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PR T T T R S e
FICVIOUS BEEC was Cuiiu, CACUGIOrE NOU 4L ancd. 3
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(LY Over a period of weasvrs, varisvs wockers ip Crons Civiz, - hee
performed cxperiments that relate to the ebiphytology o5t the vi.e blast
disease, Nz document has been prepared recently with date :-mpiled
from the mary experiments, although an evaluation of the hroade: s:ape
>f the work donc prior to 19958 is available. This dresent rveport is
irntended to show where knowledge is lacking abut behzvieo~ of the
disease in the field as well as to presert what is krowre it it not

in any senss a literature review. TFicld expevaiments are emdhasized,
but laboratory studies are also included where they have th:rown light
on what 13 tikelv to happen in the fieid.

m

(¥) The authors express their appreciation to the following persons
for reading and offering helpful suggestions durlng p-eparation of this
report: Dr. C,H. Kingsolver, Dr. C.G. Schmitt, and Mrs. Vesta Z. Mattle,
Crops Division, Fort Detrick; Dr. G.C. Keni, consultent to Svops
Division and Head of the Department of Plant Patholeg: Tocrel! Uriversity,
Ithaca, New York; and Dr. K.S. Quisenberry, consultant te Croos Division
and formerly with the U.S. Department of Agriculture,

{U) The data of many scientists working now or in past yezrs in Crops
Division have been referred to in preparing this report. Their published
and unpublished data are acknowledged throughout the text.

(U) The junior author, Mrs. Marian W. Jores, Biomathematics Division,
performed the statistical analysis discussed in the text and ir:luded
as the Appendix. She also provided guidance in experimertal field
design 2nd analyzed data for other Crops Division personnel whose work
is reviewed here.




U) ABSTRACT

(U) Data on rice blast disease from the field and laboratory exveviments
of many workers are reviewed and related to epiphytotics of the disease.
Principal topics discussed are (1) sources of inoculum, (ii) spore
dispersal, (iii) meteorological and other conditions required for estab-
lishment of infection and disease buildup, (iv) spread, (v} yield reduction,
(vi) control measures, and (vii) the present ability to predict disease
outbreak, buildup, and yield losses. A theoretical curve describing
minimum requirements of dew period and temperature for infection was
develcoped from laboratory data, and appears to fit two sets of field
dats. This curve was used to fiund the percentage of days favorable for
cisease development during 24 epiphytotics, and regression equations
were derived relating this parameter, along with other parameters derived
from disease increase data, to yield loss caused by epiphytotics.
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(C) DIGEST

(C) In nature, the sources of primary inotulum for vize hlesr, raused
by Piricularia oryzac, are rice straw refuse in Lhe Lemperate zones ond
refuse or iunfected plants in the tropics, The source of inoculum for secon-
dary discase cycles in both zones is Infected rice plants. Weed hosts
of Piricularia species, rice seed, and soil are not considcred sources
of inoculum at present. Various types of hand dusters and sorayers
can be sources of inoculum for inducing epiphytotics in sma.. cxperimental
fields.

(U) Sporulation on diseased leaves occurs when reiative humidity
approaches 100% within tempevature ranges of about 60 to 90 F. [Laboratory
measurements indicate that individual lesions are capable of producing
several thousand spores; sporulation increases with the length of tiue
100% relative humidity prevails and with temperature, but decreases as
lesions age, Sporulation on leaf surfaces hag not been divectly measured
in the field.

{U) The latent period varies inversely with temperature, but is 6
days at the temperatures usually found in the field.

(U) Spore dispersal is primarily the result of air currents and wind.
Release from conidiophores occurs chiefly at night, aud peak concentrations
usually are observed between midnight and 6 AM. The traditional slide
spore collectors trap spores inefficiently and are unsuitable for
predicting outbreaks of disease; the rotorod sampler, however, shows
promise of being useful for prediction. Spore concentrations of several
thousand spores in a cubic meter of air during one hour have been found
over infected rice fields at the height of epiphytotics. Spore concentration
decreases vertically during the quiescent conditions of the early morning
hours before sunrise at a rate of about 31% per foot,

(U) Rain occurring after experimeatal inoculations results in a lower
lesion count than if no rain had fallen,

(C) Field and laboratory experiments to date have been unsuccessful
in defining the minimum amount of inoculum that can initiate blast
epiphytotics. Releases of from 0.5 to about 15 grams of viable dry
spore preparations, resulting in average dosages ranging anywhere from
2 to 237 particle minutes per liter, have been used in l-acre rice
fields to initiate experimental epiphytotics resulting in serious vield
losses. Many, if not most, of the spores released, however, were carried
by the wind far beyond the boundaries of the field, A rate of 0,1 gram of
viable spores per acre has resulted in some lesion productiaon when applied
to small 10-squarc-foot plots under settling conditions. Recenrly, plants
with a total of 17 lesions were placed in the center of a cone-acre field;
disease spread throughout the field and a serious epiphytotic orcurred.

CONFIDENTIAL




(U) An eqguation,

(=4 [0
-3

where D = hours of dew and T = temperature (degrees Fahrenheit), was derived
from laboratory datato describe the minimum conditions of dew and temperature
required for infection, Fiecld data from two experiments irdicate that

this equation could be used to predict when conditions would be favorable

for lesion formation on about 80% of the nights when experimental inoculatious
are to be mide. With temperatures below 60 ¥ or de. periods less than eight
hours, lesions are not likely to occur in the field., An anal-siy of 24
epiphytotics showed that the rate of disease buildup was greater with an
increased percentage of nights that had a combination of dew and Lemperature
wore favorable than described by the above minimum equation,

(U) Requirements for panicle infections are thought to be similar to
those for leaf infections, but no detailed quantitative laboratory data
are available, Although ylelds are veduced by severe outbreaks of blast
on the leaves, the percentage of panicle infections is correlared in a highly
significant way with yield reduction,

(U) Nitrogen fertilization has a marked effect on disease development,
since nitrogen increases plant susceptibility. Rates above 80 to 120 pounds
of elemental nitrogen per acre are likely to contribute to serious blast
damage, especially if applied in a split application., THowever, rates above
100 pounds for Japonica varieties and above 40 pounds for Irdica varieties
are not widely used, and probably will not be used until varieties are
developed that withstand detrimental agronomic characteristics, such as
lodging, that accompany the use of these higher rates.

(U) Yield reductions ranging from none to 100% have been recorded for
epiphytotics initiated experimentally. Low yield reductions can result
from an unsuitable race-variety combination, weather unfavorable for
diseasc development ot plant growth, and low levels of nitregen fertilization,
High yield reductions occur when pathogenic races ere used, weather is
favorable and high levels of nitrogen fertilizer are applied. Equations
for estimating per cent yield loss were developed from an analysis ot 24
epiphytotics., An equation combining three variables was cowmpuced:

y = ~50.94 + 0.08426x) + 1.2343x4

where y = per cent yjeld loss, xp = the highest lesion count during
exponential disease increase on the leaves, and x3 = the psrcentage of days
with weather favorable for leaf infections,

(U) The most widely used control measure is the growing of varieties
resistant to eundemic races of the pathogen. There is no krown :ice variety
resistant to all races, just as there is o known race able to attack all
varieties. Fungicides can be used forcontrol, but this is done ecvnomically
and on a large scale only in Japan,
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1. (U) INTRODUCTION

(U) In 1958, Minarik aund Latterell' summarized the eaverimerts on
epiphytology of rice blast prior to that date. This report covers
subsequent work on that subject,

(U) Background information is previded that will be helpful to thosc
studying data on rice blast epiphytology. Brief descriptions of the
causal fungus, the host plant, and the course of a typical epiphytotic
are described before the data are reviewed.

A. (U) CAUSAL ORGANISM

(U) The fungus, Piricularia oryzae, causing rice blast disease was
described as a new species by Cavara in 1891.% 1t is synonymous with
Dactylaria oryzae (Cav.) Sawada, and from time to time has been referred
to by that name, by Piricularia grisea (Cooke) Saccardo, >r by Dactylaria
grisea (Cocke) Shirai, especially in the older literature, The best entry
into the literature on the taxonomy of the fungus is given by Padwick.

{(U) Because of the morphological similarity of the fungus spores to
those found on other grasses, some workers prefer the name Piricularia
grisea (Cke) Sacc., which has precedence for the fungus on these grasses.
However, cother workers have had difficulty in obtaining infections on
rice or on other hosts with any fungus isolate except the particular
one(s) that came originally from the given host. This indicates the
existence of physiological specialization within P. grisea, and because
of a predominant host specialization for any one isolate, some workers
prefer to call the fungus that attacks rice P, grisea f., sp. OrXadd.
The name P. oryzae, however, is widely used today and has been for
meny years. The fungus has no known sexual stage and 1is accordingly

a mamhar ~f tha Punei Tmn‘;ff ot t sranas ¢S LT 41\‘. {~ k] AE
a mameel ¢ Lac ¢ 5L 2"’““"\‘) il pPYop 5(‘\.. oYy IS Lormalion o&

asexual spores or coninia. The conidia are hyaline (or nearly so),
pear-shaped, 2-septate, and measure 20 to 22 by i0 to 12 micrens (),
although the variation in size may be f£rom 14 to 40 by 6 to 13 u.a
Angiher scurce lists the averages in size as 19.2 £o 27.3 by 8.1 to 10.3
M.

(U} P. oryzae is a facultative saprophyte, It will grow and produce
spores on media of various types and can sometimes be isolated from
refuse piles of rice straw; in nature; however, it is found chiefly
on living vice plants. Information on the productlon of spores for
experimental purposes, including the artificial initiaticn of epiphy-
totics, is bevond the scope of this review, but can be found elsewhere.

* Pages 9 through 22,




10

{U) lsolates of the fungus from a particular rice variety may rot infect
some other varieties to the same degree, Dr., F.M. lLatterell and her
co-vorkers® '’ have worked on tie separation of these isolates and their
subsequent characterization as races of P, oryzae. Races are distinguished
on the basis of their abllity to infect a standard set of differential
rice varieties. Cooperation to establish an international set of
differcential varieties was stimulated by a paper given by Dr. Latterell
at a symposium on the rice blast disease at the International Rice Research
Institute in the Philippines.s'7 That a number of other invesiligators,
especially those in Asia, are also aware of the existence of races of P.
oryzae can be seen in some of the other symposium papers. Although it is
not the intent here to review the race problem, certain aspects of it are
of interest with respect to epiphytology.

(U) For example, a rice variety grown in one location may be free of
blast and considered resistant for several years until suddenly an outbreak
of the diseage occurs. Obviously, a race of the fungus not present before
(or at least not established) has appeared. Where did it come from? 1s this
an example of long-distance spread of the particular race involved, or did
the race arise locally from some as-yet-unexplained ability of the fungus
to vary, or was the race selected from the population of spores by the host
varieties grown? There are examples of isolates of the fungus varying with
respect to pathogenicity in the laboratory, but as yet the genetic mechanism
of this variation is unknown. When the source of variation is known, it
might affect our thinking about what could happen in either natural or
experimentally induced epiphytotics.

(U) Isolations from a large field of one or more varieties infected with
a mixture of races have not been made at the end of the epiphytotic to
discover the distribution pattern of races causing damage in the field,
Would only one race predominate at the end of the epiphytotic, or would
several? Would this predominance be caused by the selectivity of the
rice vavieties growing in the field, or by some attribute of the individ-
uval races, such as sporulating abilitvy? Could this predeminance be
caused by some environmental or climatic factor that was move favorable
to one race than to another in a given year? Would the mixture of races
interbreed somehow and produce a new race?

B. (U) RICE, THE HOST PLANI

(U) Rice is probably the most varied of any commercial crop, and tha
world collection of varieties at the International Rice Research Institute
contains more than 10,000 entries (as of 1964) and continues to grow. The
wide variations observed among rice varieties growing in the field have
some impertant consequences for rice blast epiphytology.




(U) Rice is a grass. The principal cultivated species an? the one in
which we are interested is Oryza sativa L. Other spvecies of Aryza exist
some annual and some perennial. The cultivated species is usually grown
as an annual, except in some areas where a ratoon crop is obtained,
although under suitable conditions it can persist for several years, 0.
sativa is sometimes divided into subspecies; the two most comnon
divisions are Indica and Japonica. Although the morphological bases
for separating these two forms are often obscure because of wide varia-
tion within each group and the existence of hybrid forms, the separation
can be useful. A list of contrasting characteristics follows:

Japonica types Indica types
Short grained (length to width Long grained (length to width
ratio 1.4:1 to 2.9:1) ratio 3.1:1 to 3.5:1)
Widely grown in northern areas Widely grown in southern areas of
of Asia Asia
Flourish under long photoperiods Not so sensitive to photoperiod

but generally respond to short day
lengths of tropics by maturing so
rapidly as to become worthless

Leaves dark green Leaves pale green

Yields respond well to heavy Yields do not respond as well to
applications of nitrogen heavy applications of nitrogen

Seeds usually have no Seed dormancy is more common

dormant period

(U) Furthermore, although both types have 24 chromosomes that seem to
be morphologically the same, crosses between the two types are difficult
and some genetic incompatibility is indicated. American rice varieties
generally have a mixed parentage, with most having a larger share of
Indica genes. The pearl rices grown in California, however, are
entirely Japonicas,

(U) An example of how a difference between the two types of rice may
influence blast epiphytology is given here. Susceptibility of the rice
plant to blast inc¢reases as rates of nitrogen fertilizers are increased
(Section VI, C, 4). Since yields of Japonicas alsc increase with
increased nitrogen applications, blast is likely to become a problem
whenever high yields are sought; as a rule, the situation iz rot as clear
with Iudicas because they usually fail to wmake yield resporces t2 nitrogen
applications above modest levels.”
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(U) Information on the growth and development of the rice plant can be
obtained from many sources, but three useful summaries in English are
suggest;ed.c“’_11 Upon germination, which occurs in about 48 hours, the
radicle emecrges and a primary roo: system with si-ort branching fibrous
roots appears. This system is relatively short-.ived, however, and is
replaced by roots developing from the first node of the plumule and
other underground nodes. Root development 1is primarily horizontal and
most roots are found in the upper few inches of soil. Root development
can be influenced by soil texture, cultivation methods, available
nutrients, and by the system of transplanting.

