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Abstract:

Systemic spread of the vascular pathogen, Cephalosporium gramineum was characterized relative to
anatomical and developmental features of its winter wheat (Triticum aestivum L.) host. The pattern of
foliar chlorotic striping and the distribution of fungal cells in vascular bundles within consecutive
nodes were examined at various growth stages of winter wheat. Pathogen movement appeared to be
restricted by xylem maturation gradients between internodes, within nodes, and within leaves.
Restriction of symptom development above that imposed by maturation gradients was exhibited by the
winter wheat cultivar Crest LRC 40, This response was attributed to increased gelation and gummo-sis
within the xylem and/or to inhibition of fungal speculation. A descriptive model was developed that
related pathogen invasion and colonization to symptom expression. All evidence suggested that this
pathogen is incapable of actively penetrating living cells at any time during the disease cycle. The
number and pattern of vascular bundles in different winter wheat cultivars and the temporal association
between pathogen colonization and symptom induction formed the basis for a disease index rating
system. Leaves were quantitatively rated on a scale of one to eleven, with one denoting one stripe per
leaf and eleven denoting complete chlorosis. Both the movement and distribution of C. gramineum and
the disease index rating system have practical implications in a germplasm development program. The
first emphasizes the need to separate rate of disease development from rate of host development in
evaluating winter wheat genotypes. The second provides a valuable tool for monitoring symptom
expression within and among plants of different genotypes.

The pattern of stripe formation on Cephalosporium gramineum infected flag leaves of the susceptible
winter wheat cultivar Marias was closely correlated with depression of relative water content,
conductance, net photosynthesis, and chlorophyll content. All measurements were made in the field
from paired healthy and infected plants. Regression analysis indicated that all four physiological
parameters were interrelated, providing evidence that stripe formation coincides with localized
restriction of lateral water movement, reduction in transpiration rate, suppressed photosynthetic
activity, and loss of chlorophyll. Chlorosis around colonized vascular bundles is therefore attributed to
effects of localized water deficits rather than a diffusible toxin. Highly significant correlations between
all four parameters and the disease index suggested that visual scoring of infected leaves is an accurate
indicator of physiological effects of symptom expression. The influence of pathogenesis on vegetative
and reproductive growth patterns was followed throughout the ontogeny of three winter wheat
cultivars, Marias, Crest LRC 40, and P.I. 278212. Internode elonaation was inhibited, but leaf
exnansion remained unaffected by disease. Differential responses between stem and leaves was
ascribed to the relationship between pathogen movement and host xylem maturation gradients. Spikelet
number was unaltered, seed number was reduced in Marias and P, I . 278212, and thousand kernel
weight was sharply reduced in Marias and P. I . 278212 but only moderately reduced in Crest LRC 40.
Thus, the effects of this disease are not pronounced until after anthesis during grain filling. Duration of
photosynthesis, as measured by averaging COg exchange of ten flag leaves of each cul -tivar over a 35
day period after anthesis, appeared to play a major role in seed weight reduction. Both Marias and P.I.



278212 are highly susceptible to Cephalosporium stripe based on reduction in seed weight, whereas
Crest LRC 40 is more resistant.

Seven winter wheat cultivars representing established varieties, as well as selections from the USDA
World Collection, were examined to identify possible phenotypes expressing resistance to
Cephalosporium gramineum. Two types of resistance were observed: (1) exclusion of the pathogen
such that successful colonization was prevented and (2) restriction of systemic spread of the pathogen
following successful colonization of the host. The former was expressed as a reduction in the
percentage of diseased plants. The latter was expressed as a reduction in the percentage of diseased
tillers per infected plant and also as a reduction in the rate and severity of disease development. Both
types of resistance were expressed independently. P.I. 278212 exhibited a low infection percentage, but
was rapidly and completely invaded after successful ingress. Crest LRC 40, on the other hand,
demonstrated a high percentage of diseased plants, but showed restricted infection between tillers and a
moderate rate of systemic invasion. Each phenotype may be identified and evaluated separately if
seeding rates are set to permit recognition of individual plants. Maximum resistance would be attained
if both types of resistance were incorporated into a single agronomical Iy desirable genotype. Infection
among plants occurred only in soils undergoing frost-heaving, suggesting that root breakage was
essential for ingress of the fungus into the host. Differential responses between cultivars to pathogen
exclusion could not be attributed to gross changes in either propagule levels in the soil or root mass.
Cumulative effects of microhabitat interactions between the soil-root interface or differential responses
to woundhealing are suggested as possible explanations for dissimilarities between cultivars.



ETIOLOGY OF CEPHALOSPORIUM éTﬁlPE IN RELATION TO
THE EXPRESSION OF RESISTANCE IN CULTIVARS OF

WINTER_WHEAT (TRITICUM AESTIVUM L.)

by
JOSEPH BRIAN MORTON

A thesis submitted in partial fulfillment
of the requirements for the degree

of
DOCTOR OF PHILOSOPHY
in

Plant Pathology

Approved:

Chairperson, Graduate Committee

Head, Major Department //

Bloriey T e

Graduate D#an :

MONTANA STATE UNIVERSITY
Bozeman, Montana

July, 1979




ACKNOWLEDGMENTS

| would like to extend my sincere grétitude and appreciation to
the following people:

Dr. Don E. Mathre, for his professional guidance, ideas, patience,
and friendship while serVing as my major professor throughoLt the course
of this study. |

‘The members of my thesis committee, Qr. E.L. Sharp, Dr. Tiw:
~Carroll, Dr. Allen Taylor, aﬁd Dr, I.K. Mills, for their tihe and

%nvaluable advice. '

Dr. A.L. Scharen, for help in the development and application of
a portable closed system for measuring COZ-exchange in the field;

Robert Johnston, for his assistance'in overcoming nuﬁerous

obstacles during this study.
Lorie Ewing and Rick Ruff, for supporting my research efforts with
their hard work and enthusiasm.

The Montana Agricultural Experfment Station and the Plant Pathology

Department, for providing finapcia] aid‘with a research aséistantéhip.

My'famf]y, er fheir support and encouragement during my formative
,gducational years,

My wife, Sonja, for her wi]ling sacrifice, undeﬁstand{ng, Tove,
~and ﬁora] support oVer the past four years.

My daughter, Elisé, for.her innocence and curiosity, which reminds

me of what | once was and Whaf I should be.




TABLE OF CONTENTS

VITA e e e e e e e
ACKNOWLEDGMENTS. & . + . . . . . . . . R T 1]
TABLE OF CONTENTS. . . o o o v v oot oo oo oy
LIST OF TABLES © & « v ve v v e v e e e e e e et e e s vi
LIST OF FIGURES. « o o v v v v v v oo e e e e e e L i
ABSTRACT . . . . . . ._..; e e e e X
INTRODUCTION = « v v v v e e e e e e e e e e e e e i s e
CHAPTER ONE: RELATIONSHIP BETWEEN FOLIAR SYMPTOM DEVELOPMENT |

AND THE MOVEMENT AND DISTRIBUTION OF CEPHALO-
SPORIUM GRAMINEUM THROUGHOUT THE ONTOGENY OF

ITS WINTER WHEAT (TRITICUM AESTIVUM L.) ﬂOST C . 5
fntroduction. e e e e ; . .f; .. ! e e e e e e e 6.
Méterials ana Methods . . . . . L e e e e e e e .l 8.
Resu]ts . e e e e e e e s e e e e e e e e e 10
Discugsion. R s e e e e e e e e e _30
Literature Cited. . o « v & v v 4 v v v v v v v o v e e 38

' CHAPTER TWO: PHYS10LOG ICAL EFFECTS OF CEPHALOSPORIUM STRIPE
ON GROWTH AND YIELD OF WINTER WHEAT (TRITICUM
AESTIVUM L,) CULTIVARS . . . . . . . . + « « « « . A]
Introduction. . . . . . e e e L2
Materials and Methods . . . . . . « « « o v v o 0 v v o v w Ly
S -

Discussion. . . . . . . e e e e e e e e e e e e e e e e 62




Literature Cited. . . . . . . « . o o o v o v v o oo e 69
CHAPTER THREE: IDENTIFICATION OF RESISTANCE TO CEPHALOSPORfUM

: STRIPE IN SELECTED WINTER WHEAT (TRITICUM

AESTIVUM L.) CULTIVARS e e e e e e e e e e 73
INEEOdUCETON. + v o v e e e e e e e e e e e e 74
Materials and Methods . . . . . « . « « ¢ .0 v v v o« o & 77
RESUTES + v o o v e e e e e e e e e e e e e e e e e e e 80
DISCUSSTON. v v &+ & v o o o o o o o o o o o 0w e e e .. 95

Literature Cited. « « v o v o o v o o o e e e e e e e 102

SUMMARY AND CONCLUSIONS. . . . « « v v v v v v v v v e e e e s 105




vTable

-1

=i
i-2

11-3

vi

LIST OF TABLES

Relationship between foliar striping patterns and
movement of Cephalosporium gramineum in consecutive
leaves of infected Marias winter wheat plants at
different developmental growth stages . . . . . . . . . .

Distribution of Cephalosporium gramineum in each
bundle type within consecutive nodes of two winter
wheat cultivars at different growth stages. . . . . .

Reaction of two winter wheat .cultivars to infection

by Cephalosporium gramineum as related to accumulation
of gels, conidia, and mycelia within the lumina of
infected vascular bundles . . . . . . . . . . .« . .

Correlations between net photosynthesis, relative water
content, conductance, and chlorophyll content in Cephalo-
sporium gramineum infected flag leaves of the susceptihle
winter wheat cultivar Marias.

" Percent reduction:with respect to healthy controls of

consecutive internode lengths of w1nter wheats infected

with Cephalosporium gramineum . . . . . . . . . . .

Effect of Cephalosporium gramineum infection on leaf
areas of three winter wheat cultivars .

The effects of Cephalosporium stripe symptom development
on winter wheat yield components and their relationship

to the duration of photosynthesis of flag leaves follow1ng
anthesis. .« v v v v o v v e e e e e e e e e e e e

Differential. responseés of selected winter wheat cultivars

to the incidence of infection by Cephalosporium gramineum .

Effect of infection by Cephalosporium gramineum on
height and yield of three winter wheat cultivars in 1978.

Effect of different soil environments relating to root
injury or breakage on the percentage of plants infected
with Cephalosporium gramineum , . . . . . . . .

Page

16

25 -
29

54
56

57

58
81

85

.90




Table

RN

[11-5

vii - : . ,

Effect of different inoculation‘procedures in the
field on the percentage of tillers infected with
Cephalosporium gramineum among three winter wheat

cultivars-itn 1978 . . . . . & « . v v i v e e e e e e e e . 92

Effect of Cephalosporium gramineum inoculum density

on infection of three winter wheat cultivars of
differing susceptibility. . . . . . . . . . . ... ... . 94




vili
LIST OF FIGURES

Figure B | i Page

I-1 Chlorotic striping pattern on a Cephalosporium .
gramineum infected winter wheat leaf and an illus-
tration of a transverse section of that leaf shownng
the distribution of vascular bundlies colonized . . .". . . 11.

t-2 The pathological effects of vascular bundle coloniza-
tion by Cephalosporium gramineum in infected winter-
wheat leaves . . . . . . . . oo Lo e 13

1-3 11lustration -of the vascular bundle types.and their
course through a winter wheat node . . . . . . . . . . . . 18

I-4 Light micrographs of cross-sections through a winter
wheat node infected with Cephalosporium gramineum,
showing vascular bundle types and their distribution at
levels A-C indicated by arrows in Figure 1-3 . . . . . . . 19

-5 Il]usfration of xylem maturation gradients in a winter-
wheat plant. . . « « « « v v v v v e e e e e e e e e e e 21

-6 Light micfogréphs showing xylem differentiation in
' response to'a maturation gradlent in the stem of a
winter wheat plant . . . . . . v « v« v o v v v v o .. 24

I1-1 Plexiglass tubular chamber for measuring carbon dioxide .
exchange in winter wheat leaves in the field . . . . . . . 47

11-2 Polyurethane foam device for saturating 1.5 cm'X 1.5 cm
"~ segments cut from:healthy and Cephalosporium gramineum
_infected winter wheat leaves . . . . . . . ... ... .. 50

I1-3 The relationship between stripe formation in Cephalo-
sporium gramineum infected flag leaves and net photo-
synthesis, relative water content, conductance, and
chlorophyll content, . . . . « « « « v o o v v o v v oL 53

- 11-4 Relationship between stripe fbrmation and net photo-
synthesis in Cephalosporium gramineum infected flag
leaves of three winter wheat cultivars . . . . . . . . . . 60




Figure . ' - :Pagé

111-1 The rate of foliar stripe formation on the upper four
leaves of primary tillers from three winter wheat .
cultivars infected with Cephalosporium gramineum. . . . . . 83

[1-2 The differential. responses of three winter wheat
cultivars to infection by Cephalosporium gramineum
one month after heading . . . .« « . « « « « « « « « . . . 84




X .

ABSTRACT

Systemic spread of the vascular pathogen, Cephalosporium gramineum
was characterized relative to anatomical and developmental features of
its winter wheat (Triticum aestivum L.) host. The pattern of-foliar
chlorotic striping and the distribution of fungal cells in vascular
bundles within consecutive nodes were examined at various growth -stages
of winter wheat. . Pathogen movement appeared to be restricted by xylem
maturation gradients between internodés, within nodes, and within
leaves. Restriction of symptom development above that imposed by
maturation gradients was exhibited by the winter wheat cultivar Crest
LRC 40, This response was attributed to increased gelation and gummo-
sis within the xylem and/or to inhibition of fungal sporulation. A
descriptive model was developed that related pathogen invasion and
colonization to symptom expression. All evidence suggested that ‘this
pathogen is incapable of actively penetrating living -cells at any time
during the disease cycle. The number and pattern of vascular bundles
in different winter wheat cultivars and the temporal association
between pathogen colonization and symptom induction formed the basis
for a disease index rating system. Leaves were quantitatively rated on
a scale of one to eleven, with one denoting one stripe per leaf and

"eleven denoting complete chlorosis. Both the movement and distribution
of C. gramlneum and the disease index rating system have practical
implications in a germplasm development program. The first emphasizes
the need to separate rate of disease development from rate of. host
development in evaluating winter wheat genotypes. The second provides
a valuable tool for monitoring symptom expression within and among
plants of different genotypes.

The pattern of stripe formation on Cephalosporium gramineum infec-
ted flag leaves of the susceptible winter wheat cultivar Marias was
closely correlated with dépression of relative water content, conduc-
tance, net photesynthesis, and chlorophyll content. All measurements
were made in the field from paired healthy and infected plants. Reg-
ression analysis indicated that all four physiological parameters were
interrelated, providing evidence that stripe formation coincides with
localized restriction of lateral water movement, reduction in trans-
piration rate, suppressed photosynthetic activity, and loss of chloro-
phyll. Chlorosis around colonized vascular bundles is therefore
attributed to effects of localized water deficits rather than a dif-
fusible toxin. Highly-significant correlations between all four para-
meters and the disease index suggested that visual scoring of infected
leaves is an accurate indicator. of physiological effects of symptom
expression. " The influence of pathogenesis on vegetative and repro-
ductive growth patterns was followed throughout the ontogeny of three
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winter wheat cultivars, Marias, Crest LRC 40, and P.I. 278212. Inter-
nhode elonagation was inhibited. but leaf expansion remained unaffected -
by disease. Differential responses between stem and leaves was ‘
ascribed to the relationship between pathogen movement and host xylem
maturation gradients. Spikelet number was unaltered, seed number was
reduced in Marias and P.1. 278212, and thousand kernel weight was
sharply reduced in Marias and P.l, 278212 but only moderately reduced
in Crest LRC L0. Thus, the effects of this disease are not pronounced -
until after anthesis durlng grain filling. Duration of photosynthesis,
as measured by averaging CO, exchange of ten flag leaves of each cul-
tivar over a 35 day period-after anthesis, appeared to play a major
role in seed weight reduction. Both Marias and P.i. 278212 are highly
susceptible to Cephalosporium stripe based on reduction in seed weight,
whereas Crest LRC 40 is more resistant.

