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ABSTRACT
Madariaga B., R., and Scharen, A. L. 1986. Interactions of Puccinia striiformis and
Mycosphaerellagraminicolaon wheat. Plant Disease 70: 651-654.

Puccinia striiformis and Mycosphaerella graminicola are frequently found attacking the same
wheat leaf. The effect of one pathogen on another and the effects of interactions between pathogens
on host-pathogen interactions were studied. Seedlings of four spring wheat cultivars were
inoculated at different times with various combinations of P. striiformis and M. graminicola.The
two pathogens could colonize the same leaf simultaneously, and the area diseased was similar or
smaller than the area affected by each organism separately. A smaller amount of leaf tissue was
colonized
by P.striiformis
whenseedling
M. graminicolawas present. M.graminicolaacted as a hypostatic
parasite toward
the rust. Wheat
leaves infected by P. striiformisremained green longer and
had greater dry weight than leaves infected by both pathogens. This may have been due to the
sequestering effect known to be characteristic of rusts. It is possible that M. graminicolainterfered
with the redirection of translocation of assimilates that is a common effect of rusts.
Additional key words: Septoria tritici, stripe rust

Research plant pathologists tend to
study the effect of one disease at a time;
however, the occurrence of one disease in
a crop is the exception rather than the
rule (23). The interaction between
pathogens is usually represented as a
predisposition phenomenon in which
previous infection can predispose plants
to infection by secondary unrelated plant
pathogens (22). When two or more plant
pathogens are present in the same host,
interactions could be expressed as
antagonism, antibiosis, and/or predation
(5). The term parasitic epistasis could
express the physiological modifications
occurring in the interacting parasites (18).
In wheat (Triticum aestivum L.), it has
been reported that a previous attack of
Mycosphaerellagraminicola(Fuckel)
Schroeter induced a decrease in the
incidence of Puccinia recondita Rob. ex
Desm. f. sp. tritici in susceptible cultivars
Present address of first author: Quilamapu Research

(4). M. graminicola as a secondary
pathogen increased when tissues were affected first by Gaeumannomyces graminis
(Sacc.) Arx & Oliv. var. tritici Walker (2).
When ErysiphegraminisDC. f. sp. tritici
E. Marchal infected the plant first, a
higher incidence of M. graminicolawas
observed. Cultivars resistant to M.
graminicolamay show susceptible reactions or pycnidial production when tissues
are colonized first by E. graminis (3).
M. graminicola, teleomorph state of
the causal organism of Septoria tritici
blotch, and P. striiformis West., causal
organism of stripe rust, are frequently
found together on the same wheat plants
(8; C. C. Mork,personalcommunication),
confounding research and causing substantial losses in farmers' crops. Multiple
infection methods have been developed
(11,12) and used (20) where interactions
between pathogens have not been sufficientlyconsidered. Physiological changes
in plant tissues affected by a biotrophic
organism such as P. striiformis and a
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pans 20 X 20 X 5 cm. No
aluminum
additional fertilizer was used. The soilnutritious to
andimixnwasfsufficientlys
sand mix was sufficiently nutritious to

support completely healthy-appearing
control plants. Supplemental light was
provided by 400W metal halide lamps to
ensure a 12-hr photoperiod. Each
container was planted with 15 seeds of a
cultivar along the border of the pan, using
an equal area for each cultivar. Plants
wer
were
grown for 6-12 days and inoculated
12 (2 1).
en they reached growth stage 12 (21).
After disease symptoms appeared, 21, 26,
and 31 days after the initial inoculation,
nine plants per cultivar per pan were
evaluated by assessing total nongreen
area present on the oldest leaf. The
presence of pycnidia and uredinia also
was recorded. Disease-free control plants
were maintained in all experiments.
Twenty-seven plants were evaluated for
each disease treatment.
A culture of M. graminicola (ORG82076-1) obtained from Hyslop Farm,
Oregon Agricultural Experiment Station
was used exclusively. The Bozeman
isolate of P. striiformis used in all
experiments was collected in 1979 from a
field of the wheat cultivar Itana, and the
spores were continuously maintained at 5
C in vacuum-sealed tubes.
M. graminicolawas increased in liquid
media and adjusted to a concentration of
107 spores per milliliter of suspension.
The liquid medium was prepared using 9
g of yeast extract + 9 g of sucrose and 900
ml of distilled water. After 5 days on a
wrist-action shaker at ambient laboratory
temperature, abundant sporulation of the
fungus was obtained. Plants were
inoculated using a diaphragm pump
connected to a DeVilbiss atomizer (10).