(U) The stem or culm of the plant is at first enclosed in the coleoptile,
but after two to three days the first leaf emerges through a split in
the coleoptile; the culm at this time is rudimentary. As the culm develops
it is smooth, cylindrical, and hollow except at the nodes, where there is
a septum, Leaves arise at the nodes (one leaf per node) and buds in the
leaf axils may give rise to new culms called tillers. As a tiller emerges
it pushes aside the leaf from whose axil it came and this leaf eventually
dies and falls off. After some time, a tiller may develop tillers from the
axils of its own leaves, and so on, Although tillers are produced during
several weeks, the panicles generally emerge and ripen along with the panicle
of the main stem. Under controlled conditions the number of tillers produced
is a varietal characteristic, but it can be influenced by cultural practices,
Although some varieties produce as many as 50 tillers per plant, the normal
for transplanted rice ranges from 15 to 20 and for drilled rice from 5 to 8.
The last few tillers produced are nonbearing and are called "invalid" tillers.
The culm elongates by internodal growth from the base, and as this growth
progresses differences in the heights of varieties become apparent.
Depending on the variety, ultimate plant height is from 2 to 6 feet. The
terminal internode of the culm ends at a node, called the neck, above
which is the panicle.

(U) Leaves normally have four parts — blade, sheath, auricles, and
ligule — although the first leaf to break through the coleoptile may
have practically no blade and some varieties lack auricles. Leaves
are alternate and are borne in two ranks. The sheaths envelope the
stem and overlap one another. As the sheaths are oval in cross section
they tend to give the tillers a flattened appearance, although the true
stem that is inside the sheaths is round,

(U) The auricles and ligule are small projections at the place where
the sheath and blade meet. They play no role in blast epiphytology.

(U) The leaf blade is long and slender and varies in dimensions with
variety from about 10 to 20 inches long and % to 1l inch wide at its
broadest portion. It has a conspicuous midrib. The blade is usually
pubescent or hispid. As the stems grow and new lceves emerge, the older
leaves turn yellow and die, so that ar any one time only four to seven
leaves on any given tiller are living. The last leaf to cmerge is the
boot or flag leaf, and ite sheath encloses the panicle just prior to




emergence, The flag leaf is usually different ir appearvarze {~om other
leaves in that it is shorter and broader. The flag leaf is at first
nearly pavallel to the axis of the panicle as it emerges, but late-
assumes an angle with the axis that is characteristi. for the ve*ietv,
Complete emergence generally takes place within a week.

(U) The panicle consists of a central axis that is divided into a
number of nodes and internodes. Branching occurs at these nodes either
singly or in whorls, and these grain-bearing branches may be either
single or branched. Branches bear flowers called spikelets. Each
spikelet is a complete flower bearing six stamens and twe long, feathery
stigmis. The spikelet is enclosed by two glumes. As the ovary develops
it fills the space between these glumes and the developed overy
together with its covering glumes comprises the grain. The number of
spikelets per panicle is a varietal characteristic that may vary from
about 50 to as many as 300.

(U) Rice is essentially self-fertile, but a small percentage, generally
less than one per cent, of natural crossing can occur., Pollination occurs
just before or just as the flowers open; the flowers remain open for
a period of a few minutes to more than an hour. The peak time of
flowering is in the forenoon, from 1C AM to noon. Flower opening proceeds
from the tip of the panicle downward and begins on the day of panicle
emergence or the day after. The most favorable temperatures for opening
and for germination of the pollen are between 80 and 90 F. It may take
several days for all the spikelets in a panicle to flower, and the period
from flowering to ripening, depending on variety, may be from two weeks
to two months, but is usually around 40 days. The total number of days
from planting to maturity ranges from 90 to 260.

(U) A study of the growth and development of rice is underway in this
country and a preliminary report has been published.'® 1In this study,
four varieties of different maturity dates were studied: Belle Patna,
1190 days; Nato, 130 days; Bluebonnet, 140 days; and Rexoro, 170 days.
Table 1 is essentially a reproduction of the table used to summarize the
data. Normally, one might assume that varieties that stend inm the field
for long periods of time would be subject to more damage by disease
than those varieties maturing earlier, since the plants would be exposed
to the pathogen longer and there would be more time for the increase of
an epiphytotic. This is not the case with rice blast, however, since
before panicle emecrgence the leaves of the rice plant are most susceptible
in the tillering stage of growth, As can be seen from the table, the
length of this tillering stage is essentially the same whether a variety
matures in 107 or 164 days. The big difference in the length of growth
periods among these varieties is between the end of tillering and the
beginning of panicle emergence, a time when interncde elengation occurs,
panicle initiation begins, and the leaves of the rice plant become
resistant to Piricularia. Data on this resistance phenomenon are pre-
sehted in Section VI, C, 1. Detailed data in English_on growth and
development of individual far-eestern varieties are dAifficult te locate,
but from the writers' observations in the Far East the ssme general growth
patterns hold,
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(U) All parts of the rice plant car serve as infectisn c-urets for the
fungus —- roots, stems, leaves, and parvicles.

(U) Roots are only weakly attacked by the fungus, and evidenze for the
ability of the fungus to infect roots has been gathered principally from
laboratory experiments.!® There is a little evidence that rcots can be
attacked in the field, but only to a very minor extent if the soil {is
kept moist or flooded.'* There is apparently no evidence that root
infections play any role in epiphytotic development of blast,

(U) Stems can be infected, but lesions are usually found only on
exposed parts. Near maturity and after stem elongation the noades on
many varieties are exposed and sometimes become infected under field
conditions. The exposed portion of the last internode beneath the neck
of the panicle is frequently found to be {nfected when any appreciable
amount of leaf blast is found in the field. Occasionally, even the portion
of this last internode that is covered by an apparently healthy sheath
of the flag leaf is found to be infected, and here the mechanism of
infection is not understood. Infections of the stem usually occur at the
end of the growing season and, hence, at the end of the epiphytotic,

{U) The leaves provide the vast majority of infection courts during
development of the disease. Although sheaths are probably as susceptible
as the blades and sheath infections have been useful in laboratory
studies, sheaths in the field are usually not involved to the extent
that the blades are, This may be because of their vertical orientation
or some other factor related to klendusity; anyhow, the observation that
sheaths are not often severely infected in the field could bear further
study and explanation. Much of the information that follows in later
sections refers to infections on the leaf blades and, unless specific
reference is made to sheaths, the reader should interpret the word leaf
to mean leaf blade,

(U) Any part of the panicle from the neck node, the rachis and {its
branches, arvd cven the glumes can be infection courts for the pathogen.
Infections of the neck, or of the internodal portion just above or
below it, are frequently damaging because a lesion in this location can
cause failure of the grain to £i1l1 in the entire panicle. It is the
senior author's opinion that in an epiphytotic, lesione on the panicles
are probably termival, i.e., by the time lesions on a given panicle
could produce spares, other panicles in the field probably would be
mature enough to escape damage even though infected by these spores;
also, resistance of panicles tends to increase with age after emergence
(Section V, B, 2},
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C. (U) RICE BLAST EPIPUYTOTIC

(U) The typical epiphytotic of rice blast is usually recognized only
after it is well underway, as is true with most other plant diseases.
Opportunities to observe carly stages of disease progress in the field
are, therefore, rare under natural conditions, By artificially inocula-
ting a field early in its growing season these early stages of ilisease
progress can be observed. About 6 days after artificial inoculaticen,

a few widely scattered lesions can be found on the leaves; occasionally
groups of lesions will appear. These lesions increase in size, and
spores formed on their surfaces can cause new infecticns that begin to
appear in about a week, At this point the rate of increase of the
disease is compounded, and it is here that the casual observer first
notices the presence of diseasc. Disease severity may increase rapidly
for 2 to 4 weeks and then seem to decline somewhat after the end of the
tillering stage, DBy the time panicles begin to emerge it may even be
difficult to find leaf lesions, the older infected leaves having fallen
off and decayed, although some leaf lesions usually are found. In fields
attacked during the tillering stage, a certain percentage of neck and
panicle blast (concomitant with yield reduction) is almost always present.

(U) The severity of disease buildup on the lecaves and the amcunt of
infection on the panicles is dependent on many factors, These factors
include race-variety considerations, the effect of various cultural
practices on buildup, and the meteorological conditions, It is of some
importance here to note that infections of P. oryzae occur at night, so
that it is inaccurate to speak of meteorological conditious that occur
during a ''day" or on a given date. When thinking of a given period of
spore incubation in the field, one should consider the conditions
occurring before, during, and following a night,
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1. {5} SOURCES Y INDIULUM

(1') Our information on the scur:efs) of inoculum in natouve ie ot
satisfactory., A number of workers have studied the problem Lrom time
to time and, at best, have come up with "leads," i,e., possible or
probable sources. Field studies on blast often rely on what will be
called an artificial source of inozulum, although lack of information
as to natural sources has sometimes hampered these studies. Occasionally,
it has been impossible to know how much of the disease ip cxperimental
fields was caused by artificial insculum ard how much was caused by
inoculum from some endemic sour:e.

A, (C) SOURCES FOR PRIMARY INFECTION

(U) P. oryzage seems to be very elusive during winter wmonths in the
temperate regions and during dry seasons in the tropics when vice is
not grown. (Rice is sometimes grown during dry seasons in the tropics
in those aress where irrigation facilities are well-developed. licre,
holdover of the disease as secondary infections on rice would be
possible and soutrces of primary inoculum might not need to be considered.)

1. (U) Rice Straw Refuse

(U) One possible way the fungus overwintetrs >t overseasons) is zs
mycelia inside rice straw refuse left in piles or scattered abcut
fields after harvest, Such mycelia, when moistened at temperatures from
18 to 32 C, can produce viable conidia. 1In one series of experi-
ments, mycelia in tissue kept dry remained viable for about three years,
but in moist tissue had lost their viability by April the next spring
(about 6 months). Clonidia that remain dry could be the overseasoning
inoculum in the tropics, although conidia produced by mycelis he}d over
in dry plant debris migiht be the more likely primary inoculum.”™’”

(U) In his discussion of data velating to the prevalence »>f rice
blast, H:shiokia considered that the areads of disease >ccusvrence, with
respect to overwintering or overscasoning, could be grouped inte zones
roughly bounded bv latitude:
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Source of Tewmperate Subtemperate Suhivapical Tooaojral
inozulum (36°=44"N) (28°-36°N) (137-28°N) g15;§;22;§;
Mwzelia tapossible Possible rossible Possible

outdocors {except In
plled straw)

Conidia lmpossible Possible Possible Prssible
outdoors

Living Impossible impossiblc Mayhbe Poresible
leaves

nashiokaf§ book also provides ar entrance into the literature on vthis
subject O

{U) Work by Andersen et al, hae substantiated the eavrlier Japocese
work indicating that spores remain viable loungest if kept at low temparatures
and low relative humidities.’® 1n thesc experiments, coridia kcpt at 8 C
and 20% relative humidity (RH) were 75% viable at the end of a year, More
recent unpublished observations indicate that spores can remain viable for
at least elght years, but artificlal storage phenowena are beyond the scope
of this review,

2. (U) Weed Hosts

(U) As stated in Section I, A, there are a number of grasses that can
be infected by fungi fitting the description of P. oryzac. The extent
to wvhich these fungi may be related has not been investigated satis-
factorily, although, occasionally, someone will collect specimens and
attempt inoculations to rice or cross~inoculation studies. Several such
studies are mentioned in the litevature®’® but the most complete compilation

. S* . .
is in a paper by Asuyama. Two studies of a prelimirary nature have been
made at Fort Detrick.

(V) Lattercll isolated Piricularia from 14 grasses ani one scdge.
These were not pathogenic to any of eight rice varieties. Scveral isclates
from rice, however, did cause typical lesions on two strairs =f S'.
Augustine grass and resistant pinpoint-type lesions or suparcane.’ She has
occasionally obtained isolates from grasses since publicarisr or these
findings, but thus far, has [ound [ew that will infe:t rice.*r

9 through 22,

* Pages
* Personal communication,

#% Pg
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and

. tn

performed crogg-inoculation tests with them and with is 0 2nd the
rice vaviety C.l., 8970S (Table 2). All isclates could ase infectien
on the host species from which they were isclated. Five 1solates not
from St, Augustine grass ceused fnfection on that grass, although these
infections were not as severe as that caused by the St. Augustine grass
tsolate itsclf. The isclate from Digitaria ischacmum infocted two othev
grasses. Crass isclates did not cause infection on the rice variety
tested; in further research, these isolates should be tried on more than
one rice vavicety.

(U) G.N, Asai* collected isolates from six wild pg-2ss
i

f
rate 7°
~Z i

3. (U) Sced

{J) Some of the early Japancse workers considered seed a source;
it is not a likely source in the writers' opiunion. There Is no doubt
that spores can cverwinter on the seed or that mycelia car sometimes
be found growing in the tissues of Infected seed 27" However, when the
cultural methods used to germinate the seed in the field and the aervobic
requirements of the fungus are considered. it is difficul® to understand
just how a spore lodged on a seed coat or spores from mycelia supporting
spore productiorn (where = in the mud?) could reazh a sui+table infection
court, llot water seed treatments do nct control the disease,? and
chemical seed treatment, which is a common practice ir Japan, *‘* Taiwan.
and the United States, has no apparent effect on the oc~urtenze of the
disease in those countries,

4, (V) Seil

(U) Apparently, soil has not been considered as a scurce of primar-

inoculum,
5. (U) Rice at a Distant Location

(') So little is known ab>ut the spread of Piricularis spores
through the air over long distarces that it is diffizult t»o know how
much importance to attach to the pessibility that infe-*ed rice in one
country may be a source of inoculum for the disease in ars>ther, Spore
traps set out t> catch P. oryzae speres in Japan ard Taiwar, as part
of a discase fovecasting system, usually collect spoves after = few

lesions can pe [2und in the [ield locally by careful obseivation. Dr, ..~

Ak kK Bt X ; L
Ou™*** collecred Piricularia spcores or gless slides cxssed fram the wia

of aircraft flying at 4000 to 7000 feet altitude over parts of Thailand
when he served as an FAO Agricultural Officer there; however, the source
the spores is nrot known.

