range of 20-35°C and >80% RH at the time of

lowering are congenial for smut develop A longer duration of warm weather

>30°C for more than 12 h a day is more favourable than shorter periods. Based on

‘he natural occurrence of smut it is now very clear that smut requires warmer weather

than ergot (R.P. Thakur, unpublished). However, more precise information on
her factors influencing smut develop are needed.

Infection Process: Bhatt(10) studied the infection p of T. Penicillariae in detail
"‘hehyphu penctrate the flower through emerging stigma and reach the upper wall
ui the ovary, traversing the whole length of the style without lateral spread. The
mycelium is binucleate, inter and mtneelluhr exinbmngdsghl brundnng with two to
four-lobed haustoria. The hypha ad the ovary wall and
ﬁnliynwlduthemﬂekfmthewholclwumvolwd (hewlllsolthehyphu
begin to gelatinize to form the sporet

rmv-wmymamb,mmmh@!ymabbmdrpmmmw
be no exception. Hm,tlmennodeﬁmtcevndunembrcnthemd
different pathotypes in this pathogen.
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Resistance

Resistance to smut in pearl millet is reported to be governed by cither single o
double genes(79). Studies conducted at ICRISAT Center indicated that inheritance o
smut resistance was simple with a dominant effect(18).

Mechanism of resistance to smut is not known except that polhnnuon-medm.et
remunce, as m ergot. also  operates l’or smut in pearl mdlet(?!)) More research i

d the histopathological and biochemical aspects of the resistanct
medunilm.
Rust
Biology
Reproduction: P. iseti is a lic, h ious rust. Uredia and telia are

fm-med on peul millet, and pycnia and aecia on the alternate host, Solanum
melongena. Since pycnial and accial stages are not digectly related to pearl millet, the
discussion will mainly be confined to the uredial and the telial stages.

The uredia arc formed subepidermally and at mltunty they rupture to.
epidermis which forms flecks around the uredosori. The P are borne or
hyaline pedicells i persed with paraph mainly along the margin of the sori
The uredospores are oval, pyriform, or elliptical with four equatorial germ pores. The
spores are yellowish brown with sparse echinulations.

The telia are amphigenous, often in groups and black. These are formed
mbepldermnlly, md unlike uredosori, teliosori remain covered for a longer time
hout bursting. Teliosp are dark brown, bicelled, cylindrical to club-shaped witk

a lower cell larger than the upper one. The apex is flattened, round or blunt.

Cytology: Kulkarni(19) made i logical studies on P. penniseti. The
uredospore germ tube penetrates the stomata and produces hyphal cells in the
substomatal cavities. After repeated cycle.s of cell division, compact tissue of
binucleate cells is formed which gives nse to uredial basal cells or primordia. The
primordial cells elongate vertically producing the spore-initial by thc formation of twc
unequal binucleate cells through the p of conj ion of the origi
nuclear pair. The upper cells become the uredospores and the lower stalk-cells. The
process is repeated several times; the nuclear pairs are reorganized ultimately giving
rise to pedicillate uredospores comprising the fully developed uredium.

Mtehdevdopenhumtheoldnmdnormdepeadenﬂyunmnrwm
from the binucleate basal cells. The binucl basal cells underg and cut of
vertical rows consisting of three rows that are regularly binucleate. The upper cellt
form the bicelled teliospores and the lower ones develop into stalks. .

Mai of culture /i lum: Like many other h ious rusts, P. penniseti ha
not been cultured on artificial media. Sokhi et a/.(56) reported a detached leal
lechniquetommumlheuﬂlnndthuiungmmmeduﬂedmdpm
millet, infected with P. p pported on water alone, und a solution. containing
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benzimidazole (40 ppm) and gl (0.05%), i i d €s were maintained
for 20 and 40 days, respecuvely. at 20°C under 78 ft undlc l:g.ht Fully developed
uredosori were observed on the 10th day after i lation and 8 uredospore crops
were harvested at 3-day intervals. Top leaves of 40-day-old plants sporulated for 24
days; the younger plants had a shorter period of sporulation. The flag lcaf was found
most suitable for the detached leaf culture.