P. striiformis storage tubes were

opnd2hbereicuaoadte

graminicola,acting as single colonizers,
have been reotd(6,7,19). Disease progn chne
pes
ndylefwihn
duced by P. stiifWormis and M. graminicola
as single and simultaneous colonizers
were studied in these experiments,

spores were placed on a slide in a humid
chamber at 22 C to allow hydration.
Inoculation was performed by discharging
a CO 2 gun loaded with 40 mg of hydrated
ure diniospores twice in a settling tower to
induce a slow and uniform precipitation
of the spores on the plants on the mobile

MATERIALS AND METHODS

surface below (9). After the first shot, this

striiformis and Ml. graminicola were
selected for the interaction studies (Table
1). Cultivars Lemhi (CI 11415), Baart (CI
1697), Anza (CI 15284), and Lakhish

more uniform dissemination of the
urediniospores. Disease incidence was
assessed by visual estimation of symptoms
and signs of the disease with the modified

(Israeli) were used.

Cobb scale. Areas under disease progress

maintained at 20 ± 3 C in a 1":1mixture of
sand and sterile clay loam soil in

area meter (Lamba Instrument Corporation Model LI-3000).

Wheat cultivars with a suitable range
resistance and susceptibility to both P.

Plants were grown in the glasshouse

mobile surface was moved 180 degrees
from its original position to ensure a

curves (AU DPCs) were measured with an
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Table 1. Interactions between Puccinia striiformis (Ps) and Mycosphaerella graminicola (Mg) on spring wheat as measured using areas under
disease progress curves (AUDPC)
AUDPCa

Reaction to

Cultivar
Lakhish
Anza
Lemhi
Baart

Ps

Mg

MSd

MS

R
S
S

R
S
S

Psb

Mgb

Ps X Mgb

Ps X Mgc

Sum of losses
caused by
each pathogen
alone
Ps + Mgb

6.1

1.5

3.8

0.9

7.6

13.0
20.0
16.6

12.7
17.2
16.9

7.2
14.3
17.9

8.7
2.9
2.7

25.7
37.2
33.5

'AUDPC was calculated for each pathogen using the assessment of total nongreen area minus the value for the control.
bInoculations were performed at time 1.
'Inoculations were performed at time 2 (17 days after time 1) with both pathogens simultaneously.
dR = resistant (absence of pycnidia or uredinia), MS = moderately susceptible (moderate abundance of pycnidia or uredinia), and S = susceptible
(abundance of pycnidia or uredinia).
Table 2. Areas under disease progress curves (AUDPC) for plants inoculated with Puccinia
striiformis(P) alone or in combination with Mycosphaerellagraminicola(M)

Cultivar
Lemhi

(time)'
1

2

Lakhish

Baart

than the second, which was done 17 days
after the first. The AUDPCs resulting

from the simultaneous presence of P.
striiformisand M.graminicola(inoculated
at time 1 or time 2) were smaller than the
calculated sum of the losses caused by

11.7 (NS/*/*)
13.3 (*/*/*)
4.5
0.2 (NS/NS/NS)
0.7 (NS/NS/*)
'Inoculations were performed at host plant stage 12 of the decimal code (23) for time 1and 17days

each fungus alone (each inoculated at
time 1) (Table 1).
The Bozeman isolate of P. striiormis
was highly virulent on cultivars L
utvr
eh
wshgl
and Baart, iueto
moderately virulent on

later for time 2.
b- = Significantly different from MO PO at 21/26/31 days after inoculation, respectively, as

and necrosis on Anza.
The AUDPC was

P
P
M,P
M
0

0
M
0
0
M,P

9.9 (NS/NS/*)b
6.8 (NS/NS/*)
3.5
-

determined by LSD (P =0.05). NS

=

8.7 (NS/NS/*)
9.9 (NS/NS/*)
4.9
0.1 (-/-/*)
0.9 (-/-/NS)

not significantly different and - = absence of disease.