* USABL Nnotebook €D 3814. UNCLASS!I! iED.
*% Pages 9 through 22,
*¥%*% Pages 399 through 408,
*%%% Personal communication.
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6. (C) Artificial Sources

(U) Ultimately, the source to which we refer here is a laboratory
where a spore preparation is made by one of several methods. From the
standpoint of plants in the experimental field, the source is some sort
of atomizer, duster, pistol, etc. Presumably, once the velocity of release
from these art1f1c1a1 sources has been dissipated, spore travel is
governed by the same laws that govern spore travel from natural sources,
except that sometimes the artificial source may be so close to the plants
that spores are put onto plant surfaces by the force of discharge. Then,
too, an artificial source may provide spores that are wetter or drier -~
or in some other way modified — than are spores arriving from natural
sources.

{C) Panzer et al. used a small duster inserted into a tent that
covered the area to be inoculated.'” Another of their methods relied
on the explosive force of a 2-inch firecracker to release a drg spore
powder from a waterproof bag at predetermined time intervals.}

(C) Sprayers or atomizers dispensing inoculum suspensions have been
used in three field studies, Rorie used an atomizer powered by compressed
~-nitrogen to disperse spores -into a tent placed over a confined-area.
Allison?/ sprayed an area of approximately one acre w1th a liquid spore
suspension with a tractor-mounted sprayer., Marchettil/ used a spray
gun powered by compressed carbon dioxide to inoculate small confined
areas in rice plantings,

(C) Dusters i dust sources of various kinds have also been used
for the inoculatinn of either confined or unconfined areas. Barksdale®°
in 1960, Allisont/ in 1961, and Dahlked/ in 1963 inoculated one- to two-
acre fields in Florida by releasing dry inoculum along a line with a blower
developed by Rorie and Asai. Barksdalef/ used a midget duster to release
inoculum alongside fields in Okinawa and Taiwan; Willisf/ used this kind of

a. Allison, W.H., and Dahlke, G.R. Unpublished data and the associated
Analysis 5744 (16 Apr 1963), Crops and Biomathematics Divisions, U.S.
Army Biological Laboratories, Frederick, Maryland.

b. Macchetti, M.A. Unpublished data and the associated Analysis 6269
(15 July 1964), Crops and Biomathematics Divisions, U.S. Army BRiological
laboratories, Frederick, Maryland,

¢. Allison, W.H. Unpublished data and the associated Analyses 5219 (28
Mar 1962) and 5312 (17 May 1962), Crops and Biomathematics Divisions,
U.S. Army Biological Laboratories, Frederick, Maryland.

d. Dahlke, G.R. Unpublished data and the associated Analysis 6433 (5 Aug
1964), Crops and Biomathematics Divisions, U.S. Army Biological
Laboratories, Frederick, Maryland,

e. Barksdale, T.H. Unpublished data, Crcps Division, U.S. Army Biological
Laboratories, Frederick, Maryland,

f. Willis, G.M. Unpublished data and the associated Analysis 6144 (19 Feb
1964}, Crops and Biomathematics Divisions, U.S. Army Biological
Laboratories, Frederick, Maryland,
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duster to aim inoculum at specific but unconfined areas in experiments on
Tajwan. Kulik* veleased a cloud of spores from a modified ~avbon dioxide
pistol into a portable settling tower in his field studies in Texas.

(C) The choice of any particular imoculation method for field studies
is based on the kind of experiment and the kind of spore preparation available
to the investigator., Small plots can be inoculated quantitatively with
either dry spore dusts or with wet spore suspensions, Since spore suspensions
obtained by washing some surface like a sporulating lesion or agar plates
must be evaluated esch time the suspension is made, it is more convenient
to take a standard sample from a uniform dry spore preparation that can be
stored {or a period of time. It probably makes little difference whether
the dry sample is released as a dust into a settling tower or is mixed with
a liquid and released into a tent. If the spores remain wet very long,
however, they will begin to germinate before the beginning of the natural
dew period; this may or may not be desirable, depending on the experiment,
The carbon dioxide - powered hand atomizer that Marchetti used is undoubtedly
more convenient than Rorie's cumbersome nitrogen cylinder in the field,
although for quantitative work the hand atomizer would have to be calibrated
in some way. The merit of the firvecracker method was the timing device, but
_ if the investigator chooses he can make inoculations at night by some other,

and probably better, method. For inoculation of a field, if the worker wants
to observe a gradient of infection associated with a gradient of dosage,
release from a line or point source is indicated; if a uniform inoculation
is desired, perhaps a tractor- or aircraft-mounted sprayer or duster could
be used. The senior author prefers the use of a liquid spore suspension
for quantitative small-plot inoculation.

B. (U) SOURCES FOR SECONDARY INFECTION

(U) The chief source of inoculum for secondary infections is infected
rice leaves, especially the infected leaf blades. It is possible that
digseased leaf sheaths, nodes, and panicles could provide iroculum for
secondary disease cycles, but it is doubtful that these scurces ever piovide
more than a negligible percentage of secondary inoculum during most
epiphytotics, Lesions on sheaths do occur in the field, al:ihough in the
writers' experience they are seldom numerous except in rare instances when
plants are killed by the disease during the leafy growth stages. Node
and panicle infections occur near or at the end of epiphytoti:cs.

1. (U) Number of Spores Produced on Infected Tissue

(U) It has been estimated that theoretically approximately 8 million
sporas Per square centimeter could be borre on the surface of infected
leaves.” We are not aware of any measurement made in the field: however,
actual numbers of spores measured under laboratory conditions genrerally do
not. approach the theoretical figure and the numbers vary widely.

* Kulik, M.ﬂ¢ Unpublished data and the associated Analyses 4451 (5 Dec 1960)
and 4447 (20 Sept 1960), Crops and Biomathematics Divisiong, U.S. Army
Biological -ohoratories, Frederick, Marylaund.
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(U) Measurements generally are made by one of twe techriques:
either lesions on detached leaves arc insubated under a given set of
conditions for a fixed length of time and the stores are mechanizally
harvested by some washing procedure,zl* or lesicns on attached leaves
are incubated for fixed times or at intervals and the spores are
allowed to fall naturally onto some suitable collecting surface, such
as water agar.°® The latter procedure allows spore produc.ion on the
same lesion to be examined over a period of days or even weeks, and
field conditions can be mimicked to a certain extent. Both procedures
seem to be more useful in defining the conditions under which spores
are formed on lesions than in determining the number of spores
produced. Some of these conditions are age of lesion, age of host
tissue when infected, the race-variety combination, and various
meteorological conditions.

(U) As the age of lesions increases from 7 to 35 days, thelr
potential to support sporulation decreases.?’ The greatest number of
spores produced by any one lesion is found on about the 9th day after
inoculation, while the lesion is still actively increasing in size.?

(U) The age of a leaf at the time of iunfection makes no
appreciable difference on the number of spores produced, according to
one st;udy.21 Since plants and leaves tend to increase in resistance with
age, however, one would expect "type 3" and 'resistant type" lesions
(in the sense that Latterell uses these terms’ ) to support less
sporulation,

2. (U) Environmental Conditions Affecting Sporulation on Lesions

(U) The most important and essential meteorological factor
needed for sporulation is moisture approaching 100% RH; i.e., other
factors such as light and temperature influence the relative numbers
produced but without high RH there would be no sporilation. The lower
limit at which spores can be formed is about_857% Rh, but maximum numbers
are produced at humidities near saturation.'”'®® The minimum time for
sporulation after a lesion has been placed in a suitable environment is
approximately 8 to 9 hours,21 although there is some indization that
if the lesion has already produced spores during a previous period when
it was in a suitable environment, this time may be shortened to about
6 hours.®® Latterell has observed the production of conidiophores on
panicle lesions and found a few conidia that formed within 5 to 6 hours.*x
Of course, as the length of time that a lesion is kept moist increases,
the conidial producticn also increases.”?

* Sez also U.S. Army Biological Laboratories Notebook CI 3814. UNCIASSIFIED,
*% Personal communication,
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{U) In 24 hours of continuous dew, the numbers »f :<onidia p:>duced
per square centimeter cf infected tissue may range from 100 at 60 P o
20,000 and 30,000 at BO to 85 F. Numbers in the hundreds of thoussnie
are occasierally observed. Conidia increase with length of time that lesi-rs
are exposed to dew. In one test, the number of ccnidia increased with
increasing temperatures from 60 to 85 F, with a slight decrease at 90 F
during dew periods 24, 48, and 72 hours long.?’

(U) Light of as much as 1500 foot-candles (ft-c) has been shown to
stimulate sporulation of the fungus in culture, with maximum sporulation
occurring in the range of 200 to 500 ftec.?* Experiments on sporulation
using detached leaves have shown that light at 150 ft-¢ stimulates
sporulation at temperatures of 70 and 80 F.* A summary of one such
experiment follows:

Number of Spores per Lesion

Temperature, F Light Time, hr {Average of 4 Replisates)
70 Dark 24 9,000
70 Light 24 7 20,000
80 Dark 24 26,500
80 Light 24 77,000
70 Dark 48 15,000
70 Light 48 35,500
80 Dark 48 80,500
80 Light 48 113,000

(U) Not all isolates of P. cryzae show this rezp-use to light. The
importance of light on sporulation in nature has not been assesszsd, but since
RH conditions are most favorable at night, it seems that light would be
an effective stimulant only on misty or foggy days. Pe-haps mdonlight could
have some role in stimulating sporulation on clear nights,

3. (V) Latent Perind

{U) The latent period is defined as the length of time betweer che
initial establishment of infection in tissue and the time whenr tha! tissue
itself becomes infectious, i.e., supports sporulation, With rize blast,
new lesions can usually be seen a day or two before they will suppart
spore production. The most important factor influencirg tbe zweed at
which lesions develop is tempcrature:25

* USABL Notcbook CD 3814. UKCLASSIFIED,




Temperature, G Days for Lesion Appearance
9-11 13-18
17-18 7-9
24-25 5-6
26~28 4-5

(U) At tewmperature ranges normally found in the field during
rice blast epiphytotics, it is about 6 days before sporulation begins
on a lesion,26 and maximum sporulation usually occurs a day or so
later %
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111, (C) DISPERSAL

(U) To the preceding section, the sources of inoculum were examined
and various facts were related to the production of inoculum on diseased
tissue. In this section, data on how inoculum travels from its source
to the infection courts are discussed. Dispersal of inoculum hy air
and wind currents has been documented for many years, and there is no
question that this means of dispersal operates in the buildup of epi-
phytotics within local areas. Other means of dispersal -~ by watsar,
mamnmals, birds, man, and insects — are plausible, especially as they
might be involved in transferring the inoculum that initiates the primary
disecase cycle in a particular field. These other means, however, are ounly
slightly documented.

A. (C) DISPERSAL BY AIR

(U) The information on dispersal by air can be usefully considered undey

three head1ngs' release, flight, and landlng of spores. R ;w / __.

1. (V) Release : ‘:71' gl A Qﬁ'V’wV-

(U) No one to our knowledge has ever seen a spore leave the
conidiophore on which it was produced, The little bump that appears on the
basal cell of the spore.is part of a tiny stalk cell that joins the spors
to the conidicphore. When release occurs, this stalk cell ruptures, leaving
part of the cell on the conidiophore and part on the spore.* The mechanism
of rupture is not known,

(U) Under quiescent conditions, the spores fall downward under the
influence of gravity, which indicates that release is not very violent, at
least that it is not violent in some direction other than downward.
when lesions caused by some isolates are placed in moist chambers at
temperatures of 70 to 80 F and at 100% RH, spores are released only in
the dark. After exposure to light, these lesions cease to release spores,
although spores continue to be produced, This diurnal paitern of release
coincides with the diurnal pattern of spore concentrations found in the air
(the highest numbers of conidia are usually found above an infected field
between midnight and 6 AM). When sporulating lesions on attached leaves
are taken from a dry environment and placed in a moist chamber, a condition
simulating the start of a dew period, spore release begins within 6 to 8
hours. Occasionally a few spores, presumably those already matured or
nearly so during the previous "dew" period, are released within the flrst
couple of hours after a lesion is returned to an environment of 100% RH.®

* Personal communications from Drs. F.M, Latterell and C.T. lngold.
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(U The above laboratory studies emphasize a still, juieszent
environment, a situatlon that is common in nature at night n rize-growirg
arcas, especially within a canopy of rice plarts. Ary wird or other
mechanical disturbace can alter the release vattern, however, 2ar? some
Japanese work has shown that the numbers of conidia separated from theiv
conidiophores is proportional to wind velocity.s*

2. (C) Flight
‘a. (C; Measuyement of Spore Load
(U) The early work on measurement of spore load in the air

reﬁJPd ‘almost entirely on some type of stationary glaszs slide spore
callegtor. This type is inefficient and an investigator runs a large

‘visk of drawing inaccurate conclusions if he considers data from it

a5 quanti ta*ive. Japanese workers up to now have relied almost entirely

on. the /glide spore collector, and they have developed a considerable

budy of useful qualitat‘ve data on the spore load, especially on the time
#ﬁy rhat the greatest number of spores are in the air,°¢®

Ll

'fd 'V”ﬂ AR 1957, Panzer et al, working at Fort Detrick, - improved
f_thm blld wol!ectarréo ‘that it was more nearly quantxrnrlve. 27’ Use of their

2hdhour wlide : pure,mﬂxlector enabled them to confirm the diurnal
fIﬁCtUA?IOﬂ of Plricularia spores that had been discovered by the Japanese.
wforq their callactor could be used to contribute to further information

; 28
‘oo P, ogryzae, fhe very efficient rotorod sampler®® was develoved and

workers at IPort Detrick have used it since 1960.