Seven winter wheat cultivars representlng established varletles
as well as selections from the USDA World Co]lectton, were examined to
identify possible phenotypes expressing resistance to-Cephalosporium =
gramineum. Two types of resistance were observed: (1) exclusion of the
pathogen such that successful colonization was prevented and (2) res-
triction of systemic spread of the pathogen following successful
colonization of the host., The former was expressed as a reduction in
the percentage of diseased plants. The latter was expressed as a
reduction in the percentage of diseased tillers per infected plant and
also as a reduction in the rate and severity of disease development
Both types of resistance were expressed independently. 1.°278212
exhibited a low infection percentage, but was rapidly and complete]y
invaded after successful ingress.. Crest LRC 40, on the other hand,
demonstrated a high percentage of diseased plants, but showed restric-
ted infection between tillers and a moderate rate of systemic invasion.
Each phenotype may be identified and evaluated separately if seeding
rates are set to permit recognition of individual plants. Maximum
resistance would be attained if both types of resistance were incorpo—
rated into a single agronomically desirable genotype. Infection among
plants occurred only in soils ‘undergoing frost-heaving, suggesting
that root breakage was essential for ingress of the fungus into the
host. Differential responses between cultivars to pathogen exclusion
could not be attributed to gross changes in either propagule levels in
the soil or root mass., Cumulative effécts of microhabitat interactions
between the soil-root interface or differential responses to wound-
healing are suggested as possible explanatlons for d|55|m!lar|t|es
between cultivars.




INTRODUCT I ON

Cephalosporium gramineum, causal agent of Cephalosporium stripe,

is the only fungal vascular pathogen of winter wheat. Consequently,
study of the fungus, the winter wheat host, and most of'all, the host-
pathogen interaction is required to characterize etioﬁogical and -

epidemiologiéal relationships of this disease.

The Pathogen, Most studies oﬁ the bfo]ogy of C. gramineum have
concerned (1) its mquholégica], cultural, and.putritional habit to
disease incidence and deve]opmeﬁt, and (2).its ability to colonize and
inhabit plant residues in the so?]. The first affects the pathogén's
capacity to sporuléte and }nVade the hbst's’vascular ﬁetwork. The
second inf}uences the pathoggn's overwintering ability, whiéh.determines
inoculqm potentia] in the?soil from one growing season to'thg'nekt..

C. gramineuh is an imperfect fungus belonging to the order
Moni]ialés agd_the family Moniliaceae. This classification js_Based on

'sporu]ating.sfructures, in which conidiophores afe separate With loose
clusters of hyaline, one-celled conidia produced in als1ime;matrix at
the tips. More recently; however, this fungus has been renamed

Hymenula cerealis E11. & Ev. of the family Tuberculariaceae because it

pfodﬁces conidfophoreé packed tightjy togetﬁer‘into a spérodqchium under
certa%n environmental conditions. TBis fruiting structure can develop
in the ]ébofatory as well as in the fféld.-

_E:'grémineum grows s]owjy on_a~s§lid mediﬁm, with the optimum tem-

perature for sporulation around 15°C. In a simple liquid medium
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consisting of glucose, NaNO3, and‘KZPOQ, abundant conjdial proliferation
,occurs"by.fissipn and budding.
' In its saprophytic pHasé, C. gramiﬁeum is a poor competitor in the

soil. Other fungi such as Trichoderma sp., Penicillium sp., and

Fusarium culmorum are much more efficient colonizers of plant residues.

Hence, survival of C. gramineum between seasons in the soil is contin-
gent’ upon syétemic invasion of the host ddring its parasific phase.
After ingress, conidia move passively with the transpirational streaﬁ;
In this way, C. gramineum eventually colﬁnizes all tissues of the winter
~wheat plant, from the culm and.leaves to the glumes and awns of the
 head. Since Cephalosporium stripe is a simplé interest disease in
which. infection of plants occurs only once during the growing season,
if_must rely upon the straw, stubble, and chaff remaining after harvest’
for inoculum carryover and dissemination.

The.host range of C. gramineum is quite broad within the family
Gramineae, when artificial inoculations with liquid conidial susﬁensions
are employed. Under f%éld condition;, however, winter wheat is the
most common host. Barley, oats, and rye.é]so haVe been reported.to be
naturally infected in some areas. |

The Host. The conditions under whiéh winter wheat i; grown make
it partfculérly susceptible to infectiqn by C. gramineum. It is a fall-
sown crop and es;aBlishes some tillers and adventitious root growth

prior to onset of dormancy in the winter. Vernalization, which occurs
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during the winter months, is a prereqdfsite for flowering. In the
sbring, frost-heaving conditions coincide with high inoculum levels in
the soil. Thus, infectious propagules of C. gramineum are present
around infection sites created by root breakage. or wounding. Spring-

sown crops do not encounter these conditions, and hence escape infection.

The Host-Pathogen Interaction.. Most observations on host response
to pathogen invasion Héve béen made either late in the infection process .
or in non-vernalized winter wheat seedlings. In both instances, only
events occurring in the infected leaves were examined extensively. The
chlorotic and necrotic striping of leaves and leaf sheaths, severe
stuntfng, and blighted heads are s?mptoms attrfbuted to imposition of
water deficits. 'Accumulations of fungal cells, gums, and gels were
suggested as the cause oflvascula} dysfunction? which in furn prevented
the vertical and lateral transport of water.

The study of host responses in relation to differences observed
between winter wheat cultivars has been limited to white head counts in
infected rows and yigld data. While these parameters showed that dif-
ferential responses between cultivars existed,-they'did hot reveal thé
specific phenomena that caused these disparities.

The overall purpose'of this thesis was'to identify and evaluate
phenotypic responses of éelected winter wheat cultivars which responded

'dffferéntially to infection by C. grami neum. in so doing, it was

‘necessary to follow disease development throughout the ontogeny of the
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host. This approach,proviaed‘the opportunit? to examine closely the
dynamic nature of the host-pafhpgen inferaction over time against the
background of different host genotypes.

Chapter one relates.miéroscobic movement and distributioq'of C.
gramineum with macroscopic foliar symptom develépment thrbughout the
ontogeny of two differéntia]]y responding wintér wheat cultivars.

thapter two relates foliar symptom development withlpﬁysiologiﬁal
effécts of pafhogeneéis on Qrowth and:yield'of three differentially
responding winter wheat cultivars, |

.CHapter three re-exéﬁines the role of root wounding on pathogen
ingress, ideﬁtifies three,phénotypié reéponses attributed to two types
of resistance, and evaluates.deployment of this resistance in a germ-

plasm development program.




CHAPTER I

RELAT1ONSHI-P BETWEEN‘FOLIAR SYMPTOM DEVELOPMENT AND THE

MOVEMENT AND DISTRIBUTION OF CEPHALOSPORIUM GRAMINEUM

THROUGHOUT THE ONTOGENY OF. ITS WINTER WHEAT

(TRITICUM AESTIVUM L.) HOST
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INTRODUCTION

Cephalosporium gramineum Nisikado & lkata (= Hyhenula cerealis El1.

& Ev.), a facultative soil~borne pathogen, is the causal agén? of the
Ionly reported fungal vascular disease Qf winter wheat, CebhaléSporium
stripe. It has a wide hést range within the Gramineae, but environmen-
tal conditfons restrict infection to fall-sown crops or perennfélé (4,]5);
The pathogen enters the vascular system of.the'roots thrqugh Qounds made
by frost-heaving of the soil ér by wireworms (4,19). Subsequehtly; the .
fungué moves systeﬁiéally through the vascular netwofk and is confihéd
there until the host is mqribund (21,22). The rate and extent.of
disease develépment is dependent upon the ‘movement and mu]tiﬁlication of
‘conidia in the xylem (4,21).

éymptoms appeér initially as discrete necrotic or chlorotic stripes
on leaves and leaf sheaths. Ultimately, coé]escence of these stripes
results in chlorosis and necrosis of all foliar tissue followed by
blighting of the heads (3,4,12). Nodal discoloration appears as foliar
‘symptoms become more extensive (3). |

Cplonized vaseular.bund]es are discolored and become occluded with
conidia, mycelia, and gels (3,4,20,21). Interruption of the léteral
flow of Qater has been suggested as the cause of stripe férmation‘(l6,'
20,21). While the events "leading to impairment of lateral water trans-
'.'ﬁort are unresolved, it is known that colonization by the péthogeﬁ pre-

cedes foliar sympfom development (21). In addition to occlusion by the
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fungqs and by-products of the -host-pathogen interaction, a polysaccha-‘
ride produéed by C. gramineum in culture has been hypothesized as a
major contributor to vascular dysfunction (16,20).

To date, studies of the re]afionship bgtween pathogen localization
and foliar symptom expression have involved ana]y;is of leaves from
field-grown blants lafe in the season ér from non*verﬁalized, wound-
inoculated seedlings in‘the greenhouse'(20,2]).' Even though infected
leaves are obvious indications of the host;pathogen interaction, tHey-
still represeﬁt only a portion of the integrated vascular network within
the entire plant body. Furthermore, a non-verﬁalized winter wheat plant
is an atypical physical éﬁd chemical environment for E; graﬁineum, since
infection normally occurs in the spring long after verna]izatioﬁ has
occurred. In this study, fherefore, we examined disease develapment in -
C. gramineum infected win;er wheat under natural field conditions using
controlled inoculum.levels. The rate and disfribution of the pathoééﬁ
were followed in re]ation.to the developmehtal growth stages of.wintér
wheat. To aid in selecting resistanf genotypes for an ongoing germplash
development program (12), a standardized disease index rating system
based on anétomical features of a wheat leaf and on patterns of movement

in relation to symptom expression was also developed.
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MATERIALS AND METHODS

Histological processing. Standard paraffin methods were .used in

preparing excised leaf, node, and internode segménts for light micro-
scopic énalyses (9). - The segments were fixed in FAA (40% formaldehyde-
glacial acetic acid-ethénq] 5:5:90 viviv) for 48 hours, &ehydratea {n a
graded series of tertiary-butyl a]c&hol so]utjéns, embedded in paraffin
(Parap]ast, Scientific Eroducts), softened in a g]Ycero]-water-Tween_ZO
solution (30:69:1 v:v:v) for 5 days, ana finaliy frozen in dry ice fb .
prevent tearing of the paraffin'éway froh the tissue segﬁénts during
sectioning. Transverse géctions 10-11 uM thick were cut with a Model
820 Microtome (American Optical) and placed on glass siides coated w}th
Haupt's adhesive (2% gelatin). After dissolving the péraffin from the
sections in xylene, they were stained with Safranin (1.0% aqueous) and

Fast Green (0.5% ethanol).

Fie}d planting and inoculation procedures. All cultivars in this
study were blanted in a randomjzed b]oék dgsign with four replicatfoﬁs
at tﬁe Montana Agriculturalexperiment Station‘negr Bozeman; Mgntané.
The rows were 3.1 ﬁ long and spaced 30.5 cﬁ apart. Each Wintér wheét ’
Jiné was planted in early September at a rate of 200-seed§ per row.
Early p]anting faci]itéted foqt groth which maximized infection. Twenty_
grams of oaé kernels anesfed with C. Qramineum were added'as'an‘inocu~ :
lum source with the seed (11). Inoculation occurred naturally in the

spring coincident with frost heaving.
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Plant materials. The disease index rating system for measurihg

symptom severity was,develoﬁed using six winter wheat cultivars which
demonstrated differentfal yield responsé; whén infected with C. grami-

neum. Marias (C.1. 17595) and Lancer (C.I. 13547) were highly suscép-

. th]e, Winalta (C.1. 13670) and Crest Line Row Component (LRC) 40

.(MT 7579) were intermediate, and P.l. 094424 and P.I. 278212 Qére
resistant (12). Marias and Crest LRC 40 were used to cohpare the move-
ment aﬁd distribution of C. gramineum with symptom expression in infec-

ted tillers.
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RESULTS

Disease index rating system for evaluatfng symptom severity. A

system for‘rating'symbtom sgverity was developed for all winter wheat
leaQes regardléss of their positioﬁ on a plant or genotypic:baékground:
‘Ten leaves‘fr;m‘each of six cultivars were selected randomly fFoﬁ di f-
ferent locations oh p?ima}y tillers at:heading. Each leaf exhibitéd a
different striping pattérn ranginglfrom one discrete stripe to complete
chlorosis. Leaves were photographed on a slide-viewing box, which
provided the béck]ight.illumination necessary to distingufsh translucent
appearing veins from the more opaque lamina. Hence, veins associated
with chlorotic stripe; could be identified readily (Figure 1-1) Avseg-
ment of each leaf was excised for histoloéical processing and subse-
quently examingd for.(f) anatomical comparisoné of‘yascu]ar.bundle
: distfibut?on between cultivars, and (2) identification of vascular
bundles coionized by C. gfaminéum and fheir distrjbufion relative to the
external stripiné'pattern:bn intact leaves. | |

Patrick (13,14) classified wheat leaf vaScu]ar'bundles'into three
categories. The'o}der of earliest to latést maturiné and 6f largest to
smallest bundles were: the median bundle, the lateral bundles, and thé
intermediate bundles (?igufe'l-]). In this study, the bundle types in
each leaf wére identified .and the number of each determined. Five

lateral bundles were observed consistently on each side of the median

.bundle in all cultivars. The number of intermediates.ranged frbm 33 to
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Figure 1-1. Chlorotic striping pattern on a Cephalosporium gramineum
infected winter wheat leaf and an illustration of a trans-
verse section of that leaf showing the distribution of
vascular bundles colonized. M = median vein, L = lateral
vein, and | = intermediate vein. Ten lateral bundles were
always observed in all wheat leaves examined.
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.h3 per leaf between cultivars as well as between leaves within each
cultivar. |

The distribution of éo]onized vascular bundles was closely related
to the pattern of exterﬁal striping. Small quantities of the fungQS in
Qascu]ar bundles of both the stem and ]eavés producéd no visible 'damage
to surroundinq tissues. With increased propagule levels, however,-dis—
ruption of protoplasts in phloem and mesophyll-cells bordering the
vascular bundles was detectgd (Figure l-éA—C). Gels and gums appeared
concomitant with increased colonization by the fungus and appearance of
cellular degeneration in regions proximal to the infected vascular
Bundles. A marked decreage in ch]orop]ast numbers Qithin'affected mes o=
ﬁhyll'cel]s was a;sociated with external manifestations of chlorotic
stripes. Zones of tissue disruption coalesced when adjacent vasdu]ar
bundles were coTonTéed.

Each stripe appeared to résult from localized vascular dysfunction
caused by fungal co]on?éation. Hence, the striping pattern was used as
an indication of thé extent_of systemic infectﬁon by C. gramineum-
throughout the leaf vascular system. The disease index quantified the
spread of these chlorotic stripes on a leaf. A range of‘one to_gleven
was chosen, since all wheat leaves possessed a single median vein and
ten lateral veins. The intermediate bundles, being numerous and vari-
able between leaves, were pot included. However, éinqe the interme- .

diates adjacent to a lateral bundle -became infected soon after




Figure -2,

The pathological effects of vascular bundle colonization by

Cephalosporium gramineum in infected winter wheat leaves. A)
An uninfected vascular bundle. B) An

in the early stages of colonization.
tion is evident (arrow). C) An infected vascular bundle in
late stages of colonization. Extensive deterioration of phloem

(arrow) and surrounding mesophyll cells. Bars represent 50
microns.

infected vascular bundle
Some mesophyll deteriora-

£l
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_ co]on}zation of tHe Iateral,.stripes indeced by them'were represented
with ‘the Iaterel bundle. A score of one denotee'a sing]e stripe on a
leaf, which corresponded to invasion of a siﬁgle lateral buﬁdle and
adjacent intermediates. A score of eleven'iﬁdicated‘complete chlorbsis;
which corresponded to fungal estaelishment in most, if not all, vascular
bundles of a leaf.

Systemic movement of C. gramineum between consecutive nodes. A node

is the only region of the wheat stem where leaf traces inferconnect to
form a vesculér continuum with.the rest of the plant. As such, it is-a

: Aeriticalhregion for successful- systemic movement of the fungus aerope-'
tally in the plant. Each successive node represenfs a temporal gradient
both with respect. to the extent of infection and the extent of host deve-
1opmenf. Consequently, the focus of attention Qas on consecutive noaes
of winter wheat culms at_various developmentallgrowth stages.