Lakhish, and hypersensitive with chlorosis

greater

N

the
ofDPC
was wasatat time
we 1
inoculation
of
P. striiformis
(00 PO, OM PO, and MO PO). At time

Seven treatment combinations and four
cultivars (Lakhish, Anza, Lemhi, and
Baart) were organized in a split-plot
design with three replicates as follows: 1)
no inoculation (coded 00 00), 2) M.
graminicola inoculated at time 1 (MO
00), 3) P.striiformisinoculated at time 1
(00 PO), 4) M. graminicola inoculated
at time 1 and P. striiformis inoculated at
time 2 (MO OP), 5) M. graminicolainoculated at time 2 and P. striiformis inoculated at time 1(OM PO), 6) both pathogens
inoculated at time 1(MO PO), and 7) both
pathogens inoculated at time 2 (OM OP).
The first inoculation (time 1) was made as
seedlings reached growth stage 12, and
the second (time 2) was 17 days later.
Plants were then placed in a dew chamber

RESULTS
Successful inoculation with both
pathogens was obtained. Necrosis with
the presence of pycnidia caused by M.
graminicola was distinguishable from
urediniospore pustules on tissue affected
by P. striiformiscolonizing the same leaf.
Stripe rust pustules in contact with
necrotic areas caused by Septoria tritici
blotch had a tendency to change from the
normal yellow-orange to a blackbrownish color. Calculated AUDPCs
from data when each pathogen was
present alone, or when both were present
in two combinations, are shown in Table
1. Because in most instances a reduced
AUDPC was observed when both
pathogens were present in the tissue

2, fewer pustules were observed,
especially on tissues affected by inoculation with M. graminicolaat time 1 (MO
PO) (Table 2). The presence of M.
graminicola modified the AUDPC
induced by P. striiformis in three of the
wheat cultivars. The absence of sporulating tissues on the cultivar Anza made
P. striiformis assessment impossible. The
AUDPC relative to P. striiformis was
maximal when the rust was alone (00
PO) and when M. graminicola was
inoculated at time 2 (OM PO). M.
graminicola reduced the AUDPC
induced by P. striiformis. With cultivar
Lakhish in the second inoculation of rust
(MO OP and OM OP), there was no
colonization by P. striiformis of tissue

for 24hr at 10C. Plants were incubated in
a growth chamber set at 18.5 C(light) and
2 C (dark) with a 12-hr photoperiod.
Assessments were made 21, 26, and 31
days after the initial inoculation,
After the last assessment, the same nine
leaves that had been used to assess
symptoms were removed by clipping all
of them equally at the auricle. They were
then placed in an oven a 50 C for 72 hr
and weighed.
A urediniospore germination test with
and without M. graminicola present was
conducted using polyethylene sheets 25
cm 2 placed in the same dew chamber
conditions of 1 C for 24 hr as the plants
were incubated after inoculation. Three
treatments in a complete randomized
design with three replicates were used.

compared with the effect of each
pathogen alone, an interaction was
indicated. The interaction was negative
because the presence of M. graminicola
and P. stiifWormis at the same time caused
a reduced AUDPC from the single effect
of each pathogen. Cultivar responses also
varied. On the cultivar Lakhish, a
moderately susceptible reaction to P.
striiformis was observed with yellow
halos surrounding the pustules and
scattered pycnidia of M. graminicola.
The cultivar Anza did not show
sporulating fungal structures caused by
P. striiformis or M. graminicola.
However, abundant uredinia and pycnidia
with susceptible-type reactions appeared
on cultivars Lemhi and Baart. The first
inoculation caused more leaf damage

previously
Results
nation test
absence of
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infected by M. graminicola.
of the urediniospore germiconducted in the presence and
bud-spores of M. graminicola
indicated that significantly fewer (P =
0.05) germinate when they are associated
with M. graminicola.With inoculation of
P. striiformis at time 2 (MO OP and OM
OP), we observed that the rust colonized
only unaffected tissues. If M. graminicola
was already present, the rust only
penetrated and colonized unaffected
portions of the leaf near the axil.
M. graminicolaaffected a significantly
greater area of leaf on the susceptible
cultivars Lemhi and Baart when that pathogen was inoculated alone (MO 00) than
when inoculated in combination with P.
striiformis (Table 3). M. graminicolaand