(U) Recently, the rotorod has been tried in Japaa, and,
apparently, the workers there are pleased with it. Because of difficulties
in using the slide spore collector to detect small numbers of spores in
the air, spore trapping there in past years to help predict the initial
outbreak of blast has been largely unsuccessful because lesionz c¢an be
found in the fieij before the siide traps will coliect spores. Ono's
group kel compared the two collectors in the field; their data are shown

in Table 3. The units of area or velume that the spores occupied are

not given, sc¢ that it is difficult to compare the data with those from
other sources, but the table does indicate that it would be much better
to use the rotorod for predictions. 1t is interesting that their rotorod
picked up sporegs 7 days before infections were seen in the field.

* Pages 153 through 162.
*% Pages 173 through 194,
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TABLE 3, (U) COMPARISON OF THE ROTORQD SPORE SAMPLER ANT THE
STATIONARY SLIDE SPORE COLLECFORY/ (1)

Sampling Period Number of Spores Caught
Stationary S-.mpler
Starting Length, Rotary Sampler 10 cm 130 cm
Date Time, AM hours 130 cm, high high high Remarks
June 19 5 3 0 0 0
20 5 3 0 0 0
21 4 4 0 0 0
22 4 4 0 0 0
23 4 4 0 0 0
24 0 & 1.0 0 0
25 8 1.5 2.0 0 0
26 5 3.5 6.5 0 0
27 5 3.5 2.5 0 0
28 8 1 1.5 0 0
29 0 1 0 0 0
30 8 1 0.5 0 0 Initial
outbreak
of leaf
blast
July 1 6 0.5 0 0 0
2 5 2 2.5 0 0
3 8 1 0 3 0
4 4:30 3 65.5 0 0
5 5 3 82.5 6 0
6 7:30 1.5 25.5 6 0
7 5 2 5.0 4 0
8 5:30 1 67.5 2 0
S 7:30 i O o 0
10 12 noon 2 0 0 0 Showing
11 8 1 0.5 1 0 many
12 7 1 171.5 12 5 lesions
13 6 2 1425.5 154 4

a. Data of Ono, pa~~s 173 through 194.°
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(C) A word of caction about measurement of *‘he snore load ic
in ovrder, regavdless of what sampling device is used. The investigator
should be certain the spores he traps are related in some wey to the tice
field where he is studyiog blast. V:or example the zeni>r azthaz usced
the sequential rotorod sampler to measure spores in the air near a
field that he had inoculated in Okinawa in 1961.* Eventually, it became
clear that a grass, Panicum repens. growing abundantly along the dikes
between small rice fields had sustained a heavy infection of a Firjicularia
species., Latterell made several isolatiowns from this gvass ard was not ahle
to obtain infections on rice except in one casc (her isolate 238), in
which only a few lesions were chtained.** On the rotovod, spores from the
two sources could not be distinguished from one another and, therefere,
the data from the sequential saumpler in this instance are weaningless.

b, (U) Patterns of Air Movement

(U) A considerable volume of information on the patterns of
movement in air cavrying various allergens, fungus spores, smog particles,
etc,, is available. Little information is available that specifically
relates to P. oryzae, although there is no reason to believe that it moves
any differently than other particles in its size range.

(U) In an effort to study movement of air currents in a rice
field and its surrounding area, Van Arsdel et al.®® released colored
smokes from standard U.S. Army smoke grenades, In daytime winds, smoke
r2leased at zero and at 12 feet above ground moved downwind at the general
level of release and with a spiraling movement. Their photographs and
observations showed a very complex structure of eir currents within air
currents. The helical movement of the smoke caused the direction of move-
ment at the top of a loop to be different from that at the bottom, and
they commented that spores carried in such a pattern could be deposited
in isolated spots. In sunlight, updrafts occurred over locally warmed
areas such as levees, bare soil, and sunny sides of earthern mounds.
Two-foot-wide openings in four-foot rice had downdrafts, and smoke went
into these openings aud then slowly diffused through the stand of rice.
Apparently, only limited observations were made with these smokes at night,
possibly because of the difficulty in making observations on these
movements, although observations at night would certainly be of interest
because P. oryzae spores are usually present in higher corzentrations
then.

* Barksdale, T.H. Unpublished data, Ovops Division, (.S Avmy
Biological laboratories, Frederick. Maryland,
*% Personal communication,

CONFIDENTIAL




30

(U) Higher concentrations of socres are wore likely t- be f-ourd
near the ground than at distances above it., Marchettix used a votsv-~z
sampler at intervals of zevre, 2,and 5 feet above glant heipht durirg an
cpiphytotic and found on 28 nights sprcad throughout the grovirg sczz- n
that the greatest concentrations were nearest the rice, The exponential
decrease rate was estimated as 30.69% per foot; 95% confidence limits
were 6.65 and 54.73% per foot,

(U) Using a stationary slide spore collector, Ono and crwarkers ™"
found spores distributed as high as 24 ret-~s above an infected vice field,
Their measurements were made over aipeviod of & weeks and included some
generalized weather data. They found many spores at the lowver levels and a
rapid decrease in numbers collected as the height increased. Streng winds
were thought to lessen the vertical spore gradieut.

¢. (U) Concentrations Found in the Air ,
(U) The highest concentrations of spores in the air are found at
night, usually between the hours of midnight and dawn,”'*°*2C»27 1% ¥Rk 1y,
exact hour during which peak spore load occurs varies frcm day to day, as
will the numbers of spores collected; causes of this variation ave discussed
below. Significant numbers of spores are sometimes found during daylighr,
especially at the height of an epiphytotic.?o Data are available from
four experiments in which the sequential rotorod sampler was placed in a field
during an epiphytotic.zo'*’*** That month (30-day period) during which highest
concentrations were found was selected and data associated with these high
concentrations are shown in Table 4. In all instances, the 30-day period
occurred during the mid- to post-tillering stage of plant growth., Yield
reductions in three of the fields were high. Data from only one field
showed low yield reductions, but it is probable that lower spore concentrations
would have been measured under circumstances that resulted in higher yields,

* Marchetti, M.A. Unpublished data and the associated Analyses 6171 (13
Feb 1964) and 6269 (15 July 1964}, Crops ard “:omathematics Divisicos,
U.S. Army Biological Laboratories, Fredecick, Mat,lard,

** Pages 173 through 194,
*%¥ Allison, W.H., Urpublished data and the associated Avalyses 5219 (28 Mar
1962) and 5312 (17 May 1962), Crops and Biomathemati-»s Divisiorns, U.S.
Army Biological Laboratories, Frederick, Maryland,
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d, (U) Effect of Meteorological Conditions or {oucentgzti.n

(U) The effert of several conditions or sporulati-n has alreaiy
been noted, and it might be expected that these same corditions -+ tempevy-
iture, light, and RH -~ plus others like wind and rain will affect spore
concentrations observed in the air. In the field, however, it is very
difficult to separate the amount of influence that each of these facrors
exerts on the observed concentrations, since they all interzct, Fov
example, it is not possible to hold temperature, RH, wind an¢ frequency
of rain constant for a week in order to measure the effect of light on
spore concaulration, Even if it were possible, the amount of diseased
tissue ard the age of sporulating lesions would change. An >tsecver nay
sce a factor that he thinks is exerting a major influence on soncentration
on a particular day, but his control observaticn is never as sourd as he
would like.

{U) Despite this bandicap, it has now become aprarent that
perivds of rainfall do exert an influence on gpore concentration. Panzer
et al.* found that more spores were collected on rainy days than on 4dry
days, and that afternoon rains were associated with a peak spore load

-—oceurrding-before-two o'clock the next morning, - -This peak-1lcad -cccurred

earlier than the peak load on dry days, The senior author®® Ffound that

on rainy days, especially on days when showers occurred in the late
afternoon so as to effectively lengthen the dew period, there were higher
concentrations than on days without rain. This was so when three parameters
were considered: the maximum spore concentration during a one~hour period
associated with the dew period, the average hourly concentration dutring

the dew period, and the average concentration during the early hours of

the dew period that preceded the last eight hours.

(U) Wind also seems to exert an influence on concentration.
There arxe sometimes sharp peaks in the spore load during daylight hours,
although these are well below peak concentrations found during the
subseguent night. The writer associared some of these davrime peaks
with the high winds of thundershowear activity.2

(U) Allison subjected his spore concentration data to
statistical analysis, In 1961, eight variates (maximum nempersture,
minimum temperature, length of dew period, intensity of dew, rainfall,
barometric pressure, lipght intensity, and an 8-day moving average of
rainfall) for obgervations made the day of the count together with eight
variates for averages of observations made 7 and 8 days pric- to the
count were used in the analysis., The latter variates were used berause
Allison believed that 7 to 8 days was the lag time from inoculation Lo
the time that coridia would be produced on new lesions. 7Tr wes nzcessa
for purposes of the snalysis to describe a hypothecical teert for gonte
counte in order to find the deviaticn of observations from the trerd.

* Panzey, J.D.; Tullis, E.C,; and Vav A.=del, E.P. ”Epiphyt?lggy of rice
blast, Piricularia ovyzae," Unptblished maruscraipt on wesk performed 1955
through 1957, Crops Division, V.S. Armv Biclogical la% -ratavies, irederick,
Mzryland.
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Aliison suggested that, concurrently with the grvowth of rew rize tissue,
conidia counts ought to increase with ircrease of disease on the leaves,
fall off somewhat as fewer new lesions were produced between the end of
tillering and the heading stage, then rise agair 3s neck lesions
sporulated, and finally decrease. Mrs. Jones examined his data and found
that the sum of two Pearson's Type III functions scemed best to fit

ihe experimenter's notion of the expected trend and she suderimposed two
cquations of this type on data from each of the two fields. HNone of

the factors measured was shown to be associated in a statistically
significant way with deviations from the trend.* Allison himself, however,
felt that the lack of rainfall early in the season inhibited abundant
sporulation and thereby lessened the numbers of conidia found in the air
then. 1In 1962, his conidia counts were compared with both rainfall and

a degree-hour term for the day of the observation and for 8 days prior

to the observation. The degres-hour term was a multiple of the minimum
temperature times the length of the dew period, with the term equaling
zero if either temperature was less than 65 F or the dew period was

less than 8 hours. The simple correlation (r = ~0,.26) between conidia
count and the degree-hour term on the day of observation was significant
at about the 95% level, but the other correlations were not. The writers
~cannot- interpret.the minus. sign- on the-correlation coefficient. - - - — « ..

e. (C) Distances Traveled in Flight

(U) Several articles on dispersal in the Japanese literature
have been reviewed by Hashioka .®™ These papers indicate that the disease
in a particular field extends downwind, that conidia are blown by wind
to the leeward of inoculum sources (piled straw in the case cited), and
that dissemination toward the wind is restricted. The numbers of conidia
separated from conidiophores are proportionate to wind velocity, and the
distribution of conidia is also affected by wind velocity because the
greater the velocity the wider the extent of vertical distribution of
spores. Unfortunately, no specific data are given.,

(U) Kawa1®? placed siide spore collectors in the field at
varying distances from a pile of rice straw obtained from blast~diseased
plants. He found 596, 275, and 12 conidia per 54 square millimeters
at distances of 0.39, 1.98, and 35.64 meters, respectively.

* Allison, W.H. Unpublished data and the associated Aralyses 5219
{28 Max 1962), 5312 (17 May 1962), and 5744 {16 Apr 1963), Crops and
Biomathematics. Divisions, U.S. Arwmy Biological Laboratories, Frederick,
Maryland.
** Pages 153 through 162,
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(U) In preliminary trials, W.B, Johnson* released & dry mixture
of spores of Puccinia graminig vayr, tritici and Piricularia oryzae and found
the lacter at several distances up to 760 feet away from his release line.
The numbers of both kinds of spores collected seemed tc decrease at about
the same rate,

{C) Several disseminations of spores Lave been made by Fort
Detrick personnel in order to inoculate small rice fields. The general
procedure used was to release inoculum along a line so that it would form
a cloud at distances ranging from zero to 100 feet from the nearest edge
of the field. The cbject in all cases was to inoculate the ficld as
uniformly as possible, so that the greater distance was preferable; local
condi tions, such as the presence of other rice fields, sometimes precluded
this. Rotobars were placed in (occasionally outside) the fields to measure
the concentration of the spore cloud drifting over the field. A summary of
these data 1is shown in Table 5. 1In no case was the original concentration of
the cloud at the releagse line measured. In some fields, the difference in
dosages from place to ce seemed not to fcllow any pattern, but in most
there was an obvious de ine in dosage with distance from the release line.
Although the data do noc allow accurate quantitation »f the distances
to-which spores. will travel beyond_a few hundred feet, they do indicate that
tests set up to measur: spore cloulds over longer distances would probably
yicld a family of curves.

(U) As far as we are aware, Johnson's simple test described
above is the only one that shows that a P. owyzae spore will travel 760 feet
from a known source, Undoubtedly, they do travel much farther.

3. (U) lLanding

(U) After traveling through the air, spores land; we are interested
in those that land o~ a suitable infection court. Although accurate measure-
ment of spores travelfng through air is possible, as we have just seen,
accurate measurements of spores landing cn leaves usually are not made
and are technically difficult (see Kahn's work described below in Section IV,
B). The Japanese have approached the problem by putting removable strips
of sticky tape on leaves of plants growing in the field. There are no data
on the relationship between the numbers of spores traveling in the air and
the numbers landing on leaves.

(U) Observations of spores collected on rice leaves in the field have
shown that the numbers of spores collected on the upper and lower surfaces
of the youngest leaf were about equal, but that on the lower leaves the
number dgggsited on the upper surface was much greater than on the lower
surface.