Fifty randomly selected diseased plants of the susceptible cultivar
Marias were tagged in the spring when stem elongation of the main tlllers
began. Observatlons were restricted to the developmental stages .between
‘penultimate leaf emergence and anthesis (Feeke's scale,7.5 to 10.5) (10).
At each of fiye-col]ection dates corfesponding.to a change of 0.5 on"phe
'Feeke's scale, ten main tillers were harvested and the upper four leaves
of each rated for symptom severity.. Each leaf and its node of attach-
ment were then excised and cultured on‘acidified cornmeal agar (HCMA);

(Difco) to test for the presence of the fungus. Each nodal segment
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exténdéd'from the apeg‘of ihe internodal Iacuaa below the nodé to midway
into the’pulvinus'abpve thé'node. This was: termed the nodeﬂpulvfﬁus
segment to'differentfate it from the pulvinus-internode segment, which
consisted of the remainder of the pulvinus and 0.5 cm éf the Jntérnodé
.above. Both segments were excised from the upper two visible nodes'at
each growth stage and tﬁltured on HCﬁA.to determine the leading edge of
fungal advancement. |
Al£hough.the crowns of all tillers examined were inVadéd systemi-
cally by C. gramineum as determined bf both visual blighting and fungal
isolation from the lowermost ]eaveé,,the rate of movemeﬁt throughout. the
enti;e tiller apparent]y_Was affected'by the stage éf host'development.
(Table- I=1). At groth sfage 7.5, the fﬁngys had advanéed only as far -
as the fourth node (the node immediately above the crowp). Only two
nodes were viéib!é at that time;'the tHird being in a juvenile stage of
development as judged by the diameter éf stem and pulvings.' The fungué
had progressed into the thjrd node by growth stage 8, ét which time the
second node was visible, but still immature. Thié pattern of advance-
ment continued through to the flag ndde'(héde 1 in Tésle i-1).
Resistance to funga1 advancement -was observed in immature node-

pujvinus segments. 'For example, at growth stage 9.5, when:the head was
almost ready to emerge from the ”boof“, the fungus was isolated from
only one edge 6f the flag-node-puivinus segment. It did not emérge from

the pulvinué edge of the segment. In addition, the fungus was not




_TABLE I-1. Relationship between foliar striping patterns and
‘ movement of Cephalosporium gramineum in consecutive
leaves of infected Marias winter wheat plants at
different developmental growth stages.

Severity SeoreE/

Feekes scaleE/

Leat S/ 7.5 8.0 8.5 9.5 10.5

1 -0 0 0 0 - 1,4*‘51_/"
2 0 - o 0. 1% 2.0% . bk
3 0 . 1.7% ) (RE 6.9 10.1%

4 2.3% 9L 9.9*' 10.8%  11.0%

,—/tach value respresents the mean of ten tillers at each
growth stage. Each leaf was assigned a severity score
based on the number of stripes visible on a scale from
one to eleven. | = one stripe/leaf, 11 = totally blighted
leaf.

E-/Each growth stage:is represented by the Feekes scale, which
partitions winter wheat development into a numerical scale
from 1 to 11.

E/Leaf 1 represents the flag leaf, leaf:2 the penuitimate‘
leaf, leaf. 3 the third leaf below the flag, and leaf 4
the fourth leaf below the flag.

g-/Asterisk indicates successful isolation of the fungus
from.nodes cultured on acid cornmeal agar.
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detected in the pu]vinusFinternode segment above the flag node.
To examine this phenoménon more close]y;_anatdmica] features of
the node énd pulvinus and the pattern of fuhéal movement within these
regions wére stu&ied. Su;cessive nodes and leaves of attachment were

excised from six primary tillers of Marias at each growth stage and

processed for histological examination. Serial sections were cut from

the base of each ﬁode to midway fhrough the pulvinus. Presence of the
fungus in node-pulvinus regions and leaves of attachment was established
by microscopic identification of conidia,:mycélia, Qel accumulations, or
any combination of thé three.

A node is composed of vascular bundles gnd intérconﬁecting xylem
strands from the leaf of attachment as well as from the two leaves
immed iately above. Patrick (13) classified vascular bunales in each
node accofding to their-leaf of origin. They can be identified by (1)
morphological characteristics, (2) position relative to other bundles,
“and (3) pattern of branching through the node kFigures 1-3, I-4), AN
of the vascular bundles originating in the leaf of attachment (desig-
nated L) are continuou§ and non-branching through the node, although
'bridging strands'' fuse with them. They are readily distingﬁished by
their distinctive size and shape within the node, Lateral vascular
bundles originating in the leaf above ieaf L (designated. L1) aré conti-
nuous through the node and fuse with other xylem traces onl? near thé

base.of the node. They are identified by their autonomy relative to
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Internode L

Pulvinus

Il1lustration of the vascular bundle types and their course

through a winter wheat node. Redrawn from Patrick (13).
L = lateral and intermediate bundles from leaf of attachment

(LA), L1 = lateral bundles from leaf above LA, L2 = lateral
bundles of second leaf above LA, BS = bridging strand net-
work, PP = pith plexus. A-C refer to regions of the node

shown in cross-section in Figure I-4,




Light micrographs of cross-sections through a winter wheat node infected
with Cephalosporium gramineum, showing vascular bundle types and their

distribution at levels A-C indicated by arrows in Figure I-3. L = lateral
bundles from leaf of attachment, L1 = lateral bundles from leaf above leaf
of attachment, L2 = lateral bundles from second leaf above leaf of attach-
ment, |l = intermediate bundles from leaf above leaf of attachment, BS =
bridging strand network, PP = pith plexus. Arrows indicate colonization
by Cephalosporium gramineum. Bars represent 50 microns.

61
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other bundles and the ”bridging strand network'' that Iinks with entering
leaf traces to interconnect ‘leaf and stem bundles. Lateral bundles of

the leaf above LI (designated L2) were difficult to distinguish readily,

- since they fuse with the ''bridging. strand network' and the pitH plexus
‘near the top of_tHé node.. The pith plexus connects with the Bridging

'~ strands, making the xylem network continuous among all vascular bundles

within the node (13):

. When C. gfémineum was identified in é speciffc bundle in one ﬁode,
ft‘often cdu]dvbe‘traced to the same bundle in the node béléw and the
node above. For example, if the fungus was observed 'in a lateral LI
bundle in a node, it would be fopnd also in an L2 of ﬁossibiy é finking

strand in the node below and in an Lﬂﬁund]e in the node above' Thﬁs;

"vertical movement of the fungus was followed from one node.to the next

at each growth stage. Its distribution within each node could then be -

. related to distribution in other nodes.

Systemic advancement of C. gramineum at,vafious growth stages was -

closely associated with xy]em maturation gradients between nodes, xyleh

strand differentiétion within nodes, and ky]em strand differentiation
within leaves, The grass stem matures vertically in a multinodal

fashion, g.g;_basipetallyffrom the top of one node to the top.of”thef

node ihmed?ate]y be]ow (FTgUre'l-5A)(l7)§ The leaf at each node matures

basipetally from the t[p'to the base of the .leaf sheath, with fhe

.median bundle developing'first, fo]lé@ed by the lateraf bqndlés, and
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Il1lustration of xylem maturation gradients in a winter wheat
plant. A) Vertical maturation gradients in the internodal
regions. B) Vertical maturation gradients within the flag
node-leaf junction of the pulvinus. Six phases are repre-
sented, 1 = flag leaf emergence, 6 = full maturity of all
tissues after heading. Both A and B were redrawn from Pratt
(17). Filled areas indicate immature tissues. C) Redrawn
from Patrick (14), this shows the sequence of vascular

bundle differentiation within a node. L = lateral bundles
of leaf of attachment, L1 = lateral bundles from leaf above
leaf of attachment, |l = intermediate bundles from leaf

above leaf of attachment, L2 = lateral bundles from second
leaf above leaf of attachment, BS = bridging strand network,
PP = pith plexus.

L2+1]1
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finally by the smaller intermediate bundles (14)' The last reglon to
mature between nodes is the stem portlon at the area of insertion into
the pulvinus at the node-]eaf’junction. Th?s maturation sequehce is
numerTca]l* partitioned into five phases (Figure 1-5B)(17). Maturation
of xylem strands within a node |s‘acropeta] The differehtiation
sequence for dlfferent bundtie types is the same through the node, but
it is initiated first at the node base. The L, L1, and L2 bundles
mature first but are not interconnected until differentiation of the
bridging strand network, The pith plexus develops independently of the .
other xylem strands and is last to mature (F?gure 1-5C) (14).

€. gramineum consistently invaded nodes only after ﬁaturation pf

the xylem strands'leading into them. Moreover, the fungus demonstrated
_selectivity for bundle types.dependent upon their sequence of develop—
ment within each node. The erder of ingress followed closely the erder
of differentiation.

Fungal prbpagu]es were first detected in nodes at phase 5 (Figure
{-5B) of the vertical maturation gradient. This stage of differentia-
tion was characterized most often in node 3 at grewth stage 8, node'Z at
growth stage 8.5, and node 1 at growth stage 9.5, Histodogica] examina-’
tion of these node-pulvinus segments verified-the maturation gradient
among bundle types. The L, LI, and L2 bundles appeared to be fully
mature through the node,. Much of the bridging strand nethrk and the

pith plexus, however, were still juvenile. Although much of the
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cytoplasm of these‘vessels.had disappeared, the cell wallg‘were not
lignified. In the vascular bund]es of the stem in the pulyinus, the
metaxylem elements were still undifferentiated wherea; the protoxylem
elements had Tost their profoplasmic c0nténts and the cell walls weie
becoﬁiﬁg lignified (Figﬁre.]-6).

Conidia and occaéfona]]y mycelia were detected only-in the large L
bundles 6f phe;e nodes. :Rarely were ény signs of tHe fungus evident in
L1 or L2 bundles. The fungus was never-founa in the brfdging strand
network, the pith plexus, or vascular bundles of the stem above the
node. Interestingly, C. gramineum was never found in vascular bundles
until all of the vessel elements within them had fully matured. |

The pattern of pathogen distribution from fully mature nodes into
devélopfng nédes above at eéch growth stage of winter'wheat development
illustfates the restrictive influence impoged by both the verti%ai and
the lateral maturation gradients (Table 1-2). For examplé, node 3 at
growth stage 10.5 is exteﬁsively colonized in all bundle types and
linking strands. Once the fungus had penetrated into the pith plexus,.
it was able to invade all bundles in the node. After the fungus had
successfully colonized all of the bundle types, it was afforded oﬁen
channels into gll of the bundles of node 2 directly above. If no
restri;tions wereiimposed on vertical or lateral mévgment, the fungus
should ﬁéve invaded most or all of the L, L1, L2 bund]és; the bridging

strand network, and the pith plexus of node 2 concurrently. Only some
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Light micrographs showing xylem differentiation in
response to a maturation gradient in the stem of a
winter wheat plant. Bright-field optics of A) mature
and C) immature vascular bundles in the stem of the
pulvinus. Fluorescent optics of B) the same mature
and D) the same immature vascular bundles showing

the extent of lignification in vessel cell walls.
Bars represent 50 microns.
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TABLE 1-2. DistribUtioﬁ of Cephalosporium gramineﬁmvin each bundle
type within consecutive nodes of two winter wheat
cultivars at different growth stages.

Proportlon of Bundles ColonizedE/
MARIAS ' CREST LRC 40
G Bundle TZEEE/ Bundle Type
rowth Stage . AL SRR 4 2453
(Feekes scale) L- L1 12 & BS PP . L L1 L2 & BS PP
7.5 c/ ’ .
NODE 4~ 1.7 0.8 0 0 1.2 0.2 0 0
NODE 3 o "0 0 0 0 0 0 0
NODE 2 | o o 0 0’ o o 0 0
NODE 1 0 0 0 0 0 0 0
8.5
NODE 4 2.0 1.2 0.7 0 1.3 0.8 0.3 0
NODE 3 1.5 0.5 0 1.0 0.2 0
NODE 2 0 0 0
NODE | 0 0 0. 0
9.5 .
NODE 4 3.2 2.5 2.1 1.2 2.1 1.5 0.5 0
NODE 3. 2.3 2.1 1.5 5.5 10 0.5 0.3 0
NODE 2 - 1.2 0.8 . 0.2 0 0.3 0o 0 o
NODE 1 0 0 0 0 0 0 0 0
10.5 . ' :
NODE 4 4.0 3.5 3.2 - 2.2 2.5 1.8 1.3 1.0
NODE 3 3.9 3.3 2.7 2.0 1.5 1.0 1.0 0.2
NODE 2 2.0 1.7 1.2 0.3 1.0 1.0 1.0
NODE | 1.1 0.4 0 0 0.2 0.2 0
a/

“Proportion of vascular bundles colonized within each bundte type. Each
value represents the mean of 6 tillers. "1 = 0-25% bundles colonized,

2 = 25-50% bundles colonized, 3 = 50-75% bundles colonized, 4 = 75-100%
bundles colonized.

E-/Buncl]es identified by leaf of origin in relation to each node. L = late-
ral bundles of leaf above leaf of insertion, L2 = lateral bundles of the
second leaf above leaf of insertion, BS = bridging strand network, com-
prised of Intermediate bundles from the leaf above leaf of insertion,

PP = plith plexus, arising Independently within the node.

c/

~"Node 4 1s the lowermdst node and node ' is the flag node.
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of the L, Ll,'and L2 bundles and the brfdging strands linked to them
were cpionizéd, however, and the pith plexus was cbmpletely free 6f the
pathogep. Addftiona] constraint was in évidence for the buﬁdles be%ween
node 2 and the flag node (node 1), for only several L bundles were
sparsely colonized in the latter. Cohseduently, thé fungus -was observed
moving up an ‘infected stem in a sequentia]‘tempbral pattern between
nodes and Bgtwgen the bundle types in each node rather than in.a rapid,:
unordered progressféh. |

The pattern of pathogen distribution observed histé!ogfcally bet-

: ween_nodes was mirfored.macroscopically in thé battern of stripe forma-.
. tion (Tabie.l-l). .At each ?onsecutive'growfh stage after 7.5, the
avérage number of éfripes on. leaves attached to'recently métured nodes -
did not exceed two stripes,'whereas thé leaves immediately below
averaged between four and-ﬁen stripes. Leaves further down the stem
were usually completely blighted.

Thus, the movement andAdigtribution of C. gramineum is closely
associated with the xylem méfurafion gradients of'deve]opiﬁg winter
wheat plants. Verfical.moVement in the stem is Iimiged by the Basipeta]
maturation gradient-befween nodes ; mpveﬁent between vascular bundle
types is restricted by the aéropetal'and lateral differentiation of L,
L1, L2, bridging strandé, and pith plexﬁs; and movement withén the'L
bundles is regufatéd by tﬁe‘sequential differentiation of medjan, late-

ral, and intermediate bundles originating in the leaves.
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Differential respbﬁséé of two cultivars to spread 6f C.»gfamfneum.i
-Mariés and Crest LRC ﬁo’were compared with resbect to the rate of symp-
tom expression throughout their growth and development. Crest LRC 40
was chosen because it appearéd to bossess some mechanism’by which
complgte blighting of all leaves occurred later than in Marias within
the same time span (Chapter 3). Consequently, histological studies |
similar to those performed on Marias were conducted to determine any
visual dissimilarities which might characterize this phenomenon. Iden-
tical sample‘sizgs and harvesting dates Qere used, since both Mérias ana
Crést LRC 40 have the same heading dates. The fungus iﬁvaded'the
different bundle types of Crest LRC 40}5 ﬁode; in the séﬁe sequence
observed in Marias,_but‘its rate of invasion lagged COnsiderably (Téblé
1-2). | o |
To di§cern differences in host response to pathogen'coloﬁization,

conidial, myceiial, and'gel éccumu]ations werevduéntified in colonized'
.vascular bundles by rating eéch~on a scale of one to three indicating
trace (1-30% vessels/bundle filled), moderate (30-70% vessels/bundle
filled), and abundant (70-100% vessels/bundle filled) quantities. The
- number of vessels in each vascular bundlé within a node rgnged from. a
minimum of 24 in L1 bundles upward to 139 in L bundles. No tyloses were
ever observed in infectea.vesse]s, ruiing them out as a significant Hést
response.. Only those nodes at various Qrowth stages in which the fungus

had progressed into the Li and L2 bundles, but had not yet invaded the
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'pith blexus, were scored.