Like in other cereal rusts uredospores in glass vials can generally be stored in
liquid nitrogen for several years. Uredospores have been stored at -70°C for about 8
months without losing viability (C.S. Kousik, ICRISAT, personal communication).

Epidemiology

Pathogen factor: Uredospores from the main host or collateral hosts, and acciospores
from the alternate host serve as the primary inoculum source. Once pearl millet
plants are infected, uredial production is fast, and the cycle is repeated every 7-8 days
under favourable weather conditions. Rust usually appears on the lower leaves and its
severity increases with increasing plant age, with maximum scverity occurring towards
the post-flowering stage of the crop. However, seedling ml'ectlons in severe form have

Vilso been reported(56). Sharma and Pathak(40) rep d post-i I P of
plmls to hlgh humldlty at 22°C under i light ial for obtai
f by P. penniseti. In nature, rust appearance is usually correlated

with cool night and dry pcrlods.

Uredospores germinate in 3-4 h in hanging drops of sterilized distilled water.
Germination occurs at 15-30°C, and the maximum being at 20°C and no germination
was observed below 5 and above 35°C. Uredospore germination was 100% soon after
collection, but air-dried spores stored at 28-30°C lost viability in 30 days(33). When
stored at 5-8°C, uredospores were viable for 30 days in dried leaves at 25-27°C.

In addition to S. melongena, the alternate host important for completion of the
life cycle of the pathogen, several collateral hosts are reported which are important in
thc epldenuology of the discase. Several Penniseturn spp. including P. leonis. P.

P. , P. nigri and P. viol , grasses ly found
lround pearl millet ﬁelds are known to harbour the pathogcn

Pathogenic Variation: As applies with any other heteroecious rust, the existence of
pathogenic races in this pathogen cannot be ruled out. However, very little
information is available on this aspect. The presence of two types of uredia, isolated
And scattered, and in groups, on dark brown lesions on naturally infected leaves of
pearl mlllet are known (34). These two types of uredia were consistent for several
All the culti of pearl nullel showed both types or uredial lesions,
except the F, hybrid b P. typh: x P. purp which showed only a
p‘ouped type lesion indicating the existence of two distinct pathotypes. A rust-
resistant line of pearl millet, ICML 11, with a single dominant gene identified at
ICRISAT Centre, was found susceptible at Tifton, Georgia (H.D. Wells, personal
mmumuon), indicating that the ICRISAT and the Tifton isolates were different
P More h cfforts are needed to determine the existence of
pnhotypes or races in this important pathogen.
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Resistance

Inheritance of resistance to rust was reported to be monogenic dominant to the
pathogen in India (1). Another domi gene for resi was identified in a wild

relative of pearl millet, P. americanum subspecies monodii (Maire) Bruken from
Senegal, at Tifton, Georgm, USA(17) This wild species is known to possess several

useful Attributes including to downy mildew, smut and some leaf spot
diseases(17).

A slow-rusting type of resistance to P. penniseti in pearl millet(50), was found to
be controlled by several components, such as longer incubation and latent periods,

smaller uredosori, and less uredospore production than those in the flst-rustinq
lines(49). This kind of resistance is usually stable and governed by polygenes. More
studies are needed to clearly understand the mechanism of slow-rusting in this system
to properly utilize it in the resistance breeding program.

Concluding Remarks

Considerable progress has been made on basic research on major pearl millel
discascs in India durmg the past 10 ycars. but shll there are many 8aps in oul
knowledge of und g the host-p - time i Some
of the unportnnl rescarch areas that need attention are: 1. The role of S. graminicola
oospores in downy mildew cpidemiology; 2. Characterization of environments
favourable for disease epidemics; 3. Pathogenic variation as influenced by changes in
host genotypes in different agroccosystems; 4. The genetics and mechanism of
resistance in hosts and the genetics of virulence in the pathogen; 5. The biochemical
basis of resistance; 6. Edaphic and weather factors, and crop agronomy in relation tc
discase development in a given agr y 7. Application of tissue culture and
genetic engineering techniques to understand the genetics of host-pathogen
interactions; and 8. Development of an integrated crop ag system through
interdisciplinary efforts to sustain and increase the productivity and production of
pearl millet.
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