* Unpublished data, 1962, Crops Division, U.S. Army Biological Leboratories,
Frederick, Maryland.
** Pages 173 through 194.
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TABLE 5. (C) DOSACES OF P. ORYZAE SPORES MEASURED AT AB0UT IME METER
ABOVE THE GROUND DURING ARTIFICIAL INOCULATIONS OF RICE TIFLIS (.}

Distarces from
Release Line

Worker Field Wind at Which Dosages in Particle
and and Speed, Dosages Were - Minutes Per Liter
Location Date mph Mcasured, ft2 Rarged/ Meanr

Barksdale,®/ Paddy 6

Avon Park, 18 May 60 3 20-240 4,6-246.3 13.2
Florida
Paddy 7
24 May 60 5 140- 620 3.0-40.6 15.2
Paddy 3
. 31 May 60 9 100-275 5,5+14.8 9.9
Paddy 8
3 June 60 variable 60-200 1.3-48.4 14,6
Allison,®  Paddy 4
Avon Park, 30 May 61 135-2758/ 26.2-58.4 38.27
Florida
; Paddy 7
| 5 June 61 135-275¢/ 0.6-6.2 2,04
Paddy 5
8 June 61 135-275¢/ 0.4-11.8 5.71
Paddy 6
13 June 63 135-2758/ 21.2-42.6 33,16
Barksdale,&/ Hillside
Okinawa 24 Apr 61 100-150 25.4-80.4 51.7
Dahlke,2/ Paddy 5
Avon Park, 30 Apr 63 4.4 45-260 29,2-144.8 67.5
florida 6 May 63 A 45-185 185.8-307.2 7.2
} 14 May 63 2.1 75-215 38.4-225.8 84,3
24 May 63 2.4 45-185 (0316.8-249.6  96.2
Paddy 3
7 Jun 63 2.8 30-170 24.4-101.2  58.9

a. Highest dosages usually found near the release line.

b. Unpublished data, Crops Division, U.$. Army Biological labirateories,
Frederick, Maryland,

c. Distarces assumed by the writers from the procedure descyibed.
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(U) Given the same spore load in the air, not all rize varieties
will <ollect equal numbers of spores on their leaves. Ono divides rice
varieties iuto groups based on the angle that the le2a2{ blade makes with
the stem and on the blade's drooping habit, 1f blades droop, only the
middle portion of the blade, i.e., the portion that is nearly horizontal,
receives a high spore deposit. Varieties whose leaves neither droop
severely nor have a sharp angle with the stem receive the largest deposits,
probably because of their essentially horizontal orientation. Varieties
having leaves that do not droop and that have a sharp angle to the stem,
i.e., a stiff growth habit, will trap very few spores. *" 1In Section I, B
we stated that variations in horticultural characteristics among the more
than 8,000 rice varieties would affect epiphytology. The information above,
when related to that in Section IV, B on the intensity of inoculum in the
infection court, provides a case in point.

(U) There has been some thought given to the tenacity with which
spores stay on leaves once they land, Kahn did some laboratory studies
and concluded that spores were not removed in numbers sufficient to
significantly reduce infection by experimental procedures simulating strong
wind and-rain.?® Somewhat different data and observations have been
obtained by others. When Hartman inoculated potted plants in either a wind =~~~ = -
tunnel or a settling tower, he obtained fewer lesions on plants subjected to
¥ or 2% hours of simulated rain after inoculation and before receiving an
18~-hour dew than on plants receiving the 18-hour dew period without the
intervening rain.** 1In field studies by Panzer et al.,*** plants of three
varieties were inoculated before and after a2 rain on the same day and the
number of lesions that developed on plants inoculated before rain was less
than the number on plants inoculated after rain. 1In field studies, made
by Rorie!® to quantitate the factors influencing initial infection, he
found that ". . . generally, in those cases when there was a hard or
relatively heavy rain shortly after inoculation, some lesions were produced
but not at the level that was expected with a heavy dew having a duration
of comparabie length; . . . there wag an insufficient number of cases when
inoculaticns were preceded by rain to establish any trends of the effects
of this rainfali on lesion production.'" The workers who did the last
three studies all suggested that the low number of lesions observed on plants
inoculated before rain was due to physical washing of the spores off the
leaves, 'This is the most obvious suggestion, but since there are no
experiments in which spore counts on leaves were actually made before and
after rain, it seems to need verification. The important peoint is that
the effect of rain is real; whether rain actually removes spores or not,
some factor related to rains occurring after artificial inoculations causes
a reduced lesion count,

* Pages 173 through 194,
*% USABL Notebook CD 3814,
k%% Panzer, J.D.; Tullis, E.C.; and Van Arsdel, E.P. "Epiphyt=logy of
rice blast, Piricularia oryzae,' Unpublished manuscript on work performed
1955 through 1957, Crops Division, U.S. Army Biological Laboratories,
Frederick, Maryland.
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{J% In Rorie's work,'¥ the other ratural factor thst might
influence tena.ity, wind, appavently did nct. dc s5 between the rarges
of zes> and 24 miles per hour. At least there was ro statistizal
rorzelaticn be‘ween wind speed at inoculation and the number >t lesiors
produced.

B. (U) DiSPTRSAL BY WATER

(U) Since rice is usually grown in flooded fielis ard since izrigation
water in many places flows from field to field, or from a -omw>n source
into severel fields, it is intriguing to suppose that P. o-yzae spores
might be carvied by irrvigation water and that such water is a possible
means of dispersal, especially for the primary disease cycle.

(W Sueda®® states that conidia remain viable for "pretty long" (time
not given) wher floating on the surface of irrigation watet in the rice
field, but that they die within two weeks after they sink under the
surface, Andersen et al.®® concluded that conidia would not survive
in irrigation water for more than 24 hours. If we zonsider how a spore
_on.or in irrigation water might arrive at_a suitable infection court,
the problem is further complicated; splashing from rair drops or the
dipping of leaves into the water under pressure from the wird are two
means within the realm of possibility, Dispersal by water has r>t been
documented and seems unlikely to account for any but 2 very low rumber
of inoculations,

C. (U) MAMMALS, BIRDS, INSECTS, AND MAN

{(I') Any animal could conceivably be an agent of inoculation., The
writer has Been large mammals in rice fields, but water buffal: and
horses ave usually found in fields before planting rarher than afterward.
Birds are very frequent visitors, but usually only near harvest time.
Moving irsects such as leaf hoppers are common during the growing season
and could brush spores from a lesion and transport them, but inzects have
never becn tested as possible carriers.

{U) Man remains an unknown quantity, In the JO7izr*t it is ccumonr to
see peorle trarsplanting, weeding, spreading fervilizcrz, and doirg
other farmirg operaticns in which their hands, bodies and clothing
comes in contact with plants. In 1963, Dahlke* had a sgtinkler irvigation
system moved from a heavily infected field to a hezlrhy arl younger field.
It is p.ssible that the men moving the equipment spreed the disesse to the
younger field. At the same place, a sm2ll plarting >f rhe variety C.1.
89722, kuown tc be sus:ceptible to races of the fungus infe:ting that variety

% Dahlke. ¢.R, Urpublished data on 1963 work, Crops Diviefsn, V.S, Army
Biological labovatories, Frederick, Maryland.
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in three other fields up wind of the planting and several miles away,

remained free of the disecase. 1In th* * nlanting, care was taken

so that men worked in it early in the m nain, with clean clothes, and
before they had visited any other field.
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V. (C) INCUBATION

(U, Afrevr spores arrive at the irfeztion zouits, several zcrditions

must be met before infection is established. The iroculum wust be
viable, and several factors affect how long it will remain viable after
reaching the infection court, Not c¢very viable spore that reaches

an infection court will cause an infection. Even under presumably ideal
conditions a certain intensity of inoculum is required. Various
conditions including moisture, temperature, and the time required

for the establishment of infection have been studied in the laboratory
and related to what happens in the field. These conditiouns have also

been studied directly in the field.

A. (U) INFECTIVITY OF INCCULUM

(U) Literature that deals with this

problem is lacking. It seems

generally assumed that spores produced on lesions are nearly 100%
viable if placed in a suitable environment for germination soon after

. _they are formed., The range of .environmental conditions -suitable for - - -
spore formation is similar to that for germination, and sdores
occasionally germinate while still attached to their conidiophore.

{(U) Although viability usually is measured by germination tests, and
infectivity is inferred, in our opinion a more reliable index would be
the percentage of spores forming appressoria. H. Suzuki* has a number of
isolates that are characterized by either their lack of or the kind of
appressorial formation following germination. Pathogenizity of his
isolates usually increases as the elaborateness of thc appressoria
increases, and those isolates whose spores germinate but fail to form
appressoria do not infect. (He maintains his cultures by serial transfer
to agar, and not by repeated inoculation to and re~isolation from plants.)

(U) With artificially, mass-produced spores, germination is less than

1007, and usually ranges from 60 to 80%.

The writer has the impression

from the few of these isolates with which he has worked that they vary

with respect to the percentage of those
appressoria. In the past, quantitative
preparation has depended upon adjusting
germination percentage. The percentage
dreps on glass slides or on agar plates
for adjusting the number of spores used

spores germinating that form

work with this kivd of spore

the amount used to allow for the

of appress~ricl formation in water
might prove to be a2 better standard
in an experiment if the investigator

wants a measure of the infectivity of iunoculum. A great deal more work
on appressorial formation per se, and on the =onditions influencing it,
needs to be done before making this assumption,

* Personal communication.
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B. (U) INYENSILY OF iNOCULUM IN INFECTION COURTS

(U) Using a secttling tower to make quontitat ive inoculstious, Kahn®*
found that 1t took, on the average, 25 spores to form four apovressoria
to produce one lesion. All counts were made per square centimeter of
leaf tissue,

(U) Experiments in the field using different rates of inoculum have
been performed by several workers. Although the precise intensity of
inoculum in the infection courts was not measured, one can infer from
the number of lesions resulting that the number of spores deposited on
leaves was greater at the higher rates of inoculum.

(U) Panzer et al.* inoculated four varieties at daily intervals with
inoculum calculated to deposit spores on small, confined plots at rates
of 0.2, 2, 20, and 90 grams per acre. The percentage of inoculations
that resulted in at least one lesion per foot of row was always higher
at the 90-gram rate than at the other three rates, but the differences
in the latter three were not consistent. In the early part of the
growing season when some environmental condition{s) may have been close
to limiting, two of the four varieties became infected at the high rate.
A possible interpretation is that under a given set of conditions
one ''susceptible'" variety may require a greater inteunsity of inoculum
than another "susceptible" variety in order that both varieties may
sustain an equal number of infections., Another intevpretation is that
with higher dosages of inoculum there is a greater likelihood of finding
the few spots in the field or plot where moisture remains long enough
to permit infection when conditions are wmargina..

(V) Rorie*? also performed a series of daily inoculations. Plots of
one variety were inoculated at vrates of 10, 1.0, 0.1, and zero graums
of viable spores per acre, The rate of inoculum used was always highly
significant with respect to the number of lesions proaduced, and as shown
by brief summary of his data (Table 6), the number of lesions increased
roughly in proportion to the amount of inoculum larding orm infection courts.

(U) From the standpoint of initiating epiphytotics in the field, the
minimum intensity of inoculum needed under speczified conditions is not
known. Allison in 1961%*% inoculated comparabie fields st different
rates and measured yield reductions at the end of the resulting
epiohytotics. He inoculated four fields from a line source, two with
isolate 640 and two with isolate 844a., Either 0.5 or 5 grams of each

* Panzer, J.D.; Tullis, E.C.: and Van Arsdel., E.P. "Epiphytology of
rice blast, Piricularia oryzae," Unpublished manuscrizt on work performed
1955 through 1957, Crops Division. U.S. Army Biclogical laboratovics,
Frederick, Maryland,

** Allison, W.H. Urpublished data and the asscciared Analyses 5219 (28
Mar 1962), 5312 (17 May 1962). ard 5734 (16 Apr 1963). Crops and
Biomathematics Divisions, U.S. Army Biclogical lLaborzinvies, Frederick,
Maryland,
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TABLE 6. (U) LESIONS PER PLANT RESULTINS TROM INOCULATIONS.
BEAUMONT, TEXAS, 195937 (pY

Rates of Inoculum, Averagpe Number of Lesions Per 2lart
Grams Per Acre Plot 1 Plot I1 Plot ITI Plot IV PlotL V Plot VI
Viable Spores (N=30)&/  (¥=30) (N=26)  (N=24)  (N=24) (N=20)

0.0k/ 0.009  0.077 0.429 0.045  0.202 0.151
0.1 0.116 0.137 0.456 0.072 0.488 0.106
1.0 0.682 0.699 0.757 0.157 1.116 0.440
10,0 7.034 7.310 4.542 1.448 5,900 2.737

a. After data of Rorie and Asai.'®
b, Lesions resulting from this rate are due to natural infection.
¢. N equals average number of subsubplots involved,

isolate were released and dosages over each field were measured. With
isolate 640 there was no effect of dosage at initial inoculation on
yield, and with isolate 844a the lower yield occurred in the field
inoculated at the lower dosage level. Assuming no differences among
fields, this result indicates that dosage at the initial inoculation
influences the aumber of lesions that appear at the beginning of the
epiphytotic, but that its influence is negligible after a few disease
cycles during which the number of spores produced within the field
have a far greater effect on the rate of buildup than do the
comparatively few spores involved at the time of inoculation., Analysis
of Allison's data indicates that there wore differences among fields,
but the above idea about the lack of relationshin betweea initial
dosage and yield reduction may be valid anyway.

(U) The problem of experimentally initiating epiphytoti:s reverts to
the minimum amount of inoculum required to give the conzentration of
spores in the air that will result in the intensity in the infection
court necded to produce lesions. Both Allison and the senicr author
attempted to measure this minimum amount by using a portable wind
tunnel that could be set cover small plots of vice in the field, Measuvred
amounts of inoculum were released in front of the tunnel and a fan
then pulled the spores over the rice before the inoculum was removed from
the air by a filter placed in back of the tunrnel, Rotobars set at
several locations inside the vunvel showed that dosages veried widely
from plaze to place and lesior counts wWere very erratic. Neither set
of data was amenable to analysis,
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C. 10Y CONDITIONS REQUIRED FOR INCUBATYON

(UJ) This is one of the most extersively investigated areas ir rice
blast research.

(U) Weintraub et al.®® found that germination begins about cne hour
after spores arc seeded on agar and that the contents of the agar may
affect the rate of germination after that time. Rice polish, for
example, apparently contains a substance(s) that stimulates germination.
A similar substance, or at any rate a stimulator, is also_present in
the dew and guttation water that collects on rice leaves.”  Kawamura
and Ono (cited by Kozaka”*) found that dew contained a stimulator of
both germination and appressorial development. They fuvther obsevved
that dew on the surfaces »>f plants receivirg high amounts of nitrogen
fertilizer contained more of the stiwmulator.