Substantial differences in conidié, mycelia, and gel accumulations
appeared to exist -between Marias and Crest LRC 40 (Table 1-3). If
Marias was assumed to lac? ény capacity for active restriction of‘
pathogen movement, then Crést LRC 40 possessed the ability to elicit
greater gel production, inhibit conidial proliferafion, or a combina=

tion of both.
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TABLE 1-3.- Reaction of two winter wheat cultivars to
infection by Cephalosporium gramineum as
related to accumulation of gels, conidia,
and mycelia within the lumina of infected
vascular bundles. .

Extent of Accumulationé/

_Cultivar Gels Conidia  Mycelia
Marias 1.0 2.4 o1
Crest LRC 4o 2.2 1.2 1.8
a/.’

—'Each value represents the mean of 42 nodes. Readings
of all L and L1 bundles in each node were averaged.
Only nodes in whlch C. gramineum had not yet progres-
sed into the plth plexus were scored 1 = trace
amounts (1-30% vessels/bundle), 2 = moderate amounts
(30-70% vessels/bundle), and 3 abundant amourits
(70-100% vessels/bundle) : '




30
DISCUSS | ON

A1l host-pathogen infehactions may be characterized by examining
components of the disease pyramid siﬁg]x and ‘together (2). This study
‘placed equal emphasis.on pathe]ogica]'effecps of.é: gramineum oe the
host and on physiologicai and morphological effects of the wfnte; wheat
host on pathegen movement. The temporal relationship betweee these two
components was investigated by following disease development during the
'ontegeny of infected wheat plants. Both disease developﬁent and host
developﬁent are initiated.within a similar time frame, since field
infection in Montana occurs at one time--in the spring when soil heaQing
causes root'breakage (4,15). The expeeed xylem elements pFovide sites
for paesive enpry of condidia into the roots. Hence, disease onset is
concomitant with induction of stem elongation in winter wheat. .

'Our study confirmed earlier reports that pathological effe;t; fn
and around infected vascular bundles did not occur until after abundant
colonization by C. gramineum. Censequently, a sequential're]ationship'.
between invasion and colonization by the pathogen and fqliar'symptom
expression was observed. ;The fungus was detected prior to external
symptom development, but chlorotic striping was rarely visible in vascu-
lar regions devoid of fhe'fungus. Impairment of lateeal water transport
resulting from vascular dysfunction has been postulated ae the mechanism

of stripe formation (16,20,21). Phloem and mesophyll deterioration

within and around abundantly‘colpnized vascular bundles could be a
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manifestétion‘of ldcaliiea-water stress cau;ed by resistance to water
movemgnt to these cells. As adjacent vascuiar bundles becahe infected,.
.the regions of tissué de§éneratf0n overlapped. Ultimately, when all |
bundles were colonized, the leaf became blighted.

' .This‘pattefn of pathogén'mpvement in re]ation £o symptom express ion
formed the basis for a disease iﬁdex rafing‘system. Each étripe,_raﬁging
from -one to eleven per jeaf,.indfcated the extent of infection tﬁrbugh a
ﬁode and into Ttsvleaf of attachment. This disease index may be a useful
tool fdr visually monitgring the rate énd.extent of pathogen spread up-
ward through an.infected wPﬁtervwheat plant. Individual readings may
then be extendgd to a population of pfants withiﬁ a single cultivar for
evaluating differential responses between genotypes as well as selecting
plants from a segregating population. -

Many elements of tHe'E: gramineum-winter wheat interéction are
-unigue in'comparison to other vascular péthogen—host interactions. With
:respect to the Host, winter wheat is an annual, herbaceous monocot, and

it differs sigpificantly from woody ménocots.such as banana and dicofs
which are susceptible to other vascular pathogens. The vascular bundlés
of wheat lack a cambjum for secondary growth ana thus remain as discrete
bundles of fixed sizes except.in the nodal régions; Where they‘Form an
interconnecting network. Traces from the.leaf of attachment pass unbran-
ched through the node and iﬁtp the internode beloQ. Thé vascular bundles

in the leaf are of similar sizes to their counterparts in the stem. Thus,
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movement of the fungus from several vascﬁlar bund]és in fhe.steh‘upwafd.
into the leaf résults in localized stripes in the regions qf coloniza-
tion. No visible external evidence of physiological disorder caused by
water stress was found in asymptomatic regions of the leaf.

In dicoté, on the other hand, the péf%ole bundles branch from the
interconnecting vascular network.of the stem and are much -smaller in.
size. Whereas localized oéﬁ]usion in stem bundles does not alter water
flow significantly, extensive dysfunctioﬁ in the petiolar bundles results
in almost a total cutoff of watér flow (6,7). Consequéntfy, vascular
diseases associated with these plants often exhibit generalized Qilting
rather than discrete chlorotic patterns around infected bundles (7). |

Winter wheat is élso‘distinctive in its requirement for-a yernafi—
zatién period- to initiate'flowering. In comparing symptom development
within wound-inoculated vernalized and non?vernaJizedlwintér wheat
plants, Bruehl (4) observed that the lafter were resistant to stripe
formation. He guggested tﬁat it is probable that the fungus is not
particularly active gntil-the host passes a certafn stage of develop-
ment'. In our studies, we found that stripe formation in non-yernaliéea
Winter wheat was evident only in the mature outer leaves:(Chaptér 3).
While Weise's (21) observations regarding events 1ea&in§'to symptom
development within maturiné leaves is similar to ours, his examination
of only a‘specific organ,'the leaf, did not reflect the impact of host .

ontogeny on disease development.
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The unique nature of C. gkamineum as a plant pathogen was disco-
vered after stﬁdyjng the mutual interaction of host ontogeny and pathégen
movement. The speed QF fungéj growth and spo;uiation, the structure and
funétion of vessels in the plant, and the speed of hos t response all
-interacted to determine the rate and extent of systemic infectjon. In
the highly suéceptib]e cuftivar Marias, systemic movement Qég,restriéted
by the stage of vascular differentiatfoﬁ. Since the fungus ;ouldlndt,be
detected iﬁ vascular bunalés in which any'of the indiv}dual vessel
elements retained protoplasmic components, it apparénély lacked any
capability to parasitize 1fving cells. Vesséls in their juvenile stage
of differentiation are l}ving cells since they contain intact, metaboli-
ca]l& active protoplasts. In the mature state, however, they become
devoid of the protoplasm and nucleus and thus ﬁay be considered as non-
living cells. The pathogep was able to invade thgse nqn-living vessels
readily..

Other aspects of disease etiology substantiate the inabflity of C.
grémineum to penetrate living cells. These inc]ude the pathogenfs‘
requirement for root wodnding for successful ingress and its restricted
presence within the xylem until after ail 6th¢r plant tissﬁes lose
biolbgical activity. |

éateman'(]) recently partitioned plant pathogens into three cate-
gories: parasitic; perthophytic, and sabrophytic. The first obtains

nutrients from living cells directly, the second derives its food from
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cells killed in advance of colonization, and the third seeks its food
from nqﬁ—living celfs after colonization. The parasitic habit of C.
gramineum does not fit into any of these convenient divisions, Rather,
this pathogen'exhibits characteristics common to both perthophytes énd
sap;ophytes, since it paréstizes functionally non—li&?ng cells that are

an integral part of a living system. Although other vascular pathogens,

notably Fusarium and Verticillium, are also restricted to xy lem thrdugh-
out the lifetime of the host, they poésess the ability to penetraté
living cells of the root to initiate infection (8,18).

A descriptive model for'E, gramineum movement and distribution
through a node and above into the stem and leaf of attachment is presen-
ted here basea upon the evidence for devélopmenta] éequence of bundle
types within each node, the méturation gradient betweén nodes, and the
sequence of invasion among bundle tYpes'afte} jﬁitial ingress into a
~node. As a node develops; the fungus gains ingress first into the . large
L bundles within which al{ of the vessel elements are fully mature. The
fungus subsequently moves into the L1 bundles near fhe base of the node
after maturation of the bridging strand network whicﬁ interconnects them
with the L bundles. With the acropetél matpration of additional brid-
ging strands, the fungus gains access to the L2 bundles near the apex
of the node. Since the pith plexus develops independently of all other
bundle types, contact must be made witH the bridging strands befgre the

fungus can invade it. After successful colonization of the pith plexus,
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the fungus has ready access to all other Qascular bundles and linking |
strands thoughout the’néde which ultihately leads to compjete system}c
invasion." Macroscopical]y, this sequence' appears as initial discfete
stripes (L Bundles) on leaves, followed Sy slowly widening stripes as
the adjacent intermediate bundles become invaded. Stripes may coalesce
depending uponé the pattgrn.of L bundle colonization in the node. Even-
tually, all laperai and intgrmediate bundles beéome colonized and bligH—
ting occurs. This sequenée is repeatedfgn each node and leaf of attach-
ment as the fungus moves quard in the plant. “

This modei has importént practical apblication tb a germplasm
development prograﬁ. Bgcaﬁse of the close temporal association between
sjmptém expression and xy!em maturation gradients; all parental and
progeny lines require close monitoring of heading dates so that selection
for Jate-maturing gehotypes.is not favored. 'FUrthermore, selection.for
differential feépoﬁses to'symptom devélopmeht is‘eFfe#tiVe only after
heading, since éymptoms do not éppearson.the-flgg 1eéf ﬁntjl head
emergence.

‘The rate of systemic.spread of é, gramineuﬁ may be affected at two
levels, The first,'wh}ch:ié related t6~the capability for gaining suc-
cessful ingréés into ﬁew ferritory, is.governed by the fgtelof growth
and maturatioﬁ of xylem tgssue as discussed above for Marias. The
second, which is related Fo:the ability of the pathogen to overcome host

defenses after successful ingfess, is governed by genetic differences
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between winter wheaF cultivars. Such an interaction appeared to exist
in Crest LRC 40, which defayed comp]efe systemic infection by the fungus
much longer than did Marias.-

Two responses whfch'could'eficit this reaétion,ake (1) the physi-
cal bloqkage'of vertical and/or lateral movement of conidia by tyloses,
gums, and gels, and (2) the synthesis of'én,inﬁibitoéy substance which
s lows sporuiation. The first has been implicated as a resistance
mechanfsm in several vaséulér diseases (7). Howeyer; unlfke most of
these host-vascular paéhogen interactions, no tyloses or vessel co]iapse
were observed in vessels infected with C. gramineum‘(S,f).' Mpreover,
both gelafion and gummosis were rarely detectéd in advance of conidial
invasion, but occurred siﬁuTtaneous]y,With'or subsequent to fungual
proliferation in infec&ed vessels.

Crest LRC 4O exhibited increased gelation and gummosis as combared
to Marias. It is possible‘that these reactions pfecluded or retarded
the lateral movement of conidia ffom colonized L .and Ll bundles into the
bridging strand network and pith plexus, which would limit systemfc
spread into.aj] bundles of a node. Movement of C. gramineum into this
interconnecting network of xylem strands Iéggea considerably behind the
maturation gradient.

The apparent ‘inhibition of conidial proliferation within colonized

bundles of Crest LRC 40 suggested an interaction at the'mo]ecular level.

Possibly, a toxic compound is synthesized by the cultivar which inhibits
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sporulation sufficiently to-retard systemic infection. Since either or

both of these phenomena may be responsible for the retardation of syste—n

mic invasion by C. gramineum,. each must be subjected.to rigorous bio-

chemical analyses to determine their relative roles in pathogenesis.




LITERATURE CITED




10.

1.

13.

39

Bateman, D.F. f978.'The dynamic nature of disease. In '"Plant

Disease: An Advanced Treatise''(J.G. Horsfall and E.B. Cowling, '

eds.) Vol. 3. pp. 53-83. Academic Press. New York.

Browning, J.A., M.D. Simons, and E. Torres. 1977. Managing host
genes: Epidemiologic and genetic concepts. In '""Plant Disease:
An Advanced Treatise" (J.G. Horsfall and E.B. Cowling, eds.)
Vol. 2. pp. 191-212. Academic Press. New York.

Bruehl, G.W. 1956. Prematurity blight.phase’of Cephalosporium
stripe disease of wheat. Plant Dis. Rep. 40:237-24].

Bruehl, G.W. 1957. Cephalosporium strlpe dlsease of wheat. Phyto-
pathology h7 641 -649.

Chambers, H.L. and M.E. Corden. 1963.. Semelography of Fusarium wilt
of tomato. Phytopathology 53:1006- 1010.

Dimond, A.E. ]966.~Pressure and flow relations in vascular bundles
-of the tomato plant. Plant Physiol. 41: 119 131.

Dimond, A.E. 1970. Biophysics and biochemistry of the vascular wilt
syndrome. Ann. Rev. Phytopath. 8:301-322.

Garber, R.H. and B.R. Houston. ]966. Penetration and'develepment of
Verticillium albo-atrum in the cotton plant. Phytopathology 56:
1121-1126.

Jensen, W.A, 1962. Bbtanical Histochemistry--Prineiples and Prac-
.tice. W.H. Freeman and Co.,San Francisco and London.

Large, E.C. 195h Growth stages in cereals--ll]ustratlon of the
Feekes scale. Plant Pathology 3:128-129.

Mathre, D.E. and R.H. Johnston. 1975. Cepha]osborTum‘stripe of
winter wheat: Procedures for determining host response Crop

Sci. 15:591-594,

Mathre, D.E., R.H. Johnston, and C.F. McGuire.«1977..Cepha]o§porium
stripe of winter wheat: Pathogen virulence, sources of resis-

tance, and effect on grain quality. Phytopathology 67:1142-1148.

Patrick, J.W. 1972, Vascular system of the stem of the wheat plant.
I. Mature state. Aust J. Bot. 20:49-63.




1k.

15.

16.

17.

20.

21.

22.

bO

Patrick, J.W. 1972. Vascular system of the stem of the wheat plant
1. Development. Aust. J. Bot. 20:65-78.

Pool, R.A.F, and E.L. Sharp. 1969. Some environmental and cultural
factors affecting Cephalosporium stripe of winter wheat, Plant
Dis. Rep. 53:898-902, :

Pool, R.A.F. and E.L. Sharp. 1969. Possible association of a
polysaccharlde and an antibiotic with the disease cycle of
Cephalosporium gramineum. Phytopathology 59:1763-1764.

Pratt H. 1948. Histo-physiological gradients and plant organo-
genesis. Bot. Rev. 14:603-6L43,

Rishbeth, J. 1955. Fusarium wilt of bananas in Jamaica. |. Some
observations on- the epidemiology of the disease. Ann. Bot.

19:293-328.

Slope, D.B. and R. Bardner. 1965. Cepha]osporium stripe of wheat
and root damage by insects. Plant Pathology. 14:184-187.

Spalding, D.H., G.W. Bruehl, and R.J. Foster. 1961. Possible role
of pectinolytic enzymes and polysaccharide in pathogenesis: by.
Cephalosporium gramineum in wheat. Phytopathology 53:227-235.

Weise, M.V. 1972. Colonization of wheat seédlihgs“by Cephalosporium

gramineum in relation to symptom development. Phytopathology

62:1013-1018.

Weiae, M.V. and R.V. Ravenscroft. 1978. Sporodochium development.
‘ and conidium production in Cephalosporium gramineum. Phytopa-
thology 68:395-L01.