P. striiformis reduced the AUDPC
mainly when both pathogens were
inoculated together at time 1 (MO PO).
Leaves with sporulating pustules of P.
striiformisweighed more than those that
were not sporulating (Table 4, Fig. 1).
Also, they remained green and in better
condition longer than the uninoculated
controls. Weights of P. striiformisinoculated leaves of the susceptible
cultivars Lemhi and Baart varied directly
according to the amount of sporulating
tissue (Fig. 1). This relationship was
reduced with the moderately susceptible
Lakhish and absent with Anza. Leaves
from Lakhish increased in weight (by 28
mg) only when P. striiformis was
inoculated alone (00 PO). Sporulating
tissue was absent from the cultivar Anza,
and no significant changes in dry weight
occurred. The rust sporulated profusely
on susceptible cultivars Lemhi and Baart,
and leaf weights were significantly greater
than those of the uninoculated controls
(P= 0.05). M. graminicolainfections did
not increase leaf dry weight but did
decrease the area inoculated with P.
striformisthat could support sporulation.
DISCUSSION
Wheat cultivars in the field will always
be confronted with many constraints,
usually including several pathogenic
microorganisms. Some pathogens have
similar environmental requirements and
are therefore commonly found together.
When two or more pathogens and
diseases converge on a single wheat plant,
they may interact to produce an outcome
different from that which would occur if
each were present alone. That is evident
with M. graminicola and P. striiformis,

the subjects of these studies.
The restrictive cool environment
(12-14 C) that favors epidemics of stripe
rust (17) and the ability of P. striiformis
to survive at less than 0 C usually reduces
the concurrent development of other
economically important wheat leaf
pathogens. Intercellular mycelia rapidly
colonize leaf tissue, ramifying throughout
the leaf but favoring the newly developed
tissue near the axil of leaf and sheath. M.
graminicolacan infect tissues and grow in
the same environment as P. striiformis
but does not move as rapidly through the
tissue. It often remains confined to the
tissues first penetrated when free
moisture is limited. When moisture is
adequate, however, M. graminicola can
cause lesions that expand rapidly and
occupy large areas of the wheat leaf (4).
In Baart, most of the plants (93%)
showed a moderately susceptible to
susceptible infection type by P.striiformis
in the absence of M. graminicola.When
M. graminicola was also present in the
tissue, the percentage of plants with
moderately susceptible to susceptible
reactions to P. striiformis was only 33%.
Therefore, with M. graminicola present,
plants subsequently inoculated with P.
striiformis showed a trend away from
moderately susceptible toward moderately
resistant or even further to no disease
symptoms. The reduced germination of
P. striiformis urediniospores in the
presence of M. graminicola conidia
could, in part, account for this result.
However, cross-protection by induction
of general resistance mechanisms or
nutrient depletion or imbalance are other
possibilities. The interaction between P.
striiformis and M. graminicola could