{Y) Sirce the spores have three cells, it is of academic interest to
know from which cell the germ tube comes, Any of the three cells can
germinate but the widdle cell rarely does.** Germ tubes are commonly
seen coming from either the basal or apical cells, but sometimes both
cells will germinate and both will form appressoria. Theoretically,
then, 1t would be possible for one spore to cause two infections more
or less simultaneously, but the infections would be so close that they
would result in the sppearance of one lesion. Many people have counted
germination on a percentage basis as a means of getting data on the
influence of some nutrient, fungicide, or condition on the fungus, but
few workers seem to have recorded from which end(s) the germ tube(s)
grew,

(U) The environmental conditio~s to which spores are subjected prior
to being placed in an environment suitable for germination may affect
the rate or even final percentage of germination. FPFor example, in one
of Asai's** axperimeuts he allowed one set of sporulating lesiors to
dry and another set to remain in a moist chamber under light so that
germination would be irhibited. After 24 hours, the lesion suvrfaces
were pressed onto water agar and percentage germinetion was observed
with time. Data from three veplicates are averaged below:

Pre~-germination Per Cent of Germinetion at lour Indizated
Treatment Start X 1 2 3 5
Dry 0 2 8 42 61 85
Wet 0 71 92 g8 a8

* Pages 421 through 440,
** USABL Notebook CD 3814,
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These data are presented to point out a situation that mey be relevant
to field studies. Many artificial inoculations ir the field have

used dry spore material, If this dry material germinates over a

longer period of time than it takes for fresh material the ::or<itions
of environment needed to establish primary infection will have to occur
for a longer time than would be needed to establish infection in the
secoudary disease cycles., Means of artificially dissemivating spores
in the field may also influence germination, e.g.,, the use of dusters
can lower, very slightly, the percentage germination.*

(U) In Sections II, B, 2 and 111, A, 1 we stated that ltight
stimulates sporulation and inhibits the release of spores f{rom thelr
conidiophores. Light also affects germination. Hashioka™ ™" states
that direct sunlight suppresses germination and diffuzed light reduces
the germination percentage by about one-half, Light also {nhiblts germ
tube elongation. Asai* recorded that germ tubes had a negative
photetropic response; there was an indication that this response was
ceused by light of blie wave leungths. Kaha®® found that light inhibitec
the establishment of infertion i1f 1t was present either during the first
six hours or the final ren hours of a l6-hour dew period. As light
increased from five tn 100 foot candles, infection decreased. In his
experiments, light for the 24 hours following a dark 16-hour dew period
had no effect on lesion production,

(U) It seems definite that light does inhibit germination and perhay -

other phases of the iacubation process as well, but the limits of
intensity, quality, and time frame within which light exerts its effect:
in the field are not established. It is certainly not possible to say
with any precision how light influences the course of disease buildup
in the field,

(U) There is a dearth of literature in English on appressorial
development, penetration of the leaf surface by infection hyphae, and
development of the fungus within the leaf tissue. Tt may nat be
necessary to know the details of these processes for the purposes of
epiphytology. Kahn®? found that appressoria formed in six hours at
80 F, but the additional length of time required to establish infection
after this was apparently two to four hours, He also found that as
many appressoria formed on resistant as on susceptible varieties.
Sadasivan *¥* found that fewer of the spores (60%) gerwinating on plant
grown at high night temperature formed appressoria than did spores
(85%) germinating on plants grown at low night temperatures. His

temperatures are not specifically stated, but from the context of his d..:

they were probably 20 and 30 C. Sadasivan's findings are somewhat
divergent from Kahu's because a susceptible variety grown at high night
temperature is apparently less susceptible than if it is grown at lower
temperatures.

* USABL Notebook CD 3814,
% Pages 153 through 162,
**% Pages 163 through 172,
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(U) A great deal of information about the conditions under which
incubation and infection will occur has beer obtained 1n the laboretory
and field. This information has been obtaired without knowledge ox
concern for the details of germination, appressorial formation, anrd
penetration. The assumption in these experiments is that if lesions
appedar then conditions were favorable and the incubation period was
sufficiently long. Furthermore, it is assumed that the more lesions
that appear, the more favorable was some factor(s) of time and/or
environment during the inc hation.

(U) The three factors during an incubation period that seem to have
the most important bearing on the number of lesions resulting are
temperature, dew, and time. The last two variables are usually combined
and are thought of as a dew period. From laboratory experiments, the
number of lesions resulting from exposure to a given dew period increases
with temperature ranging from 60 to 95 F, although a maximum number of
infections usually occur between 80 and 85 F.°% In later work, Kahn®!
found that although infections decrease above 85 F, the number of
appvessoria.formedﬂincréase. This indicated to him that there was an
ir' .itory action of the higher temperatures on the infection hyphae.

On the other hand, if temperature within this range i5 kept constant,
more infections will result as the length of the dew period is increased
bétween 8 and 24 hours.

(U) From experiments reported by Kahn and by others, it is possible
to coastruct a curve indicating approximately the set of conditions
of temperature and dew period thet would be wminimal for the establish-
mept of infection (Figure 1). The amalysis* that euabled this curve
to be derived iz contained in the Appendix. Every point in this figure
comes from data indicating the conditions pertaining to the establishment
of the lgggg’number of infections in any one experiment, These points
are, of course, dependent on the ability of the investigator to detect
‘lesiongs. A more accurate curve could have teen computed if 2 person could
see a fractional lesiop and 3f more plants and more spores had been used
as well as shorter intervals of time and temperature, As it atards,
Figure 1 mevely approaciies the minimum conditions, Curves iundicating
the 95% confidence limits of the miaimum curve are also shown,

* Jones, M,W. Analyszs 6143, Biomathematics Division, U.S. Army Elological
Laboratories, Fredarick, Maryland., 10 April 1964,
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{J) Comments about some of the points in Figure ! z-e needad. 'the
point at 55 F and 20 h-urs represents one lesion ard i: zpparently a
rare event. This observation was made during some of the early work
by Kahr. Later he found that a few panicle infecti-rs coull ve 2r2-
duced at this temperature and stated that no leaf infections could be
formed at 55 I, The observation at 55 F was so rare that he had
forgotten it, This peint was not included in deriving the curve. Some
of Kulik's experiments* were done between tempevatures of 60 end 65 F,
Because so few people have done as many inoculations and hell plarts

at these temperatures, his points are plotted as a matter of irntrerest.
but were not used for deriving the curve.

(U) Minimum conditions of temperature and length of dew period {limits)
at which infection can occur appear to exist. Theoretically (Appendix),
these are 46,25 F regardless of length of dew period ard 3.78 hours of
dew regardless of temperature, In practice, ag 60 F is approached from &
higher temperature, the likelihood of infection becomes les: until below
60 I the probability of obtaining infections becomes low. ir both laboratory
and field, no matter what the length of dew period: the 16~ to 20-hour
dew periods required at this temperature are seldom found in the field.

As an 8-hour dew period is approached from longer periodz the probability

of infection becomes less and in periods shorter tharn 8 hcuvrs the
probability of infection becomes very slight. regardless of temperature.

In our view, in epiphytology we ought not become preocrupied with rare
events and with events whose probability of occurvence is low. Epiphytotics
occur when conditions are such that events, especially infections, occur

ip the millions!

(U) Several races and rice varieties were used in the tests from which
the curve in Figure 1 was computed, This may explain some of the vari-
ation in the value of either parameter whern the other is held constant.
Tndeed, from Kulik's data* it geemg that pathogenicity of isolates; on
the basic of the geometric mearn number of lesions, deperied on the
length of dew period. "For the 12-hour dew peviod . . . rztes 1, 7, 8. 9,
and 13 were the most pathogenic, races 5 and 6 the leas” nathogenis,
while other races were intermediate., . . . At the 18-hour dew peri~d, races
1, 3, and 8 were the wmost pathogenic, race & the lea<t pathogeric, with
other races being intermediate.'" Kulik's inoculatiors were mazde on 26
varieties and the aralysis was performed on data from inzubetisn temperaturces
held at two ranges, 75 to 80 F and 85 to 90 F.

x Kulik, M.M. LUrpublished data and the associote? Arzlwsic 5023 ‘10 Jan
1962), Crops ard Biomatrhematics Divielions, F. ¢, Arwy B2 -~I~gical Lahworstories,
Frederi_ .k, Marvlend.
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U) The ~usve ir Figurc 1 suggests a hydxithesiz -~ nierrirg the
epiphytology of the »ize blast dizeese: The ramber - irie-tionr:

czaused by & giver 2m-grer or ivnssulum 3v? orcuryrirg - the *i1eld o oa
giveu right will be grearer if the zenditions fuovirg ivr:ub2r i arve
desctribed by scme point above the curve and lesser when the z.int

is below the curve., Theve is a zorollary: The rate of disease buildup
of an epiphytotic will be greater the higher the perzentzge of nights
(incubation periads) during buildup that have c-nditions of temperature
and dew des:ribed by some point that lies above the curve,

{C) Field data are available for testing this hypothesis and its
corollary. The points used to derive the curve were obtained f{rom
cxperimerts in which temperatures weve constant. Se,. t2 test the
hypothesis it is necessary to assume that -he fluctus-:on in night
temperature is rot great (which ig generally true ir the semitropical
and tropical rice-growing areas) and to use the aversge temperature
either during the known dew period or during the time wher dew is most
likely to occur. In those instanses where only mipimum temperatures
were recorded it would be reaeonable to use a value several degrees
higher, depending on experience in the geographic location concerned.
In the senior au .'s experience, and on the basis of detailed
hygrothermograph records from Florida and Okinawa, the average night
temperature during rice-growing seasons betweer the hours of 2000 and
0800 was 2 F higher than the minimum temperature., Actual measurements
of the difference ranged from 0 to &6 F, but were usually from 1 to 3 F.
From Kulik's experience in Texas during the soring and early suomer,
the temperature difference between 2000 ard 0600 hours was 3.7 F with
a2 range of 0 to 10.5 F, although most differences were {1 the range .
of 1 to 5 F; the correlation {r = +0.96) betweer minimum and avevrage
night temperatures is excellent, Marchetti observed that the difference
between average night temperakture and the minimum in l.ocuisiana was
413 F when minimums were in the 60's, but that as the weather warmed
up and the minimums went into the 70's the diffevence was 2.2%1 F.

(U) Threae sets of field data®,**,1% are available £,» artifizial
inocculations made on small plots during a series of rights., The
resulning lesiors wese counted scon after they appezved. and thelir
numbers were taker as an indication of h-~w favorable the curditizns had
oeen during the right f{3llowirg incculatisp,  These data should give
some ivdication of :the validity >f the hypothesis stated above,

(U) Urforvtura-elyv, Parzer's datsx ave ircomplete, Although daily
records of infeciion and temperature are svailable. daily records of
moisture have been lozt over the years, This provides a zirong argument
for either keeping permzpent nctebnaoks ir the field ~v of writing repotrts
that cortain detailed appendixes.

3

# Panzer. J.™,, Tullis, G.C., ar? Var Arsdel, E.P. "[opizbvtrlogy of
rice blast, Pirirularia oryzae,'" Urpublished manus<ripi 1955 through 1957,
Crops Division. U.8. Army Bi~logical Laboratories Frederick, Maryland.
*% Kulik, M.M. Urpublished data &rd the associated Aralyses 451 (5 bec 1960)
and 4447 (206 Sept 1960), Crops ard Biomarhematics Divisiors. U.S. Army
Biolopical laboratories. Frederick, Maryvlard,
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(U) Rorie'® made a series of 77 daily field inoculations at Beaumont,
Texas, to discover how various weather conditions and other factors
influenced the establishment of infection, Plots were inoculated with a
spore suspension at rates of 10, 1, 0.1, and 0 grams of viable sp-res .
per acte and there were two replications, The length and intensity of
the dew period and the amount of leaf area at the time of inoculation
significantly affected the number of lesions resulting; estimating
equations derived from analysis of the data are given in Section IX.
1f the curve in Figure 1 had been used to predict whether infe:ztion
would have occurred on any given night with the highest rate of
inoculum, the yes-or-no prediction would have been correct for 7%
of the nights (Figure 2). No lesions were formed on eight nights when
conditions of temperature and dew were those described by some point
above the lower 95% confidence limit of the curve; lesions did form
on 10 nights described by some point below the lower limit of the curve.
To prepare Figure 2, lesion counts for the two plots inoculated at the
highest rate were averaged and the number was rounded off to the nearest
whole number. Lesions counts less than 0.5 were usually put on the Figure
as zero, especially if they appeared not to differ from count on the
uninoculated checks.  In instances where there was an apparent difference.
between inoculated and check plots, yet very low counts, a question mark
is placed beside the number,.

(U) Kulik's data* were also obtained from daily inoculation studies at
Beaumont, Texas. Kulik used inoculum at the rate of ten grams per acre
applied as a dust to two rice varieties., The Colusa variety was apparently
less susceptible than C.I. 8970, It became infected on fewer evenings
and to a lesser degree than C.I. 8970. The length of dew period, period .
of 100% RH, amount of daily rainfall, aud leaf area at the time of
inoculation affected the number of lesions resulting from his inoculations.

Estimating equations are given in Section IX. When the unumber of lesions

resulting from a given incculation of C.I. 8970 are placed on a plot

of mean night temperature (2000 to 0600) versus length of dew perisd —-
(Figure 3), infection is shown to have occurred on only two nights when

points fell below the lower 95% confidence limit of the curve (Figure 1).