CHAPTER ‘I |

" PHYSIOLOGICAL EFFECTS OF CEPHALOSPORIUM STRIPE ON GROWTH AND

YIELD OF WINTER WHEAT (TRITICUM AESTIVUM L.) CULTIVARS
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INTRODUCT I ON

Alteration of water relations has been implicated in the interac-

tion between the vascular pathogen; Cephalosporium gramineum, and its

winter wheat .host (5,6). A1l of the disease symptoms, which include
blighted leaves and heads, stﬁnted plants, .and greét]y redﬁced yielqé,
are responses that can be attributed to disruption in water economy
(14,21). Diseases of winter wheat caused by:root and crown-infecting
fungi have occasionally been confused with Cebha]osporium stripe

because of their résemElan;e to the white Head stage of disease develop-
ment (2;5;22). In such instances, symptoms were éssocfated with water
deficits imposéd as a result of severe infection (22).

Most attempts at defining the disease physfolégy of thé Cephalo-
sporium stripe-winter wheat interaction have been indirect. Weise (31)
histologically evaluated pathogen movemeﬁt relative to foliar symptom
development. He observed that invasion and colonization by the fungus
preceded induction of foliar stripes. - MorééVer (Chapter'l), thére
seemed to be an association between the appearénce of gums and gels,
which accumulated as fgng$1 colonization became more extensive, and the
disruption of.pﬁloeﬁ within vascular bundles and mesophyll cells sur-
rounding the vascular bundles., Stripes.appeared in conjunction witH
cell collapse in these regions. Examihatjbn of eosin dye transport in
excised infected leaves revealed that both vertical and lateral trans-

location of water were inhibited in symptomatic regions (27,31). Some
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investigators have suggested that accumulations of a low molecular weight
bolysaccharide producea by C. gramineum in culture is responsible for
stripe formation (24,27). ‘Others have imp]icated a tetronic acid toxin,.
Graminin A, in vascular-browning, although they do not postulaté a mode
of action (18).

The only attempt £o di}ectly determine the effettg of .pathogenesis
on the water relations of winter wheat infected with C. gfamineum was
conducted by Spalding, et al (27). ‘They measured the relative méiéture
content of all regions of Winfer wheat shoots after heading and.foﬁnd
that desiccation was mofe pronounced in diseased than in Eea]fhy tissues.
Their study, whfle substantiating that water deficits are induced .during
pathogenesis,'did not evaluate the physiological effecfs of these watér-
deficits on the host throughout disease development or determine whether
the disease syndrome was due wholly or in part to water s£réss.

The purpose of this investigation was to obtain a'more comprehensive
analysis'of disease physiology in relation to symptom expression and to
determine its application to selection for disease resistance. The
effécts of pathoggnesis on plant metabolic processes, on plant gfoﬁth
patterns, and ultimatelf on yield compoﬁents from the onset of stem
elongation through the grain filling period Wgre exémined'in several

differentially responding winter wheat cultivars.
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MATERIALS AND METHODS

Three winter wheat cultivars, Marias (C;I. 17595), Crest Line Row
Component (LRC) 40 (MT 7579), and P.l. 278212 were used in this study.
Théy were planted in early September, i978Aat the Montané Agricultural
Experiment Station near Bozeman, Montana in a randomized block design
with four replications. Each cul£ivar'was seeded in paired rows 3.1 m
long and spaced 71 cm apart. To one row was added 20 érams of oat ker-
nels infested with C. grémineum (20) simultaneously with the seed. A
séeding rate of 200 seeds per row was used to maxfmize fhe number of
infected seed]ings.v In the spring, diseased plants were identified in
each row by striping on lower leaves and leaf sheaths énd the main til-
lers were tagged. Ea;h row was fhinqed manually until infected pTants

<

were spaced at least 15 cm apart. Seedlings in adjacent check rows

were similarly thinned so that every infected plant was paired with a
healthy plant.

Relative water content (RWC), conductance, net photosynthesis, and

. chlorophyll content were measured to evaluate the physiological relation-

ships between water stress and symptom éxpression at various degrees of
striping on flag leaves of diseased winter wheat piants. RWC and conduc-
tance were used as indicators- of water stress;. the former being a‘measure
of total water potential in a leaf and the latter being a méasure of

transpirational behavior. Net photosynthesis and chlorophyll content

were used as indicators of total photoassimilatory activity. For each
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infected flag leaf, a~h¢§1thy fTag leaf wés sampled concurrently. Thus;

all fouf parameters céuld be expressed as percent of control to cancel
out environmenfa] factofs common ‘to bofh healthy and diseased plants in
"the field. lmplicit in the results,'thergfore, was. the assumption thét
observed differences are caused primarily by bathp]dgical responées.
Sympfbm'sevérity (number of stripes per léaf) was based on a disease
index rating system prév}ously described (Chapter 1). |

Leaves were sampled between 9 a;m. and noon on calm, clear days. On
each sampling date, between ten and fifteen infectéd énd hea]thy f]ag_.
leaves were evaluated. The .leaves ranged jn symptom severity from one
stribe to complete chlorosis. Ultimately, ten leaves of eaéh severity -
rating were énalyzed for all four physio]qgical’parameters; For one
samp]e-bopulation, meésureﬁents»were méde ip the following éequence: Net
pﬁotosynthesis, conductance, and relative water content. .Chlorophyil
content was determined from a differéqt, though equal siiéd, sample

population, since RWC determinations were destructive.

Net photosynthesis. Carbon-dioxide flux was measured on attached

leaves in thgafield using a portéb]e closed sy;tem-adapted from a tech-
nique developed by Clegg,,ef al (9). The-saﬁplé chamber was constructed
of tubular plexiglass with a diameter of 2.6 cm and a length of 19 cm.
The internal volume totalled 100 cm3. The chamber consisted of two hal-
ves sealed by closed-cell insulation tape (Figure Il=1). Thus, when

both halves.were clamped together, a tight seal was obtained. Glass
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tubing 0.6 cm X 2.5 cm was attached to two portals positioned in the-
upper half of the tube and sealed off by rubbéf serum bottle caps. Gas
samples were taken in plastic syringes (B:D multifit, 10 ml) inserted in
the two glass tubes. The sample chamber was mounted at one end in a
buret clamp holder attached to a metal ringstand. The angle of the
sample chamber was continually aajus;ed so that the leaf blade was pos i-
tioned perpendicular to the sun's incident rays. With both halves of
the chamber clamped tightly at one end, there was a sufficient gap to
insert a leaf from the opposite end. A 10 ml aliquot of gas was collec-
ted prior to sealing the leaf within the sample chamber to represent
initial COy levels around the leaf. The chamber was then clamped shut
with:a self-closing spring brass test tﬁbe wire clamp, and after two
minutes, a second 10 ml aliquot of gas was taken from within the chamber.
The halves of the chamber were left open a few minutes between leaf
measurements to allow equilibration with ambient.air. After gas samp-
ling, the syringes were stored for 2-3 hours in a cool, shaded container
until they could be transferred to the laboratory. The gas samples were
injected into a Beckman IR 215 Infrared Gas Analyzer to determine their
CO, concentrations. A carrier gas of known COy concentration (320 ul/1)
was passed through the system at a rate of 11/min. A six _inch drying
column packed with drierite was inserted between the injection site and
the IR analyzer. The.IR analyzer was calibrated to read from 0 to

200 ul/1 CO, using standard gases at 170 ul/1 and 320 ul/1.




Figure 11-1.
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Plexiglass tubular chamber for measuring carbon
dioxide exchange in winter wheat leaves in the
field. Two gas samples were collected in plastic
10 ml syringes at the beginning and end of a two
minute interval and brought back to the laboratory
for injection into an IR gas analyzer.
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Di fferential co, concentrations were recorded as peaks on a Beckman
‘Mode 1 93500 Reeorder. Peak heights were measured to determine-Qifferen-
tial COyp assimilation rates between paired héa]thy and diseaséd leaves.

In converting ul/1 o, to mgC0y/dm2/hr, leaf area measurements were
estimated using the formula, .905 L X W where L = leaf .length and W =
width of the leaf midway from the tip (16).

Conductance. Diffusive resistance to water vapor loss was measured
with a diffusive porometer (Model LI 60, Lamda Instruments Co., Lincgln,
Nebraska). The.recommended precautions were observed to reduce sampling
variation (17). The wide aperture vapor cup (1 X 2 cm) was used in |
these studies. Three readings were taken from the adaxial leaf surface,
near the base, in tHe middle, and near the tip. The mean repfesented
an estimation of overall diffusive reéistance for each leaf. Readings
were made after completion of photosynthetic measurements, which allowed
at least 30 minutes for a leaf to return to a steady-state condition.

Leaf gpnductance, which was preferredﬂto diffusive resistaﬁde
because of its direct correlation with ﬁet photosynthesis, relative
water content, and transpiratién rate, was calcu]ateq from the formula,

C = ]/rad where Fad is the adaxial leaf diffusive resistance.

Relative water content:. After diffusive resistance had been measu-
red, the leaves were severed below the ligule. A healthy leaf was
paired with an infected leaf, and both excised leaves were immediately

sealed together in'a small plastic bag, which was placed on ice in a
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chest cooler.

In the laboratory, a specific sequence for Hand]ing éach leaf waé
employed ‘to minimize sampling error. Only one leaf was removed from the
bég at a time, the infected leaf first. Removal toék b]ace‘within an
enclosed chamber lined with saturated paper towels to maintain high
humidity. Four 1.5 cm seéments were cut from each leaf using a pre-cut
template. One segment was from the basal region, two’from the middle
region, and one from near the tip of each leaf. |

Each leaf segment's fresh weight was determined immediately after
excision and subsequently wedged betwgen two strips of water-saturated
open-celled polyurethane foam. This apparatus (Figure’li-z) was médi—
fied from Catsky (8) to work with square wheat leaf segments ihstead of
leaf discs. It consisted of a square plexiglass tray which enclosed a
2.5 cm layer of polyurethane foam. At 2 cm intervals, a 1.5 cm X 1 ém
deep trough was cut for positioning the ]gaf segments. After insertion
of all leaf segments, an opaque square piece of glass 0.5 cm thick was
centered over the foam. It supplied enough downward pressure to ensure
that all cut edges of the_]eaf segments-were in direct contact with
water. The entire apparatus was then placed in a clear plastic chamberl~
containing 2.5 cm of water and sealed with a 1id to maintain high rela-
tive humidity. The leaf segments were incubated at room temperaturé
under illuminatién of 350 ergs/cm2 for three hours. |

Turgor weight was obtained by removal.of each segment with flat




Figure 11-2. Polyurethane foam device for saturating 1.5 cm
X 1.5 cm segments cut from healthy and Cephalo-
sporium gramineum infected winter wheat leaves.
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tipped forceps, pressing it between six layers of Whatman No. 1 filger
paper for 30 seconds{ and weighing it. Leaf segments were incubated at
' 70°C in a mechanically conveéted drying oven for 24 hours éna dry
weightg determined.

Relative water content was computed using the formula:
.(FreshAWeight - Dry Weight)/(Turgor Weight - Dry Weight).

Chlorophyll content. Chlorophyll was extracted from a separate

population of paired healthy and diseased ]eaves_using Arnon's proce-
dure (1). Optical density readings of the chlorophyll-acetone superna-
tant were obtained from a Beckman Model 25 Scanning Spectrophotometer.
Chlorophyll content was computed as milligrams of chlorophyll per unit

leaf area. Leaf area was estimated as. described above.
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RESULTS

Cephaloqurium gramineum infected flag leaves did not exhibit
generalized wilting typical of other vascular diseases (11). Rather,
reductions in water content, water vapor diffusion, co, uptake,.and
chlorophyll content were iinearly correlated with successive incréases
in the number of chlorotic stripes per infected leaf (Figure 11-3). This -
and the highly significant correlations between all of the parameters
with respect to symptom severfty (Table I1-1) suggested that the effects
of vascular dysfunction led to localized water deficits only in the
regions around heavily colonized vascular bundles. Non-invaded portions
of the leaf continued to function in a normal manner.

No change in net photosynthesis was observed until after foliar
symptoms appeared. The compensation point, where C0y uptake is balanced
b? C0y evolution, was attained when greater than 90% of the vascular
bundles in a leaf were colonized. In completely blighted leaves, CO2
exchange was expressed as a negative value. Thus, as symptom severity
increased, respiratory activity rose in relation to photosynthesis until
it pfedominated.

The consequences of water imbalance, along with the depression of
phofosynthesis, can significantly inhibit plant growth patterns and
yield potential. Responses which measure these effects on vegetat%ve
.growth include internode elongation and leaf expansion. Responses indi-

cative of alterations in reproductive development include the number of
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Figure 1t=3. The relationship between stripe formation in
Cephalosporium gramineum infected flag leaves

and net photosynthesis, relative water content,
conductance, and chlorophyll content. Symptom
severity was based on the number of stripes per
leaf. 1 = one stripe per leaf, 11 = complete

chlorosis. Each point

is the mean of ten leaves.
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TABLE It-1. Correlations between net photosynthesis,
relative water content, conductance, and
chlorophyll content in Cephalosporium
gramineum infected flag leaves of the
susceptible winter wheat cultivar Marias.

. PPV
Correlation Coefficient—
AE/ B C D
b
A~ - .99 .98 .98
B - --- .96 .97
C —-- --- -—- .96

E/Calculated from the mean values represented in
Figure 11-2,

P--/A = net photosynthesis, B = relative water content,
C = conductance, and D = chlorophyll content.
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spikelets formed per head, the number of florets fertilized per head,
and the extent of grain filling.

Internode elongation was severely restricted continuously through-

out development of the two cultivars Marias and P.I. 278212 (Table 11-2).

Stunting was more pronounéed during elongation of the internode between
the penultimate and flag nodes and of the peduncle, suggesting that the
cumulative effects of disease were most severe during head emergence.
The response of Crest LRC 4O reflected a more moderate increase in rate
of pathogen spread. Uﬁlike stem elongation, thére were no significant
effects of pathogenesis on leaf areas fn any of the winter wheat culti-
vars (Table I1-3).

The heads of twenty primary tillers of each cultivar were examined
to determine the effects of disease development on the yield components,
spikelets/head, grains/head, and grain weight (thousand kernel wgight)/
head.

No change in spikelet number among the fhree cultivars indicated
that the movemenf of C. gramineum had not progressed enough in thé early
stages of vegetative growth to evoke a stressed condition (Table |i-k).
By the time of'f]oweriﬁg, however, disease severity had increased
sufficiently to impose water stress on late maturing florets located
near the apex and base of the heads. The most dramatic effect observed
was a reduction in grain weight at plant maturity. Thus, the period of

grain filling between flowering and senescence appeared to be most
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TABLE 11-2. Percent reduction with respect to healthy controls -
of consecutive internode lengths of winter wheats
infected with Cephalosporium gramineum.

InternodeE/

Cultivar 1-4 4I-3 -2 -1 Peduncle Mean
Marias CELE VIR VR 9 0 37
Crest LRC 40 L 6 Al] 17 16 11
P.1. 278212 28 . 28 27 L7 Lo ' 35

é-/Internodes are numbered from below the flag node (I-1) down- .
ward.

E-/Mean percent reduction from healthy controls based on a sample
size of 50 primary tillers of each cultivar.




57

TABLE I1-3., Effect of Cephalosporium gramineum infection on
teaf areas of three winter wheat cultivars.

Leaf Area (cmz)if
" Flag Leaf ‘ Penultimate Leaf
Cultivar jnfected Healthy Infected Healthy
Marias 23.3 23.9 19.3 . 21.2
Crest LRC 40 17.1 18.0 20.5 . 20.8
P.l1. 278212 33.5 341 30.8 31.6

E-/The mean of ten leaves. Non—significaht differences were
observed at P = .05 using a paired T-test for all compari-
sons between healthy and infected leaves.
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TABLE |I-4. The effects &f Cephalosporium stripe symptom development
on winter wheat yield components and their relationship
to the duration of photosynthesis of flag leaves following

anthesis.,
Percent of Healthy Controli/
Spikelets/ Seeds/. Thousand Duration of 7
Cultivar Head Head Kernel Wt. Photosynthes is—~
Marias 100a%/ 96b 3la 35a
Crest LRC 40 100a. 100a ~ 65b ~72b
P.1. 278212 100a 85¢ 33a : 27a

E/Mean of 20 primary tillers.