have been an increase in resistance to P.
striiformis caused by some unknown
mechanism triggered by M. graminicola.
The result observed was simply premature
destruction of the substrate by the
necrotrophic M. graminicola.
In the resistant cultivar Anza, without
M. graminicolainoculation, most of the
plants (78%) showed a resistant reaction
to P. striiformis. The presence of M.
graminicola decreased this percentage
slightly (74%), but P. striiformis pustule
production was not observed in either
instance. There was no modification in
the ability of M. graminicola to produce
pycnidia in the resistant cultivar Anza
when P. striiformis was present.
Production of pycnidia by M.
graminicola and uredinia and urediniomycelia by P. striiformis are mechanisms
that perpetuate the pathogen from one
growth cycle to another. Production of
urediniospores is related to higher
demands of energy that result in a rise in
respiration, a drop in theC 6 /Cl ratio, and
abolition of the Pasteur effect. In fact, in
fungal diseases, sporulation places heavy
demands for energy and for building
blocks used as storage components of the
spores (6).
There is evidence that plants colonized
by rust have an altered phloem transport
with materials moving to infected areas
(13,15,16). One of the earliest attempts to
200- 0 BAART
A LEM/I
180A0 LAKHISH
" 160 - ANZA
E0
0
E 140 -

Mycosphaerellagraminicola (M) alone or in combination with Pucciniastriiformis (P)
Inoculation
(time)a
0

Lakhish
7.6 (NS/NS/NS)b

Lemhi
9.8 (NS/*/*)

P

8.0 (NS/NS/NS)

8.1 (NS/NS/NS)

1

2

M

M

8
8,

c•60-

00

,
C

0

0

4020

Cultivar

0

' 120 100

Table 3. Areas under disease progress curves (AUDPC) for plants inoculated with

0

I I I I I I I I I
10 2030 40 50 60 70 80 90

Baart
10.3 (NS/*/*)

8.4 (NS/*/*)

45Fig.
5.6
5.5
0
M,P
a Inoculations were performed at host plant stage 12 of the decimal code (23) for time 1 and 17 days

later for time 2.

b* - Significantly different from MO P0 at 21/26/31 days after inoculation, respectively, as
determined by LSD (P= 0.05). NS = not significantly different.

Percent leaf area affected by rust

1. Effect of the area of leaf infected with
Puccinia striiformis on leaf dry weight 26 days
after inoculation. R values were: Baart, 0.81 (P
=0.05); Lemhi, 0.59 (P= 0.05); Lakhish, 0.24;

and Anza, 0.18.

Table 4. Interactions between Pucciniastriiformis(Ps) and Mycosphaerellagraminicola(Mg) on spring wheat as measured by leaf d ry weight incre me nt
when compared with uninoculated control
Reaction to

Dry leaf weight incrementa (mg)
Ps X Mgb
Mgb

Ps X Mgc

Cultivar

Ps

Mg

Psb

Lakhish
Anza

MSd
R

MS

28*e

3

111

R

2

5
5

5
5

0
-3
1

1

Lemhi
Baart

1
41*
68*

25*

23*
25*

27*

aCalculated by subtracting the weight of the diseased leaf from that of the control.

Ilnoculations were performed at time 1.
Inoculations were performed at time 2 (17 days after time 1) with both pathogens simultaneously.
dR = resistant (absence of pycnidia or uredinia), MS -moderately resistant (moderate abundance of pycnidia or uredinia), and S = susceptible
(abundance of pycnidia or uredinia).
* - Significantly different (P-= 0.05) from the dry leaf weight of the uninoculated control.
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quantify the flow of carbon in diseased

germination of P. striiformis in the

7. Doodson, J. K., Manners, J. G., and Myers, A.

plants was made in 1938 (6). An increase

presence of M. graminicola might be a

in the dry matter of rusted bean leaves
was measured concomitantly with an

survival mechanism for the urediniospores,

1964. Some effects of yellow rust (Puccinia
striijormis)on the growth and yield of a spring
wheat. Ann. Bot. (London) 28:459 472.
8. Dubin, J. 1985. Occurrence and importance of
Septoria nodorum and S. tritici in the Andean
countries of South America. Page45 in: Septoria
of Cereals. A. L. Scharen, ed. Proc. Workshop,
USDA ARS-12. 116 pp.
9. Eyal, Z., Clifford, B. C., and Caldwell, R. M.
1968. A settling tower for quantitative
small grain
leaf blades of mature
inoculation
plants withof uredospores.
Phytopathology
58:530-53 i.