There were seven cvenings when no infections occcurred even though points

describing conditions ou these evenings fell above the lower limit cf the

curve, For the total of 50 nights, a yes-or-no prediction of irfection

would have been correct 82% of the time,

# Kulik, M.M. Unpublished data and the associated Aué]yses 4451 (5 Dec
1960) and 4447 (20 Sept 1960G), Crops and Biomathematics Divisiors. U.S.
Army RKiological Laboratories, Frederick, Maryland.
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(7)) Statistical analysis of Rerie's and RKultk's datz failed Lo show
a significant effect of temperature, the most likely :eas:r beirg rhat
where they worked night temperatures du:ing the vize-g-:
did not vary widely and were generalls betweepr €5 ard 80

SLIE 303som

L
[

{UY There is an over-all trend for the data in Figures 2 ard 3 to fis
the hyrothesis suggested. Lesion counts terd to be higher sher corditious
of temperature anl dew are described by points abeve the curve rather
than below it. The use of Figure 1 by itself for prediztion purpises
is certairly not justified. Many other fasctors besides temperaturs sod
dew would have to be censidered by the forecaster, e.g., the age and
growth stages of the plants, the nitvoger fevtilizastior practices, and
the amount of irciulum in the air. We believe, however, that Figure 1
can be a useful aid in forecasting the likelihood of infe:tion occurrirg
cn & given night,

(U) Mow let us examine the corollsry that the rate of disecase buildup
of an epiphytotic will be greater the higher the petvcentage of nights
(incubation periods) duving buildup that have cornditions 2f temperature
- and dew described by some pcint that lies above the curve in Figuve 1.
For this purpose, the data from 24 epiphytotics, most of which the
senior author observed personally, were examined. The date:z during
which there was a rapid climb in lesisr numbers were determired for
each epiphytotic and six days (the latent period under temperature ranges
usually found in the field) were subtracted from each end of the period
to get the probable dates of incubation. These probable ircubation periods
were then examined by usir ; Figure 1 with respect to ave~age pnight
tempevature and dew period. Lesion counts (per foot of cow or per hill)
were used to determine several measures of disease increase, The "amount
of disease increase' was obtained by finding the multiple of the first
lesion count that would give the final or highest lesion count on the
straight~-line portion (on a log scale) of the curve descyibing disease
increase, The "average daily increment of disease ivsrease" wos found
by dividiung the "amount of disease increase" by the numbess of days.

The rate of disezse increase was calculated by fitting the equation

C¢y = Coekt to the lesior count data. These measures of disease iucrease,
together with the highest lesion court observed, the lesior count 18 days
after the date of the probable first incubation periods, ard the

yield loss at the end of the epiphytotic were anal;zed {Table 7 and
Aopendix),

() The reader should uote several things about the deta in Table 7.
Weather condi«ions during incubatior are not suffizient to tell the
whole siory, especially if some other factor(s) is limiting. As an
example, the “ata from Paddy 8 in Avon Park vefer t» three sub-paddies
planted a* different dates. Sub-padd. 8.1 wez the oldezt at the
time of irosulation ard 8.3 was the yourgest. Buildup er? -rield rcduc-
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TABLE 7. (C) DATA RELATING 10 EPIPHYTOTICS OF RICE BLAST (U)

Epiphytotic Discase Increase _on the Leaves
Dby

Worker Nighest Percentave of Nights Ppiphytatic
and Expencntial lesion with Weather Favorable Yield Lose, Retrteace Suslot
Location pated/ Rate (100K)2  Countt’ for lncubattond/ Pey Lot Eaed 1 Appesdis
Barkadale
Aven Park. Florida 1960
Paddy 6.1 18 May=9 Jun Jo.9 418.9 69.2 a5 1
raddy 7-1 24 May-15 Jun 36,5 288.6 9.2 67 N
Faddy /-2 31 May-19 Jan By 233 70.0 ul b
Paddy /-3 31 May-15 Jum .5 829.} 0,0 Rl o
faddy 13-) 31 May-21 tun 30,0 56.0 73.3 e 5
Taddy -2 T Jun=2l Jun - - HOX) -4 b
Paddy -3 I+ Jun-28 Jun 50.1 118.6 120 ) 7
Paddy 8-1 17 Jun-1 tel 18 .7 0.6 85.7 b8 5
Paddy 8-7 17 Jun-1 Jal 35.2 462.0 85.7 95 !
Paddy 8-) 17 Jun-l Jul 65.6 5.0 85.7 G5 10
Alllsonil
Avon Park, Florida 1961
Paddy h, Culfrose 20 Jun=-17 Jul 10.9 0.0 8.0 8
Arkrose 20 Jun-17 Jul 34,2 60.0 8.0 7 12
Cotusa 20 Jun-17 Jul - - 068.0 A 24
tarksdainr
Okinava 1961
‘18t Crop, Shuri 7-28 May 0 0 62,9 0 20
Nago 7-28 May 0 0 55.6 Q 21 o
2nd Crop, Shurt 13-27 Sept 0 [4] 40,0 0 22
NagoB 1226 Sept 36.3 57.5 461 20 1?
1shikawa 10-20 Sept 29.3 28.0 1.2 [¥] 14
Barksdale
Ck{nawa 1962
st Crop, ShuriB/ 14229 May 27.7 48,0 56.3 20 15
Nago 17+31 May [¢] 0 50.0 0 23
ishikawa 11-31 May 1.5 41.0 35.0 o 1o
2nd Crop, Shurid 11-27 Sept 3o, 1 3.3 75.0 11 17
Nagol/ 28 Aug-18 Sept 26.5 21.0 63.6 18 18
rshikawal/  7-24 sept 24,0 188.7 61,1 1 19

3. Usually taken as dates when the log number of leslons fell an a straight-line curve, bul where little or no
disease increase occurrcd these dates were constdered the most likely period for discase to have occurred,

b. "k™ 15 the slope of the plot log number of lesioas versus time.

c. Made on the following bagis: For Barksdale, lesions per foot of rou or per hill; for Allison, lestons per square
meter.

d. Probable incubation periods, found by subtracting 6 days from each end of the period of observed expunential
diseast increase. The dverage night temperature and deu pariad for cach night was then compared with the
curve in Figure 1 and the point fell above the lewer itmits (95% confideace ievel) of the curve, the
night waa considered co have been favorable fou incubation and the establishment of tnfection.

2. Yicld loes usually considered the percentage of panicle blasc,

f. Middle planting date,

g. Fujisaka 5 wich high nitrogen,

h. Calovu with high nitrogen.

i. Napgomasarl with high aftrogen,
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tion were greatest in the youngest planting and least in the osldest, in
spite of the fact that conditions during incubatiorn [or orimary and
secondary disease cycles were essentially the same in all three nlertincs.
Hlere, plaut age limited susceptibility and its effect was superimposed
upon any limitations caused by the weather. Allison's data for 1961 were
difficult to use for the analysis, although a sample is included,

Allison took lesion counts only three times on the assumprion that three
points were enough to establish a line or curve describing buildup.
Unfortunately, for any one variety and planting date, all three of these
points seldom fall on the steep, straight-line portion of the generalized
sigmoid growth curve. From the data ou buildup in Okinaws, examples

were selected chiefly {row the most susceptible variety gv:wn at a given
location and fertilized with a high rate of nitrogen fertilizer in crder
to remove, as far as pessible, the limits imposed on buildup by varietal
resistance and low levels of nitrogen.

() In spite of the various limitations of the data, the analvsis
showed significant correlations (Appendix). The percentage of days
with conditions favorable for incubation was correlated with the
exponential rate of disease increase (r = +0.484) ard with the highest
lesion count observed (r = +0.499,. These coetficients were significant
at the 95% level, and indicate that ne corollary stated vreviously
is valid: disease buildup is great.r as the percentage of incubation
periods favorable for infection ircreases.

(U) Other correlations, significant at the 99% level as found by
the analysis, associated the per cent yield loss with: (i) the
exponential rate of disease increase, v = +0.705; (ii) the highest
lesion count observed, r = +0.769; and (iii) the percentage of days
with weather conditions favorable for incubation, r = +0.749. Using
these three parameters, regression equations were calculated that may
be useful for predicting yield loss (Section IX and Appendix). It is
interesting to unote here, however, that measures of disease on the leaves
are correlated with yield loss percentage determined in misi of the:
epiphytotics studied by the percentage of panicles blasted. The percenl-
age of panicle blast is a conservative estimate of yield loss (Section
VIIT). This may be somewhat puzzling because disease buildups on leaves
and on panicles are separated in time by several weeks., What apparently
happens is that as panicles emerge they are inoculated with spores
produced on old leaf lesions, many of which may be iocated on dead
teaves by the time of panicle emergence. Consideraticns of this sort
digress rather far from the topic of incubation, howcver.
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(U) There is some question about the ability of spores that lsnd on an
infection court to remain viable louger than ore day, especially if thev
are exposed to short dew periods and begin te germinate. From labovar vy
exper iments of Andersen et al.?® it appears that a dew of 8 hours or less
followed by drying conditions simulating daytime will reduce by 30 to 50%
the number of infections resulting from a suitably long dew period the
next evening., Drying for as short a time as one hour during a dew period
of nearly optimum length can also reduce the number of infections (Table 8)
according to Kahn's data as quoted by Panzer.* Kahrm"° also found in the
laboratory that spores on inoculated plants apparently decreased in viability
if the plants were not put in an envivomment suitable for Iufection to
occur, and even if the plants were kept dry for several days. The only
field dara are from the work of Pangzer et al.,* in which there wasz an
indication that 1f conditions (in this case, temperature) were not
favorable oun the night of inoculation, the number of infections resulting
under favorable couditions the next night would be reduced. This
problem of held-over from one night to the next (and succeeding nights)
should recelve further study in the fleld, It is our opinion that hold-over
is probably of little or no significance during buildup of an epiphytotic,
but it could be of great importance in the initial establishment of disease
in a field, especially when artificial inoculations are made,

(U) In order to insure good "take" of artificial inoculations, it seems
reasonable that the fields should be inoculated late enough in the afternoon
so that (1) the spores will escape any deleterious effect from strong
sunlight or any other daytime enviroument factor, and (ii) the spores will
be in the infection courts at the start of the dew period. The only field
data available on the most suitable time of day for artificial inoculations
come from the work of Panzer et al.* They made inoculations at hourly
intervals on four days from 6 PM to 8 AM under conditious where dew remained
on plants until about 11 AM, Pew if any lesions resulted from inoculations
made after Z AM, This type of experiment should be repeated under a wider
range of environmental conditions and especially at that time of vear when
there are some evenings with limiting conditions,

* Panzer, J.D,; Tullis, E.C.: and Van Arsdel, E.P. "Epiphytology of rice
blast, Pizicutaria oryzae," Unpublished mangscript on work performed
1955 through 1957, Crops Division, U.S. Army Biological Labovatories.
Frederick, Maryland,
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1ASLE &. (J) REDLCTION OF IMFECTION BY DRYIM: IOR ONE HO.R
AFIER SEORT DEW FERIODS2/ (1)

Duration of Initial Dew Lxposures, hr Blast Lesions Per Square {entimeter
5 12.9
! 11.8
2 5.7
3 4.2
4 2.4
5 3.2
Control A (25% hours continuous dew) 24,1
Cortrol B (19% bours continuous dew) 23.5

a. Unpublished data of Kahr ard Otten cited in Parnzer, J.D.; Tullis, E.C.;
and Van Arsdel, E.P. "Epiphytology of rice blast, Piricularia oryzae,"
Unpublished manuscript on work performed 1955 through 1957, Crops
Divisinr, U.S. Army Biological Laboratories, Frederick, Maryland.

(J) Tews in the field vary in intensity and a question arises as to
whether a light dew is as tavorable as a heavy dew for infection, In
laboratory experiments, Kahn > found that relative amounts of dew did
not influerce the number of lesions. He even obtained infection with .
dew so light that it could not be seen without magnification. Data
from the field are conflicting. Rorie'® found the intensity of dew
(on an arbitrary scale of 1 to 8 determined by looking at the width
of the trace on a Taylor dew meter plate) highly significant in
influencing lesion numvers at all rates of inoculum. In Kulik's work*
the following year, intensity of dew (on an arbitrary scale of 1 to 3)
did notr :orr-ibute to the estimate of lesions.

* Kulik, M.M. Unpublished data and the associated Analyses 4451 (5 Dec
1960) ard 4447 (20 Sept 1960), Mrops ard Biomathematics Divisions,
U.S. Aroy Hiclegical laberatories, Frederick, Maryland.
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(U') In work on anothur disease®® it was found that light occurrirg
near the end of an incubation pericd would hasten the establishmer*
of intection, It is not known whether thi= same phenomreror ozcurs
with rice blast, Should it prove true, it would terd to fzvor epichvit »til
development of blast in semitropical areas, because -dew in those places
usually dries off in the mid-morning hours.

(U) In this section, an attempt has been made tc examire corditions
required for the successful completion of incubation and the esrzblishment
of infection in the field. Much of the information has come from laboratory
cxperiments instead of the field. Nevertheless, these laboratory lata help
to interpret what the worker observes in the field and may help t» predict
what will happen in the field. As a case in point, field data id fit
to some extent the hypothesis and its corollary drawn from laboratory datu
concerning the conditdons of temperature and dew perind needed for the
completion of incubation and the establishment of infection.



V. (. INFETTION

A. (L) CGENERAL DESCRIPTION OF INFECTION PROZESS

(U) Most detailed information about the infection process at the
cellular level within the leaf is in ~he Japanese literatuze. A
thorough review of this information (even if it were available in
Englisn) would probably not increasc our understanding of epiphytotics.
Briefly, after the fungus enters the leaf, it ramifies until at the end
of five to seven days symptoms can be seen. If plarts ave kept at a
corstant temperature of 80 F, symptoms appear in four days - at 60 F,
ir eight days. The temperature or relarive humidity during this period
does not affect the number of lesions that evenutally appear. Temperature
does affect the growth of lesions; when plants are kept at 80 F the
lesions will become about twice a3 long at the end of one week as those
on plants kept at 60 2!

(U) The end of a particular disease cycle occurs with the death of tle
leaf bearing a lesion, The leaf may die because cf the number or
placement of lesions on it, or simply because of the natural attrition
that occurs with icaves that have had tillers formed in their axils.

That portion of the dead leaf tissue thst contzains mycelia can still
support a small amount of sporulation, however, and the senior author

has observed that these portions form a few spores as lorg as two months
after death of the leaf. (As pointed out earlier, refuse piles of infected
plants serve .s overwintering reservoivrs of the fungus in Japan.) Spores
derived from dead leaves probably contribute very little to the buildup
phase of an epiphytotic, since their numbers are so few by comparison

with numbers of spores formed on fresh lesions. They might play a

highly significant role as the inoculum for panicle infections, how-

ever, especially in those varieties that have a lapse of several weeks
between their tillering stage and panicle emergence.