E/Mean percent het photosynthesis over a 35 day period following
anthesis from the data presented in Figure l1-4,

E/For each column, values with the same letter are not significantly
different at P = .05, according to Duncan's multiple range test.
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seriqusiy affected by pathogenesis. It is during this stage of plant
deve lopment that symptom expression is ménifésted on thelflag;leéf,.the
peduncle, and the head (Chapter 3).

To monitor. the rate of photosynthetic impairment in reTation'to
iﬁcreasing sympiom severity, net photosynthesis was measureé ét'fi?e day
intervals from the flag leaves of ten primary tillers of egch winter
wheat cultivar fgr 35 days following anthesis. .Measureménts were theﬁ
terminatgd because of hail damage. Both Marias and P.!. é782i2'e¥hibf-
ted a éharp decline in photosynthetic activity concomitant with the
increase in chlorotic stripes (Figure ll-4). By three weeks after
heading, the flag leaves were.comp]etely‘Elighted and photosynthes%s
was totally suppressed. The flag leaves of Crest LRC 40, héwever, con-
tinued to show photosynthetic activity, even 35 days after heading;
although blighting eventually occurred. The close association between
visual indexing of stripe development and net photosynthesis substah;

tiates the close correlation between the two parameters illustrated in

Figure 11-3.

The durétion of photosynthate production by the flag leaves of each
cultivar was estimated by averaging the decline in net phﬁtosynthe;is |
over the 35 day period (Figure [1-4). C02 exchange was asﬁumed to be
zero after complete foliar blighting occurred, even though there were
indications of some residual respiratorj>a;tfvity, Much 6F the‘1aqk in

grain-filling in diseased plants as compared with healthy ones can be




60

Figure Il1-4. Relationship between stripe formation and net photo-
synthesis in Cephalosporium gramineum infected flag
leayes of three winter wheat cultivars. Ten leaves
of each cultivar were monitored for 35 days after
heading. Symptom severity was scored by the number
of stripes per leaf. 1 = one stripe per leaf, 11 =
complete chlorosis. Vertical bars represent one
standard deviation.
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probably be attributed to the effects of disease development after

flowering (Table I1-4).
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DISCUSSION

Disease-induced plant water deficits may be generated by alteration
in the total plant water potential either directly, as in the case of
increased resistance to water movement within the water conducting sys-
tem, dr indirectly as in- the case of toxin-induced chénges in membréne
permeability, which alter solute potentfa]s within affected cells (12).
While vagcular dysfunction in c. graﬁineumninfected p]aﬁts has been
implicated in disease symptomatology (6,24,27,31), a toxin, Graminin A,
also has been suggested as a cause of symptom development. Gramiﬁin A
caused vascular discoloration and some chlorosis when it was adminis-
tered to healthy plants (18).

The results of this study nggest that a toxin does not play a
major role in disease development. The linear reiationships between
symptom expression and net photosynthesis, relative water content,
“condqctanqe, and ch]orophy11 content;'as well as the signif}cant
correlations between the four parameters throughout progrgssive stripe
3 formation, indicate that only pronounced-]oca]ized effects develop
around extensively colonized vascular bundles.

The decline in RWC and conductance, which is cdntro]]ed primarily
by stomatal regulation (4,12,28), indicatéd localized internal water

stress. Since both of these-parameters were similarly affected by

disease development, the main factor causing water deficits appeared to

be reduced water supply. A diffusible toxin that a]fefed membrane
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permeability would have resulted in a poor correlation between RWC and
conductance due to abnormal stomatal obening or closure (12,28). It
remains unclear, however, whether the decreasg in Eonductance iﬁmedi-
ately preceded or occurred simu]taneéusly with the drop in RWC, since
small temporal differences associated wftH the appearance of each new
chlorotic stripé were difficult fo detect. If diffusive resistance
increased concurrently with the decline in RWC, toxin activity coﬁfihed'
to the region around each colonized vasculéf bundle- cannot be ruled OQtf
completely. It is doubtful, However, that the low molecular WeigHt
tetrénic acid derivative isolated by Kobayashi and.Ui (18) wod]d;be so
spacially restricted. The temporal association between accumu]atioﬁ of
fungal cells, gels, and gums with internal cell collapse and external
cH]orosis (Chapter 1, 31) suggests that the low molecular weight poly~
saccharide isolated from EUIture extracts of C. gramineum would Ee a
more-iogica] incitant of restricted lateral water movement (24,27).

Net photosynthesis can be suppressed by pathogen-induced water.
deficits in two ways. The first involves an increase in stomatal resié‘
tance, which restricts both the outward diffusion of w;ter vapor and fhe
uptake of carbon dioxide (4,28). The second fnvolves localized disrup-
tton of chloroplasts, which would effectively alter tHe photochemical
machinery of a leaf ;uch that the Hill reaction,_pHotophosphorylation,
and the reductive pentose phosphate cycle are inhibited (4). Based on

the highly significant correlations between net photosynthesis, RWC,
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conductance, and chlorophyll content with respeﬁt to stripe formation,

-both responses are involved. Lawlor (19) determined that photosynthe-

sis in wheat may be completely suppressed at a water pbtentiaT of only

-18 bars. Thus, localized water stress due to blockage of lateral water:

transport out of colonized vessels could be responsible for the drop
in photosynthetic activity.

The linear relationships between.symptom severity and the four
physiological parameters provided indirect e&idence that an interaction
be tween succe;sive leaves was not a significant host-response. The
penultimate and flag leaves of 15 primary tillers of the susceptible
cultivar Marias were examined for dec]ine‘in net photosynthesis and RWC
in relation to symptom severity. Both leaves responded-as predicted
from the relationships shown in Figure 11-3. fhus, each feaf responded
independently of other leaves on a digeased tiller. Vertical movement
of water in fhe culm was evidently not impaired, since wilting in,feaveé
not yet invaded or in the early stages of infection was not obserQed.
Such a response rules out high molecular weight substances as contribu-
tory toward water imbajaﬁce in this Hogt-vascu]ér péthogeﬁ‘interaction,
since the extremeTy short vessel elements in the nodal regions (Morton,
unpubl, observ.) would greatly facilitate a wilting response similar to
that observed in elm trees treated-with the high molecutlar weight toxin

produced by Ceratocystis ulmi (30).

The collective disruptive effects of Cephalosporium stripe
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development on the physiological processes 6f a wheat leaf were accu-
rately reflected in the leaf's symptoﬁ severity score. This indicates
that the disease index rating system ig‘a valid indicator of visual
disease severity. In comparing net photosynthesis with symptom deQe-
lTopment concurrently in three cultivars, the close relationship that
existed between the physio]dgfcal measurements and visual scoring 6f
symptom expression makes either method suitable for delineating cultivar
differences in disease severity. Evaluation of germplasm for resistance
to Cephalosporium stripe, therefore, does not require the more complex
and time-consuming procedures involved in measuring physiological res-
ponses, Rather, a direct visual scoring of symptom severity after
heading suffices to accurately reflect the host's phenotypic response
to infection.

Monitoring disease development at several seduential ontogenetic
stages of host development was useful in partitioning the physioiogical
effects of pathogenesjs. Invasion by C. gramineum produced no visibie
effects on leaf expansion, yet caused a severe reduction in internode
.elongation. Both would have responded similarly if hormone imbalances
(11) or generalized water stress (4,11) were involved. The differential
responses elicited in the stem and leaves may be attributed to the
temporal and spacial relationship between pathogen movement and host
kylem maturation gradients (Chapter 1). By the time xylem in a leaf-

node junction reaches maturity, the leaf has completely expanded. Thus,
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the pathogen is effectively prevented from invading the leaf before it
has attained maximum siée. If the effects of pathogen colonization on
host water balance result from localized lateral restriction of water
ﬁovement, then there ié no opportunity for water stress to be imposed by .
the pathogen in a developiné leaf. Pathogen invasion of stem vascular

bundles above a node, however, occurs during its period of elongation,

. so that reduced growth in that internode may be caused by cumulative

wafer stress-induced localized effects around colonized vascular bundles.
Undoubtedly, source-sink relationships involving the partitioning of
photoassimi lates between leaves and internodes during their respective
ﬁeriods of dominant growth also play a role in the differential response
between plant organs (23). In fact, this competitioﬁ-for photosynthate
may. be more responsible for the severe reduction in elongation of the
uppermost internode and peduﬁc]e than‘pathogen colonization of the.stem.

For the first 15 days after anthesis, the top internode competes for up

to 50% of assimilates from the flag leaf (7). Foliar striping increases

so rapidly in a susceptible cultivar that after 15 days, only 10% of the
flag leaf is sfi]] acfivg]y photosynthesizing, thereby severely.reducing
the supply of photosynéhate to both the top internode and to the ped-
uncle. The moderate response by Crest LRC 40 may be-due in part té
colonization of fewer bundles in the internodal regions and also in part
to more ]eéf area actively producing photosynthate during the first few

weeks after headinhg.
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fﬁe effect of Cephalosporium stripe infection on different stages
of head development pihpoihted the period in wh{ch pathogénesig mos t
severely affected yield potential. Full expressPon of spikelet npmber
per head is confingent upon the durationof photosynthetic'arga on
lower feaves'(JO).‘ The inability of disease to alter this yield compo-
nent supported visual and histological evidence that pathogeﬁ movémént
and distribution was linked to host maturation gradien£s (Chapfer l’.
Source=~sink ré]ationéhips between conseéutively expanding leaves and
the differéntiating head apparently kept apace with sfripe formationi
Complete genetic expression of grain number per head is dependent upon
successful self-fertilization of each mature floret. Since floret deve-
lopment progreéses from the middle of the head'toward each end (3), the
location of any abortive florets is an indicator of the stage during
floweriné at which detrimental effects of pathogenesi's are felp the moét.
Reduction in éeed number occurred only at both ends of the héads,'indi—
cating that water stress caused by disease was introduced only during
late anthesis. Substantial reduction of c%rbohydrate storage in the
grains of each diseased head suggested that the most severe effects of
pathogenesis are éxpressed be tween floWering_and'senescence,‘when grain
fi]liﬁé takes place. THis verified earl{ér reports wach conclﬁaéd
that yield reduction resulted from patheolegical responses late in host
develgpment (15,25). The flég leaf, peduncle; and head contribute up to

80% to carbohydrate production for grain filling (13,29), most of which
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accumﬁ]ates within the first four weeks after anthesis (26). It is not
surprising, therefore, that the decrease in net photosyhthesis conqomi-
tant with an increase in foliar striping of diseased flag 1eave§ was
largely responsible for the dramatic decline in thousand kernel weight
of two susceptible cultivars. In addition, transport of assimilates to
the head was undoubtedly affectea along with inhibition of photosyntHe-
sis, both from the standpoint of reduced carbohydrate s?nthesis and also
because of extensive phloem disruption in colonized vascular bundles
(Chapter i).

Seed weight reduction ié visuai]y manifested as reduced seed size.
-Consequently, seed Size may be a useful selection tool, particularly
when screening large bulk or recurrent sejectioh populations. Selecting
on the basis of seed size could bg an effective, yet simple, means of
identifying and evaluating resistance to Cephalsopofium stripe in Qinter

wheat germplasm.
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CHAPTER 111
IDENTIFICATION OF RESISTANCE TO CEPHALOSPORIUM STRIPE IN

SELECTED WINTER WHEAT (TRITICUM AESTIVUM L.) CULTIVARS
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INTRODUCT | ON

One of the most potentially damaging pathogens of winter wheat

(Triticum aestivum L.), especially in regions practicing monoculture, is.

Cephalosporium gramineum, the causal agent of Cephalosporium stripe. lts

pofential for economi; destruction is reflected in stunted plants,
blighted leaveg and heads, and reduced'yieids, whjch can reach 50% or
greater (10,18). C. gramineum is a'faéultative soi 1-borne parasite,
' which oVerwinters as a saprophyte within infected plant residues carried
over from the previous crop (3,4,22,23). Here it can'remajﬁ viable iﬁ
the sotl for up to two years'by producing a broad-spectrum antifungal
antibiotic (4). Current control procedures have been oriented foward
crop rotation, refuse destruction, and deep-plowing, all of which serve
to reduce soil inoculum levels (3,11,17,24) . Late plénting, which.mini-
mizes root growth and hence infection sites available to the.pathogen,
also has been recommended (11,17). These cultural Bréctices are -not
alway; dependable, however, since they rely upon favorable climatic con-
ditions for successful implémentation and are influenced by econémiq
féctorg with respect to alternate crops."The most effective and aesi-
rable control method would be planting.df resistant varieties.
Differential host susceptibility was first noted by workers in
Japan (24). .However, their observations were based on winter wheat
materials planted in naturally ‘infested fields where inoculum and viru-

lence levels were unknown. In the United States, Bruehl (3) .identified
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four varjeties'as resistant to Cephalosporium stripe using hypodérmfc
inocﬁ]ations of a liquid conidial suspension into wheat cﬁlms.above the
crown, but.fhey proved td be susceptible in the field under coﬁditions
of natural infection (19).

Until the development of oat kernel ino;u]um, genotypib differences;
especia119 in large populations, were difficult to assess in.thé field.
This technique called for additién of a defined'quant{ty of oat kernels
infested with C. gramineum isolates of known virulence with the seed at
planting (12). Mathre and Johnston (14) used this inoculum to screen 3
over 1000 hard red winter wheat cultivars from the major winter wheat
growing areas of the world. Although'most of these cultivars were of
high or intermediate susceptibility, some promis}ng sources of resis-
tance were discovered. None of the cultivars tested, though, were
iﬁmune to the diéease. |

The majo; criterion for evaluating susceptibility to Cephalosporium
stripe has been reduction in yield potentia] (3;]0,]4,24). Other tesfs
have included geheral visual disease readings (3,24), disease readings
early in host development measuring the. proportion of diseased til]er§
(12,14), and readings late in host development measuring the number of
white heads (12,14). These parameters provided in%ormation necessary to
diffe?enfiate cultivars across a graded series which extended from exg-
reme susceptibility to high resistance (3;]2,14,24).‘ However,'thesé

criteria did not reveal the specific phenotypic response(s) expressed by
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each genotype which, if recoénized, might allow more discrete classifi-
cation of cultivars into susceptible, intermediate, and resistant céte-
gories.

The purpose of this work was to identify the types and causative
action of Cephalosporium stripe resistancé elicited by selected wintef
wheat cultivars. "~Phenotypic expressions of resistance were evaluated
in relation fo important facets of the host-pathogen.interactidn and

their value as selection tools in a germplasm development.prbgram.
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MATERIALS AND METHODS

The seven.hafd ;ed winter whéat cujtivars chosen fof'this study
varied in their susceptibility to Cepha]oéporium stripe and in }heir
agronomié characteristics. Based on yield reductions, Mariés (c.t.
27595) and Lancer (C.l. 23547) were rated as highly susceptible, Winalta
(c.1. 13670) and C.!. 07638 were rated as intefmediate, Crest Line Row
Component (LRC) 40 (MT 7579) and P.l. 09442k were rated as moderately
resistant, and P;l. 278212 was rated as highly.resistant.(lh)} o

Unless otherwise specified, all tests were conducted at the Montana
Agricultural Experiment Station near Bozeman, Montana. The cultivars
were planted in early September of 1977 and 1978 at a seeding rate of
200 geeds per 3.1 m row. Each row wés spaced 30.5 cm apart. A split
plot experimental déesign with four replications was used,.in which
treatments combr?sed the main plots and the cultivars made uﬁ the sﬁbJ
plots.

Iaocu]um consisted of either infested oat kernels or a 1iquid
conidial suspension. The former was prepared by iaoculgtﬁng autoc laved:
oat kernels with a concentrated conidial suspension of C. gramineum,‘
incubating them for 2-3 weeks, and then allowing them to aié-dry (12).
The oat kernels were added simultaneously witH the seed at the time of
planting. The liquid fnoculum was prepared by growing the fungus in
shake culture composed.of.modified Eckert's medium (20). One “liter of

108 conidia/ml was added to each side of a 3.1 m row by directly pouring
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the inoculum into a soil slice after cutting all of the roots with Q
sharp knife. Thus, two liters of inoculum were added to each'row.