overall drop in dry weight for the entire
plant. Results of our work indicate that

which do not germinate until suitable
conditions are present. Alternatively, the
urediniospores could have been inhibited

for the susceptible wheat cultivars Baart

directly by a product of the metabolism of

and Lemhi and moderately susceptible
Lakhish, the presence of stripe rust
increased leaf dry weight by 68, 41, and 28

M. graminicola (toxin) or by other
compounds produced in the hostpathogen interface,

mg respectively. The presence of Septoria

Interaction of the two pathogens did

tritici blotch and stripe rust caused an
increase in dry leaf weight of only 27, 25,
and I mg, respectively, when both
simultaneously
pathogens were einoculated
iMontana,
at time 1. The leaf dry weight of the
resistant cultivar Anza was not significantly modified by infection with either
p nalone
or with both at the same
pathogen aStn.
time. Stripe rust was reported as more
harmful than mechanical defoliation in
spring wheats (11). This result is

exist because each changed its behavior
when competing for the same plant tissue.
When each pathogen was measured

consistent with the sequestering effect,

sporulating pustules on their leaves and

which deprives other plant parts of
nutrients by moving them to sporulating
tissues. In our work, leaf area affected by

enabled them to sustain life and normal
condition even longer than equivalent
plants in control treatments with no

P. striformis was correlated with an
increase in dry weight. Furthermore, it is
possible that because M. graminicola
apparently interrupted the sequestering
effect caused by the rust, the totaleffect of
the pathogens on the host could be less
damaging than that caused by stripe rust
alone.

This information suggests a danger in

using multiple infection methods, as has
been proposed (12,20), without further

research on the physiology of the
interactions. If the sequestering effect
occurs by depriving other plant parts of
nutrients, the behavior of these tissues

toward pathogens will probably differ

from that of healthy tissues.
The great variation that authors
(14,17) have noted in the germination of

stripe rust urediniospores was also
observed in this study. M. graminicola
bud-spores caused a decrease in
urediniospore germination that could

explain, in part, the reduced stripe rust
observed in tissues colonized by both
pathogens. An alternate explanation

might be that since both organisms are
stomatal penetrators, competition for
stomatal openings may occur. The poor
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separately, each produced more disease
symptoms than when the two pathogens
occurred together. M. graminicola
seemed to act as an epistatic parasite

toward P. striiformis. The peculiar

pathogenic system of the biotrophic P.
striiformis caused an increase in the dry
leaf weight of infected seedlings that had

10. Eyal, Z., Scharen, A.
1983. Septoriosis de la
hoja. Enfermedades
conceptos. Inf. Invest.

L., and Prescott, J. M.
gluma Septoriosis de la
del trigo. Metodos y
211. Estac. Exp. Agric.

CIMMYT. 77 pp.

11. Hendrix, J. W., Schmitt, C. G.,and Jones, M. W.
1965. Influence of stripe rust and mechanical
defoliation at various stages of host development
on growth and wheat yield. Wash. Agric. Exp.
Tech. Bull. 47. 18 pp.
12. Kilpatrick, R. A., Baenziger, P. S., and
Moseman, J. G. 1981. Multiple inoculation
technique for evaluating resistance of single
barley seedlings to three fungi. Plan
65:504-506.

13. McDonald, P. W., and Strobel, G. A. 1970.
Adenosine diphosphateglucose pyrophosphorylase and control of starch accumulation in rustinfected wheat leaves. Plant Physiol. 46:126-135.
inoculation. Necrotrophic M. graminicola
14. Macko, V., Trione, E.J., and Young, S. A. 1977.
caused a decrease in the leaf area affected
Identification of the germination self inhibitor
by stripe rust, diminishing also its effect
from uredospores of Puccinia striiformis.
Phytopathology 67:1473-1474.
on leaf weight. It is possible that the
interaction of pathogens results in a less
15. Mares,
D. J. 1979. A light and electron
microscope
study of the interaction of yellow
detrimental effect to the host than that
rust (Puccinia striiformis) with a susceptible
caused by the rust alone,
wheat cultivar. Ann. Bot. 43:183-189.
16. Mendgen, K. 1981. Nutrient uptake in rust fungi.
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