Populations of C. gramineum in field soil were quantified by dilu-
tion plating on selective green wheat agar (21). Soil samplies were
collected from the rhizosphere of Marias, Crest LRC 40, and P;I: 278212.
Six replicates were obtained from six different rows planted in a rando-
mized block design. Twenty gram gubsamples were agitated in a Waring
Blendor with 200 mis of distilled water for 20 seconds and subsequently
diluted to 10~3 and 1014, Colony counts were read after 5 days incuba-
tion at 22°C.

Phenotypic expression of registance to Cephalosporium stripe waé
scored according to (1) the number of tillers per row exhib{ting disease
symptoms 30 days after heading, (2) the number of tillers pér'plant
exhibiting disease symptoms 30 days after heading, and (3) the rate and
severity of disease symptoms at periodic intervals before and after
heading. 'Symptom severity was rated on a scale of one to e]eveﬁ,'witﬁ
one denoting a single stripe on a leaf and eléven indicatihg complete
chlorosis (Chapter 1). To identify responses within individual plants,
inoculated rows were thinned manually in the spring so that mitigating
effects of different seeding rates were p}évenfed;

Root growth of Marias, Crest LRC 40, and P.l. 278212 was measured by
displacement in water and by dry weight. Single seeds of each.cultivar

were planted in a sandy-loam soil contained within Polyvinyl chloride
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pipe secéions 30.5 cm long and 3.8 cm in diameief.- Four replicafibns of
five plants each were arranged in a randomized block design. The 60
‘pipe sections were enclosed in a rectangular-shaped enclosure, the
floors and sides of which consisted of 2.5 cm widé'styrafoam tbhremove
temperature effects around the edges. The plants were grown for.60 days
in an environmental growth chamber at 5/20°C (dérk/light) with a 12 hour

4

photoperiod (3.8 X 10 ergs/cmz/sec combined incandescent and cool;
white fluorescent light). After two months; the soil and roots were
removed from the pipe séctions by applying gentle pressure to one end.
Much of the soii was first removed by careful washing with water, aftef
which the roots were soaked in 0.05% sodium hexametaphosphate for five
days. Calcium chloride was then added until the roots floated to the
surface (H. Ferguson, personal comm.). The roots were collected, washed
again by agitation in water, and then'piaced in a water-filled separa-
tory funnel which was connected to a 10 ml pipette by rubber tubing. .
This allowed the determination of root displaceﬁent.in water.‘ Dry

weights were obtained after incubating the roots in a-drying oven at

70°C for two weeks.
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RESULTS -

. Phenotypic expression of resistance.. The manffestations of Cephalo-
sporium ;tripe resistance were e*amined én a population Easié.(paﬁhogen
exclusion'Between.plants) as well as on an individual p]anf basi’s (patho-
gen restriction witﬁfn plants). The culf?vars examined jﬁjthis,studj
'&emonstratéd a differential response to the incidence of diseased ff1lers
within inoculated rows (Table 111-1). Altﬁough an alﬁost'two-fold'dif-.
ference'}n the number of infected tillers was'obsenvea'for each cul£ivaf
betweeén 1977 and 1978, the comparatTve‘differencés betWeen cultivars
remained the same. Marias and.ancer;were classffied as susceptibie.
Crest LRC 40 and Winalta were intermediate, and C.1. 07658, P.j.,09442h,
and P.i. 278212 were resistant both yeaks. Thus,.environmenial‘effects
on infection Between plants did not obs;ure inherent geﬁétic différeﬁceg
betWeen cultivars. | |

Five cﬁltivars'Were gmpToyed to exémine responses within plants to
?nfectfon by C. gramineum. Thirty plants of each c¢ultivar wére rated |
for the incidence of infection among tillers of individual plants. Cresf
LRC 40 was the only cultivar which possessed thé capability to pfevent
systemic invasion of all tillers within each plant (Table IlI=1).. In-
all of the cultivars, late developing tillers 6ccurred because of
spacing effects. Soﬁe of these tiliers did not express disease symptoms,
which could account for much of fhe vé?jatfon among'culfivars, _Howéver,

the Signfficant reduction in disease incidence among tillers within
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TABLE Ill-1. Differential responses of selected winter wheat cultivars
to the incidence of infection by Cephalosporium gramineum.

Pathogen Exclusion Rathogeanesfriction
Diseased Tillers/RowE/ Di;eased Tiilefs/Rlant‘

Cultivar 1977 1978 1978

Marias yR:I4 | 77a 99a

Lancer _ ﬁSa T --

Crest LRC 40 - 26b ' 53b 66b

Winalta ‘ 25b L9b " 96a

C.1. 07638 15¢ - - -~

P.1. 09hk2h 9c 27 ' 93a

P.1. 278212 5c 15¢ - 90a

E-/Va]ues are represented as mean percentages of healthy controls across
four replications. : . -

E-/For each column, values with the same letter are not significantly
different at P = .05, according to Duncan's multiple range test.
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piaﬁts of Crest LRC 40 cannot be attributed -to this environmental engct,
since ﬁany of the earlier ﬁaturing fillers were a1s§ disease-free.
Three representative culfivaré Were‘seiected'to examine respohses
withfn plants-which could lead to a reduction in fhe rafe qna ektent_of
symptom expression. Marias-and P.l. 2782]2 were chosen becéuse they

repreéented the extremes of resistance to pathogen exclusion between .

plants. Crest LRC 40 was selected, not oniy because of its intermediate

reaction to infection between plants, buf‘a]§o because of evidence that
it restricts stripe féfmation on‘flag leaves during the first month
after heading (Chapter 2).

Since £he dynamics of this host résponse were more difficult to
quantify accuratel?; varied abproaches were taken to foi]ow symﬁtom
deve lopment within infected plants. The rate of stripe formatién was
~monitored by SCQring fhé uppermost four leaves of primary tillers fo;
symptom severity from three weeks prior-to heading until ‘two weeks after
heading (Figure [11-1). The exteﬁt.of sympfom development was .deter-
mined by scoring thirty fnfeqted‘p1aqts of each cultivar one month after
heading. fhe_severity readings for the uppefmﬁst f;ur leaves 6f.all
tillers within each plant weré averaged, so that a mean ;eQérity rating
was obtained for each plant (Figure 111-2). Measurement of height
:reductién and yield pérférmance iﬁ relation to healthy'cgﬁtrols provided
'indiations of differential responses -to disease seyerity between

cultivars (Table 111-2).




Figure 111-1.
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The rate of foliar stripe formation on the upper four
leaves of primary tillers from three winter wheat cul-
tivars infected with Cephalosporium gramineum. Symptoms
were quantified using a severity index measuring the
number of stripes per leaf. | = one stripe per leaf,

11 = complete chlorosis. Leaves numbered from flag leaf
(L1) downward to fourth leaf (L4). A = Marias, B = Crest
LRC 40..C = P la 278212+
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The differential responses of three winter wheat
cultivars to infection by Cephalosporium gramineum
one month after heading. The uppermost four leaves
of all tillers within each of 30 plants/cultivar
were scored for symptom severity. These readings
were averaged into a mean severity score for each
plant. Severity was based on the number of stripes
per leaf. | = one stripe per leaf, 11 = complete
chlorosis. A = Marias, B = Crest LRC 40, C = P.I.
2782124
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TABLE I11-2. Effect of infection by Cephalosporium

gramineum on height and yield of three
winter wheat cultivars in 1978.

Percent Reductiong/

Cultivar Height Yield
Marias 3739/ 73a
Crest LRC 40 11b 34b

P.1. 278212 35a 79a

E-/Mean percentages with respect to healthy
controls ‘across four replications. Ten
heads from infected main tillers were
harvested within each replication.

E-/For each column, values with the same
letter are not significantly different at
P =..05, according to Duncan's multiple
range test.
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After successfu] invésion of the host occurred, both Maéias and
P.1. 278212 were equally susceptible to rapid éystémfc movement of C.
gramineum throughout the vascular network.‘ By foufteeﬁ days af£er
headfng, the flag leaves of the primary tillers of infected plants of
" both cultivars were nearly blighted. A similar temporal pattern occur-
red in all other tillers of thesé plants, as evidenced by the extent of
symptom development a month after heading. In Marias, 29 out of the 30
plants exhibited total blighting. The remaining plant was a]most as’
heavily affected, with a mean severity rating of 10. P.l. 278212 d}f-
fered only slightly from Marias, as 93% of the infected plants had
average severity ratings between 9 and-ll. Both of thgse cultiQars
suffered substantial he%ght and yield reductions.

Crest LRC 40, on the other hand, limited the rate of symptom expres-
sion to the extent that only the lowermost leaves of primary tillers were
blighted 14 days after heading. Both the penultimate and flag leaves
averaged severity scores of less than 5, indicating that less than
half of each leaf éxpressed foliar.chlorosis. Interesting]y; fhe.speed
of stripe formation on the fourth leaf was similar .to that observed on
the fourth leaves of the two susceptible cultivars. Only as the pathb-
geﬁ moved up the plant did Iocalizing responses become more effective.
The extent of disease development in all tillers of Crest LRC 40 a month
after héading wés a]so‘greatly reduced as compared to Marias and P.1.

278212. Most of the plants diSp]aYed mean severity ratings between 3
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and 6. In part, these lower scores were due to the significant number -
of disease-free tillers within each plant. The moderate response by
Crest LRC 40 to height and yield reductions further substantiated this
cglt?var's tolerance to the physiological effects of pathogenesis.

Mechanisms of resistance. Two types of resistance appear to be

involved in the expression of the three phenotypeé_identified.in‘this
study. The first; which is exemplified by P.1. 278212, préveﬁts the
successful invasion and colonization of the fungus in above-ground
vascular tissues. It is termed pathogen.exclhsion. The second, which
_is exemplified by Crest LRC 40, cpnfinés the pathogen among tillers of
individual plants and inhib}ts growfh and spérulation withfn the vascu-
lar network after the fungus has initiated pathogenesis. It is termed
pathogen restriction. Histological evidence that gelation, gummosis,
or inhibition of sporulation activity curtail pathogen movement was
presented in Chapter |.

Since C. grémineum is a soi l-borne "pathogen, exclusion of the fungus
between plants may.be-due wholly or in part to soil-rhizosphere-pathogen
interactions. Thus, the role of root Qounding as a prerequisite for
successful ingress of the fungus into the host was-re-examined.' Inci-
dence of infection.between.plants of Marias, Crest LRC 40, and P.I.
278212 was evaluated iﬁ soils subjected to different environmental
regimes both in the greenhouse and in the field.

The influence of soil microflora on infection in a controlled
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environment in whjch mechanical root breakage did not occut was studied.
by transporting soil from the tield‘into the greenhouse, where half of
it was heat-sterilized. The'three w}nter wheat cultivars were planted
in a randemized design within each soil treatment'b]eck wi th four replf-
“cations. To approkimate seeding and ?poculum rates‘?n-the.field, 70
seeds and 7 grams of infested oat kernels were added together in each

1 meter row. In neither soil treatment was any’subetantial infection
'obserVed (Table 111-3).. Hence, the solls tested in thls study d|d not
appear to contain microorganisms capable of promotlng infection by C.
gramfneum. |

The possibi]ity of tdot damage due to soil heaving in the field was

eliminated by spring planting. Marias, Crest LRC L0, P.l..278212, and a
spring wheat, Lemhi, which is susceptible to.Cephalosperium strfpe when’
artfficiaf]y inoculated, were planted with oat kernel inoeulum in ﬁid-
April of 1977 at the Montana Agricultura] Experiment Station pear Boze-
man. A randomlzed block design with four repllcatlons was used. Soil
assays of rhizosphere propagu]e levels . indicated that popu)ations of

up to 5 X 10° conidia per gram of soil were present during the first
month afterep]anting. Even with these hlgh |nocu1um levels, less than
2% infection was evidentf_ The winter wheat cultlvars, belpg in a non-
pvernaliaed‘condition, expressed symptoms-only on the outer, older leaves
~of the few plants that became diseased. |

To substantiate the above findings under conditions where vernali-
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colonization would occur, the thrge'winter wheat cultivars were planted
with 6at kernel inoculum in early September of 1977 at Bozeman, Montana
where severe winter conditions assured adequate root breakage in the
spring from soil frost heaving; and at Davis, California in November of
1977, where a mild winter did not create the soil-freezing conditions
required for soil heaving but did allow for ‘plant vernalization. While
extensive infection between plants was observed among cu]fivars at
Bozeman, no infection was apparent at Davis (Table i11-3). Assuming
that soil frost heaving causes root hreakage, these data provide evi-
aence that root wounding is necessary for Successfﬁ] pathogenesis by C.
gramineum. |

This being the case, two mechanisms are envisioﬁed which might
affect the number of plants expressing disease symptéms: (1) physicai
and structural differences in root morphology or number, and (2) bio-
chemical interactions between the host and fungal propagules in the
rhizosphere. The first would affect the number of potential infection
sites in the roots available to the pathogen,.and the second would alter
the inoculum potential in the soil around thelroots.

Histological examination of root cross-sections using standard
embedding, sectioning, and staining procedures (Chapter 1,9) and mea-
surements of root mass by displacement in water and dry weight did not
reveal any large differences in gross anatomy or in the extent of root

growth between Marias; Crest LRC 40, and P.I. 278212. ‘The number of
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TABLE 111-3. Effect of different soil enviroﬁments relating to root
' injury or breakage on the percentage of plants infected
with Cephalosporium gramineum.

% Diseased Ti]lers/Rowéf

Winter ‘Wheat . Spring Wheat
Test Marias Crest LRC 40 P.I. 278212 Lemhi -
"% % % 2

GREENHOUSE

Sterile Soil 2 ] . 0 0

Non-sterile soil ] o '] 1
FIELD ' . .

Spring planted, 1 ' 0 0 2

Bozeman, Mont. ' -

Fall planted, 77 53 - 15 --
- Bozeman, Mont. .

Fall planted, - 0" 0 o 0 o =-
Davis, Calif. : ' - .

E-/Values are represented as mean percentages of four replications.
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roots produced by plants of each cultivar were not counted directly, but
the Tlack of any dissimilarities in total root mass would suggest that
physical differences in root growth patterns do not play a sigﬁificant
.folé in affecting infection percentages between plants. |
To determine if these'cultivars exhibited a differential response
to mechanical root breakage, infection pércentages were .obtained from
" oat kernel inoculated rows exposed only to nanral root wounding.in the
field and from oat kernel inoculated rows in which all éf the roots wére
manually severed with a sﬁarp knife in the spring after natural root
wounding had occurred. Neither treatment differed substantially from
the other (Table 111-4), demonstrating that maximum root breakagé
probably occurred among all cultivars in the spring, regardiess of-physt
cal factors such as root length or root tensile strength.
Inoculum levels in the rhizosphere of Marias, Crest LRC 40, and
P.1. 278212 were monitéred in the fall and spring, when propagule levels
are high under natural field conditions (22). WHeat'in each row was
inoculated wifh 26 grams of infested oat kernels. Although propagule
levels varied from 4 X']Oh.to 1 X 10° per gram of soil, no appreciable
differences between cultivars were observed which could account for the
disparitiés in pathogen exclusion between plants.
The effect of various inoculum levels on differential cultivar
responses to infection between plants was examined by addiné known

quantities of infested oat kernels as an inoculum source to soil with
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TABLE 111-4. Effect of different inoculation procedures in:
: the field on the percentage of tillers infec-
ted with Cephalosporium gramineum among three
winter wheat cultivars in 1978.

Perceﬁt Infectionéf

Natural woundfngE/ Root slice 85/ Root slice 8g/

Cultivar & oat kernels oat kernels liquid inoculum
Marias o 75. ‘79. | 76
Crest LRC 40 L8 52 77
P.1. 278212 21 SRV 76

E/Meah.pErcentagés of tillers infected per row across four
replications.

E/Rows inoculated with 20 grams of infested oat kernels.

. ‘Wounding due solely to soil frost heaving in the spring.

'E/Rows inoculated with 20 grahs of infested oat kernels.. In
addition to root breakage from soil heaving, roots were

..severed on both sides of each row with a sharp knife in late
March. No additional inoculum was added.

g!Unihocu]ated rows sliced on both sides in late March with a
sharp knife. Immediately after severing roots, two liters
of 106 conidia/ml were poured into the soil slice.
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no previous history of cropping to winter wheat. Under conditions pf_
natural root woundfng, a positive correiafion existed between inocqium
density and the percentage of tillers infected per'row (Table ll]-é).
The differential Fesponses between cultivars, however, did'not cHange.
The sanme 'responses were noted wheﬁ two isolgtes of the fungus Qere uéed,
one of mild virulence (isolate #5) and one of high virulence (isolate. -
#17). Thus, an inoculum density of 20 grams of oat kefne]s per 3.1 m
row, which prpduced up to 1 X ]OS propagules per gram of soil in the
spring, cannot override the resistance mechanism affecting pathogen
exclusion. thy when two Ijters of liquid ingculUm concentrated to 106
conidia/ml Were added immediately after manually severing'the roots

in the spring was the differential resbqﬁsé between cultivars obliteréf_

“ted (Table [11-4).
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TABLE 111-5. Effect of Cephalosporium gramineum
- inoculum density on infection of three
winter wheat cultivars of differing
susceptibility.

a/

% Diseased Tillers/Row=

Inoculum DensityE/

Cultivar 5 gms 10 gms 20 gms
Marias 39 57 73
Crest LRC ko 30 38 50
- PLl. 278212 o 18 24

' E-/Mean percentages of four replications.

_E/The quantity of oat kernels.infested with C.
" gramineum applied with the seed to a 3.1 m row.
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DISCUSSION

Three phenotypié responses to Cephalosporium stripe by seléctgd
winter wheat cultivars were'identified in this study. fhe firstVIS'
expreésed as a_reduction in the number of diseased plants in a bopuié-
tion. ISoil condit?on;, the root system of the host, and infectious
propagules of the fungus interact in a manner which exclude§ the:pétho-
gen from Tﬁgress ?nté the host. The second causes a reduction in the
number of diseased til&érs within plantgrand the thirdureduces the rate
and severity of disease development. Both of these la;tér reséénséﬁ
Involvg host-fungus interactfons after successful ingress such ﬁhat the
pathogen is restricted within the host. Based on thé differential
Eesponses among cultivars; the exclusion and res£riction types of resfs—
tance are indépendent of gach other. P.l. 278212 is highly resistant in
its ability to exclude the pathogen, e.g. a low percentage of plants
become infected, yet it is highfy suséeptible to systemic mo?ement of fhé'
.pathogen, e.g. all tillers/plant become diseased'and infecﬁed'plan;s aré
severely blighted; Crest -LRC 4O, However, is.susceptible to'patﬁpgen
éntry, e.g. most of the plaﬁts become infected, but it is modératejy
resistant to systemic movement of the pathogen, e.g. low percentage of
tillers/plant become infec£ed and the leaves and(heads'of dfseasédiplanfs o
are‘on]y moderately blighted.

In heavily seeded rows, the peréentége of.tillers infected'in a»rbw

reflected the percentage of plants infected/row for those cultivars in
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which most or a]l.of the tillers in each plant were diseased. In the
case. of Crg&t LRC 40, though, the percentage of tillérs infected/réw
reflected differences to infection not-only betwgéh plants, but betwéen
tillers of each plant as well, Therefore, the intermediéte between
plant reaction to.pathogen'infection by Crest LRC 40 may actuaily be a
~ susceptible response which was btased toward a more resfstant phenotjpe
‘because of errors in distingui;hing reductions in diseased tillers per
plant, In 6rder to effectively differentiaée all three phenotypes in
quitivars such as Crest LRC 40, lower seeding rates are required so
thét individual plants could be discriminated. This wguld parti£fon
pathogen exclusion responses from pathogen Testrfctfon resﬁonses.

Resigtance, as manifested by low infectfon percentages betweén
plants, was first attributed to root and/or crown regions of the wjnter
wheét plant (13). Several cultivars, whiph were resi;tant when artifi-
cfélly inoculated.throggﬁ the roots, expressed susceptibiiity after
stem fnoculations. Reductions in infeétion percentages, concomitant
with reduced inoculum densities, further indicated that the factor(s)
governing resiééande was inherent to the robts“ornérdwn. Resistance to '
root injury and/or reductions in'rdot mass do.not appear to bé méjor -
factors influencing the number of potentia1‘infectiOn'sitéé available
to the fungus. MatHre and Johnston (13) determined that the optimum
period foilowing r;ot injury in which conidié‘can successfully gain in-

gress into the roots is one day. Possibly, cultivars may respond
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to fhe rate of wound-healing, thus affectihg the incidence of root
infection by closing off infection'sites.  Otieno (15) observed high
levels of conidia proximal to roots and root hairs prior to. infection
of‘séedlings germinated on ﬁetri plate cultures of C. gramihedm. Simi-
lar localized pockets of conidia were observed next to roots:collected
in the field early in the spring (Morton, unpublished observ.). This
distribution of infect fous propagule; could be altered significantly
if cultivars differed in their capacity to sYnthésize the mucilaginou§
coating around the roots, which might serve to concentrate propagules
around potential infection sites. The ability of liquid conidial sus-
pensions to override the resiétance response to pathogen.eXCIUSion could
be attributed to high concentrations of propagules in the immediate
vicinity of roots at the timé of wounding. While this study failed to
delineate major changes in the soi]-root-pathdgen interaction, the
results do not ru]é out smaller, more significant localized effects
within microhabitats in and around the soil-root interface.

Reduction in the percentage of tillers infected within plants was
observed only in Crest LRC 40, which was also uniﬁue-in its ability to
restrict vertical and lateral movement of C. graﬁineum throughout its
vascular network (Chapter 1). |If the.close associaéion between pheno-
types is more tﬁg'circumstantial, then the same respbnses which slow
down movement of the fungus in the culms and leaves of fnfected tillers

might also be responsible for retarding systemic invasion of the fungus
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between tillers. Limiting invasion between tillers of a plant may be

Toosely analagous to the dwarf bunt (Titletia controverﬁa)-winte% WEeat
.interaction, in whi;h resisténce is expressed by .inability oflthe fungus
to successfullf colonize the growing point before the onset of steﬁ
elongation (6).' In the case of the Céphaiosporium stripe-wintér wheat
intefactibn, fhe fungus may need to enter the vascular system of each
tiller prior to a reét?ict?ve host response, Theﬁcrowp regfon of a wip—
fer wheat plant is a cpmplex aggregation of compressed nodes (16}, whicﬁ
the fungus must traverse in order to invade developing ti]]ers. .The
comple% l'inkages and short vessel eleménts wou ld influéhce pathogen
movement and distribution -in themselves; An.active host resbonse'would
‘iﬁpOSe additional barriers to' the pathogeﬁ.

~ Differential réspoﬁsés be tween cultivars. to percentage of diseased
planté and to.local?zatfon of pathogen hq#ement héve been }dentified in
other vascular wilt diseases (f,8). 1t is doubtful, thever, that the
mechanisms regu]a;ing phenotypic rgsponses.are the same. Whereas other

vascular pathogens of herbaceous annuals, such as Fusarium oxysporum

and Verticillium dahliae, are capabie 6f active]y peﬁetratfng the root
system of their respective hosts at differeﬁt ﬁntogenetft stages of

. development (7), C. gramineum passively enters the winter wheat root
system only after it has been fnjured by soil heavingAcpnditfons in the'
spring. None of the responses related to hyperauxih? such as tyloses

format fon, vessel collapse, or cell proliferation (2,5) have been
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obsérved in the Qascu]ar nétwork of winter wheat plants infected with
C. gramineum. Such significant-differences in various facets of disease
etiology suggest that Cépha]osporigm stripe cannot be compaked readily
with other vascular diseasés. 1t folldws, therefﬁre, that the mecha-
nisms and/or the inheritance of resistance may also not bg'comparable.
Many aspects of Cephalésporfum strfpe etiélogy have relevance to
germplasm evaluation, especially in the context of selection procédures.
Yield reductions have often Eeen measured by harvestiﬁg ai] plants
within tndividual rows (10,]2,]&). This procedure obscures phenofypiq
differences expressedlag percentage of plants infected, 'percentage 6f
tillers infected within planfs, and alterations in the rate and severity
of symptom development. All of these phenotypes are lumped together in-
to a single measurement. Early visUai diseasé readingé héve béeh recor-
ded at a given time in the field without regard to differeﬁtial heading
dates bepween cultivars (12,14). -This scoring procedure failed to
accoﬁnt for these differences in maturatipn rates, which gré‘closely .
associated with symptom develophent, regardless of sustep;ibility to
disease (Chapter 1). For example, Marias and P.l. 278212 are equally
susceptible to systemic invasion by C. gramineum after successful infec-
tion has occurred. When symptom severity is evaluated without knowledge
of heading dates, the later maturing P.l. 278212 would apbear to be more
resistant than the earlier maturing Marias. rlh a germplasm develobment

program, this would have two major drawbacks. First, it would obscure
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genotypic differences ascribed soiely td an active host response similar
to that exhibited by Crest - LRC 40.. Secondly, it would favor the selec~
tion of late maturing cultivars at the expense of the more agronqucally-
preferable early maturing cultivars, 'The white head readings aa&e seve-
ral weeks after heading (12,14) more accurately reflect genotypic dif-
ferences in host respénsé to disease Pncidence between p]aﬁts.

The.identﬁfication of distiﬁct pﬁenotypic responses to infection by
C. gramineum estasiishe& the groundwork with which parenfal materials
and ‘subsequent segregating populations may be more carefully screened

for different manifestations of resistance. Both pathogen exclusion and

pathogen restriction, being independently expressed, might be effectively

combined to produce a superior genotype with the maximum potential to
prevent, as well as check;.infection b? E,{Qramineum.

“If this goal is to be attained, each‘phenotype mﬁst be reéégnized
separately, Toe examine disease incidence between plants, whife head
counts or tallys of the number of diseased_p]ants per row'hugt'bé made.
Diseasg incidehce between tillgrs wjthin infected p]ants,:however, musf
bé enumerated on space-plénted materig]s. Both of these phehptypes
‘ should be appraised at least one month after heading, when disease
sfmptomsxane fuily expressed. Yield performance may be used t6 meaéUré
cultivar responses to Symptoh severity, but-only if infected pJants
within a roW are examined. More definitivé gauging of-fh}s phenoﬁype.‘

would include evaluation of seed size, which reflects the extent of
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grain=-filling after anthesis, height reduction, or the rate of symptom

~development on flag leaves using a disease index rating system.

Mathre (unpub. results) observed up to 90% infection in inoculated.
rows planted to a susceptible'gultivar'at a seeding rate of approximately
50 seeds per 3.1 m row, suggesting that re&uced seeding rates are‘not
mitigating with respect to infection between plants. Therefore;_by
space-planting, iden£ification Qf each phenotype and eva]uafion of
cultivar responses are facilitated. Screening for parental.materials
requires space-planting, so that phénotypes are we]T-defined‘pribr to
crossing. In addition, pedigree analysis and early generation tesfing
currently employed at Montana State University (12,14) necessitates
space-plénted progeny rows. There is some question whether such an
approach is the most effective metho& for increasing resistance, however,

since the genetics of Cephalosporium stripe inheritance are unknown.

I resistancé ig quantitat}yély expressed, fhen later-g;ne;aiién fésfiﬁg
6f progeny populations may be more reliable. In such a‘prograﬁ3 some
selection pressure'may be apinea'on earlier bulk progeny popu]étions

by screening for segd size, which selects for diseasg-Free plant; as
well as plants more tolerant to disease development. This appfoach
would-keep pépulations manageable over a Humber of se]fing generétions.
Screening for seed size may also be effective'in a recurrent selection
program, should stable, genétic male-sterile sources in winter wheat be’

deve loped which could fgtilitate-éut-crossing.
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SUMMARY AND CONCLUSIONS

The etiology of Cephalosporium stripe was examined throughout the
developmental growth stages of seven winter wheat cultivars, which were
differentiated on the basis of the influence each had on Varioué‘stages

of the disease cycle. The maximum expfession of disease symptoms jé

.governed by optimal conditons for two biotic components,.the host and

the pathogen,~and fqr two abiotic componeﬁts, the soil and the atmos-
phere. Thus, the disease ;ycle may be partitioned temporally and
spacfally into two sets of interactions. The first takes place in early
spring within the rhizosphere and is influenced"by events surrounding |
the host-pathogen-soil system. - The second takes .place throughout the
remainder of the growing season within)fhe plant and i;'influenced by
the host-pathogen ihtgraction.

Exciﬁsion of the pathégen, such that the percentage of aiseased

plants per row is reduced, is a type of resistance which may be intri-

.cately associated with eventsin the host-pathogen-soil system. Root

mass, which would affect the number of infection sites available to the

pathogen, and propagule levels in the rhizosphere,~which would affect

inoculum potential, were not significantly different between cultivars.
These results, however, do not rule out the possibility of less discer-
nible differential responses such as the rate of wound-healing in roots

or localized propagule levels in the vicinity of the root-soil inter-

- face. Any influence on events associated with root breakage, which is
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essential for ingress of the pathogen into the root system, would also
affect this type of registance. Of the cultivars examined, P;I. 278212,
P.1. 094424, and C.l. 07638 were resistant to disease by excluding the
pathogen while Marias, Lancer, Crest LRC 40, and‘WFnalta were guscep-.
tible. |

Restriction of the pathoggn, such that either disease incidence
among tillers of infected plants js reduced or the rafe and severity of
symptom express{on is.curtailed, repreéents a type of resistance asso-
ciated with‘events in the host-pathogen system. In allicultivars, the
systemic movement of C. gramineum was lim?fed by maturation of the xylem
network. At no time was the fungus observed penetrating immature,
living vessel elements. In the case‘of Crest LRC 40, however, additio-
nal curtailment of the pathogen was evident between ti1]ers, vertically
up ‘the culm, and laterally in the leaves. This active host response |
was thought to resuit either from localization of fungal cells by ge]aj
tion or gummosis, from inhibition of conidial pro]iferation, or a combi-
nation of these two phenomena.

'C. gramineum invades the various vascular bundle types of each
node and its leaf of attachment in the samé sequence. This repetitive
pattern of colonization is visually apparent in foliar stfipe formation.
The pathogen was rare]y observed in vascular bundles ethbiting no-
symptoms. Hence, chlorotic stripes were closely associated with proli-

feration of the fungus within colonized vascular bundles. Reduttipn'in
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relative water content, conductance, net photosynthesis, and chlordphylf '

content were directly corre]ated’with strfpe formatién. Taken together,
this data suggests that fungal coloﬁization and proliferation 3ﬁtéracts
with the host to cause localized vascular dysfuﬁction around and within
infécted bundles, which in turn inhibits'thé.bhysiologica] actiQity of
adjacent phloem aﬁd mesophy1l cells. | |

| The deve lopment 6f a diseése index rating system, which quantffied
the numbér of chlorotic stripes on a leaf at a given time,‘a]léwed
experimental relationships Between stptom development and physiologibal
activity of infected leaves to be monitored throughoqt.the'ontogeny of .
the host plants. | |

ldentification pf the two types-of resistance to Cephalosporium.

stripe and their subéequeﬁt effects on the host-pathogén interacfion
have important applications in a ge?mplasm development program.- Exclu-
sion of the pathogen and restriction of the bathogen aré independently
expressed among‘cultivars. IThis is -not surprising if each éxerfs its
inf]uence at different times during the disease c?cle. Each phenotype
;hou]d be recognized and évéiuated separaﬁe]y'when screening for parén-

tal materials, but selected tdgether in segregating populations so that

. both types of resisténce are combined together into a single genotype.

Follar symptom expression brovides a powerful selectioﬁ tool for
evaluating all phenotypic responses, since it accurately reflects the

physio]og?ca]istate of the leaf. Thus, more complicated and time
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cdnsuming measurements of physio]ﬁgica] act}vity such as photosynthesis
and water deficits are unnecessa}y.

Selection procedures must be used which recognize that the rate of
symptom déve]opment is affected, not only by active resistance:to the
pathogen movement, but by the host's maturation gradjents as well,
Recording heading dates and making selection§ at a standardized 'interval
after heading would ensure that the mitigating influences of host

development are removed from consideration.
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