B. (U) SECONDARY CYCLES
1. (U) Buildup

(V) The number of secondary cycles that occur on leaves during an
epiphytotic {s phenomenal. Information on the amount c¢f buildup has
already beer presented for a rnumber of examples (Table 7), and more
recent examples are available from the data of Dahlke* ard the senior
author .** Van der Plank®’ has pointed out that a useful calculation
about an epiphytotic is the rate of disease increase prior to the
onset of the epiphytotic (arbitrarily setr at the one cr five per cent

* Dahlke, '.R. Unpublished data and the asso:ciated Aralvsis 6433 (5 Aug
196 ;, T:oups and Eiomithematics Divisions, U.S. Army Biological
Laboratories, Frederick, Maryland.

*% Bavksdale, T.H. Unpublished data from spread studies, 1963-1964, Crops
Division, U.S. Army Biolcgical Laboratories, Frederick, Maryland.
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.

level of disecase severity), For most field studies to date, this calculation
is difficuit if not impossible, sometimes for lack of data on the ve:-

early stages and, in many instances, because the disease becom2? severe so
aquickly that only one observation was possible before disease severitv

became greater than one or five per cent. It may be that in scme of the
field studies involving artificial inoculations, natural or end=nic

inoculum is contributing to early increase more than the observer is able

to detect,

2. (U) Panicle Infections

(U) Panicle infections provide a rather special kind of zec:crdary
cycle in that they are more than likely the terminal disease cyrles of
the epiphytotic. Furthermore, this kind of infection is of great
importance because one neck lesion can effectively eliminate the yield
from a tiller, although the number of leaf lesions required to destroy
a tiller would be in the hundreds if not thousands. The spores czusing
panicle infections probably come from leaf lesions, and in many Jepanese
prefectures leaf blast is used as an index of the outbreak of ne. k blast.
The correlation (r = 0.90) in Miyazaki Prefecture is very close between
leaf blast during the last ten days of July and neck blast occurvence.

In two other Prefectures, leaf blast on the flag leaf is 2»nsidered the
important index.

(U) From experiments of Ou,** it appears that panicle resistance
or susceptibility is the same as that determined on leaves of the same
variety for a given race of the pathogen. Willis** has pointed d>ut some
possible exceptions to us. With respect to what may happen in the field
it is important that this be resolved.

(U) The minimum moisture period necessary for infection of panicles
is about nine to ten hours. With dew periods of 16 to 18 hours, panicle
infections will occur at all temperatures between 55 and 85 .2-

(U) Resistance of panicles tends to increase with age, f.e., with
time after emergence, according to Hashioka.15 His data (Table 9) do show
this trend, but we cannot understand why percertages of irnfe-ced pzricles
were nct higher when inoculations were made just before or just 2f<er
panicle emergence.

* Pages 173 through 194.
=% Personal communication.
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TABLE 9. (U) CHANGE OF RESISTANCE OF NECKS OF PANICLES WITH AGE'™ (U}

Days After Per Cent Irfection Resulting From Inoculstion T
Heading Experiment 137 Experiment 2b/ Experiment 3./

-3d/ 38.0 68.0
-2 55.6 59.0 45.0
-1 56.4 36 .0 72.0.
0 25.8 40.0 38.5

l 11.°7 34.0 19.4

2 7.8 15.0 13.2

3 8.5 40.0 25.1

4 14.1 18.0 8.0
5 12.9 22.0 15.3
6 12.5 10.0 7.4 .
7 11.9 8.0 14.0
8 11.1 18.0 "14.8
9 11.9 22.1 15.4
10 16.4 10.8 4.0
11 10.8 5.0 9.0
12 15.8 8.0 0

13 7.8 2.0 10.3
14 9.0 0 3.5
15 5.0 0 0
16 0 7.0 4.0

. Inoculation, May 24, 1943; observation, June 8.
Inoculation, Aug 9, 1943; observation, Aug 24.
Inoculation, Aug 20, 1943; observation, Sept 5.

oan oW

Minus sign indicates that panicle was siill inside sheath;

inoculations were made by unfolding the sheath tc expose the necks.,

(U) Some field data indicate that paricles may be more suscegtible
when high levels of nitrogen are used than when low levels are used. e

%, 38

This association is not proved, however, because in the field, plants
grown with high levels of nitrogen usually have high numbers of leaf
lesions and there is the possibility that the greater number of observed
panicle infections {s simply due to a locally high inosculum potential

in the vicinity of these panicles.

*» 3arksdale, T.H. Unpublished data for 1961 and 1962, lrops Divisior,

U.S. Army Biniogical Laboratories, Frederick, Maryland.

A+ Willis, C.M. Unpublished data ard the associated Analvsis 6144
Army

(19 ieb 1964), Crops and Biomathematics Divisions, U.S.
Biological Laboratories, Frederick, Maryland.
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(U) Ono and Suzuki®® attempted to discover when panicles bezame
naturally infected in the field by covering tillers in various stages
of development with paper bags. If tillers were covered before paricle
cmergence no neck blast developed, but if they weve covered ore day af:ter
heading, then 70 to 90% neck blast occurred. Symptoms of neck blast on
the three varieties they studied appeared six to ten days after heading
in the field and the number of infected panicles increased only slightly
thereafter. In the absence of controls, we cannot be sure that paper
bags applied after heading did not act like moist chambers in view of
the very high percentage of neck blast developing. Their test does
give some indication about the time of natural inoculation, however.

(U) Marchetti* made artificial inoculations in the field at
diffcrent heading stages and found, as did Ono and Suzuki, that panicles
are more likely to be inoculated after they emerge than before (Table 10).
The 1.5% infection resulting from inoculating tillers whose panicles
were still in the boot may be an indication of a low level of ratural
inoculum.

(U) Allison** made observations on the per cent of neck blast
in two varieties on three or four dates after heading (Table 11). Because
his samples for each observation were small and selected at random, an
anamalous figure occasionally appears, but there is a definite trerd
for the observable percentage of neck blast to be greater as time elapses
after panicle emergence. Similar data for 12 varieties were obtained
by Dahlke,*** but he made only two observations in time (Table 12). His
data show that a substantial portion of the neck blast seen at harvest
is already present 7 days after the average heading date for a given
variety.

* Marchetti, M.,A, Unpublished data and the associated Analvses 6171
(13 Feb 1964) and 6269 (15 July 1964), Crops and Biomathematics
Divisions, U.S. Army Bioclogical Laboratories, Frederick, Maryland.

*% Allison, W,H. Unpublished data and the associated Analysis 5744 (16
Apr 1964), Crops and Biomathematics Divisions, U.S. Army Biological
Laboratories, Frederick, Maryland.

*** Dahlke, G.R. Unpublished data and the associated Analysis 6433 (5 Aug
1964), Crops and Biomathematics Divisions, U.S. Armv 3islogical
Laboratories, Frederick, Maryland.



TABLE 10. PANICLE INFECTIONSE' 0OX VARIETY VEZOLD AS INIL ENIET

3Y STAGE OF EXSERTICN AT TIME AT INOVUULAT ION~

6l

TSe- ire

Number of Par:icles
Ciowth Stage Panicles irfe re!
Panicles fully exserted 76 65.5
Ne:k of panicle % irch above to €3 5%.6
' inch below junction of flag
ieaf sheath and blade.
Flag lcaf sheath split and a 198 12.1
small partion of pani:le exserted.
Paricles completely within boot. 272 1.5
a. Inoculation made on 20 September and finel lesion courts made il

October 1963.

»  Merchetti, M.A. Unpublished da a for 1963, Crops Division, U.S. Army

Biological laboratories, Freder ck, Maryland.

(U PER CENT OF PAM
PROGRESSIVE DATL :

TABLE 11.
AFTER HEADING+

..
\w)

CLE BLAST ON TWO RICE VARIETIES ATl

Number of Days

After Average Planting of 14 May Planting of 16 May

Plan-irg of 31 M:v

Heading Pate Rep 1 Rep 2 Rep ® Rep 1l Rep 2 Rep 3 Rep 1 Rep 2 Reo 3
* slusa
0 .a/ 7.7 15.¢ - - 1.e - 5.3 3%.3
3 5.0 - 12.5 21.0 - 24,3 - .
8 : 17.1 10.« - - 29.0 23.1 38,2
10 - - - - - 26,8 - -
11 16,7 . 21.4 26.6 - - . :
1S - 5 19.: - - 41.4 2.2 32,0 5.7
18 20.0 - - 24.2 22,2 : - - -
20 - 27.3  25.0 - - 37.5 35.4 25.60
23 25.0 . 22,2 33.3 -
Arke: ve
2 - - - - - . 0 5.0 0
4 0 4.5 4.8 0 0 0 - - .
8 - - - - - 21.4 29.4 21.4
9 15.¢ 25.0 18,2 24,1 8.3 22.7 - -
1% . - - - 20.0 15.3 1.1
15 25.0 27.8 31.8 2€.! 26.7 30.C - ‘
21 6.6 18.7 40.0 31,2 2:.5 7.5 -
a. Ko rezdlirg.
« Alliscn W.F. Urgubliched dat2 £>r 1361 C.eps Divi .-op, [,S. A-m.

bi.lecgical labsratories, Prederick, Maryland,
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TABLE 12. (U) PER CENT OF NECK BLAST OCCURRINC SEVEN DAYS
AFTER HEADING AND AT HARVEST* (U)
Per Cent Ne:k Blastd/ Average Number of
7 Days After Days Between

Variety Heading At Harvest Observations
Colusa 45 61 14
Taichung Native 1R b 0 12
Toro 54 71 16
Toro + fungicide 25 16 15
Arkrose 38 67 21

C.1. 8970 29 7C 16
Culfrose 0 0 15

ce s c/

Fujisaxa 5 89 89 19

Yi Kon Pouh/ 3 7 13
Taichu 65&/ 2 2 20

c.I. 5309 0 1 25
Natob/ 32 81 16
Rexorohl 21 39 5

* Dahlke, G.R. Unpublished data for 1963, Crops Divisior, U.S. Army .

Biological Laboratories, Frederick, Maryland.
a, Average of 16 observations (4 replications in each of 4 fields).
b. Average of 12 observations.
c. Average of 8 observations.

Although samples of Dahlke's test were larger than Allison's samples,

a few anomalous percentages still appear in Table 12.

Another set of data

on the percentage of panicle blast was obtained by Willis,* who found that
the greatest number of infections usually were found rear harvest. The

* Willis, G.M. Unpublished data and the associated Analysis 6144 (17 Feb
1964), Crops and Biomathematics Divisions, U.S. Army Biological
Laboratories, Frederick, Maryland.
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counts 1or one plot ol the “zichung Spe-ial 6 vatile-y, hoyweve:, were 1swer
vedy hervest rhapn 1v the veek 2¢! 2 e be.zuse some irfe.zed péri-les had
actually dropped cff. “he tn.-czse ir the vev entsge of zari:le blzs:
with time obscrved by 211 thuee of these w:rkesz irdi:aces -hat rhise

who wish t> use this per:entage as a measure of yizld reduztion {Seztion
VIIL) should collect more than one set of data from a field,

U Matsuo-® nresents scme data from the work ¢f¢ ~h> on the
cytohistology of panizle ar? g-air devel-pment. Arthesis begins on
the day ~f emergerce. Polliration occure ~n the dav a flower cpens,
and 7 days later the emb:ryo is completely formed. After ebout 7
days the grain has reached its maximum length, its nearc-me-.imum breadth
after 9 days, and its near meximum thizkness after 12 days. Rapid
increase in weight o:z:urs up to “he 9th or 10th day followirg arnthesis.
If infectior by Piri-uleris is to prevent an acceptable, edible grain
from being formed, it seems probable from the times stated above that
infection should ozcur in absut the first 10 days. Since individual
flowers on a paricle way bloom wwer a ne:ziod of several dzys, a neck
infection ought to o:cur within abcut 2 weeks after emcrgence to reduce
the yielding ability of the entire panicle. The vast majority of
paniclés of a giver veriety will emerge within a few days of one arother,
so wu can add arother week. Now, a given infection doez not stap
grain developrent on the day of in>.ulecion but surely begins to do so
before the lesion appears, so we subtract cne-half the latent »eriod,
probably 3 days. Therefore, on entirels hypothetical grounds, cne is
left with a perisd ~f ancut 2% weeks during which panicle infections
must occur to apprecisbly atfe t vield within a field. This is not a
long perind of time, especiclly when weether cordiricns may not be
favorable every right. 0f :~urge, this hvr-thetical lergth nf time
varies with vorirty, but {2 apv ore g-oup ot similar va~ieties this
period car b determined. ir o.- view, 1* can be determined with
enough accuracy to be useful 1n predi ting yield l:oss from blast.

C. (J) MUMEER OF LES[OMS NEEDED TOR DAMAGE

(C) The ch:ice of a good measuzement of diseegse (8 2i¢ficult., Since
a lesion loca“ed rear the base ~f a le2f blzde :.an cause its death
although it might require several hundred lesiors on oche~ vortions of the
blade t> a:hieve the same result, :>unts nf lesicr numbers per leaf,
tillexr, o: plart -*e usually not sitiefeztory for smell-plot {or pot)
studics. A meore ¢ :.u-éte meesurement is the rumbe: >t lesions per unit
area, which is commonliy used ir cuarritative labcrzato>ry studies. In the
field, however, it is difficult to meagsu-e leaf ivea without removing
leaves or plants f-om the field, ard ir mary kirds >f experiments the
investigator wants the plarcts to ‘emair fn the field s~ *ha* he can
observe lesion avdearente erd devel semert with time. Mos: ot the field
workers urtil roe, theceficre, hé e mezsureé disease bv :he number of lesions
per foot »f - w or pec hill 1f the :rop was traraplan’2d in che Oriental -~
marner. Sir:e the distan:es botween r~ws »r hills {8 .{*en known, this
measure als> pives an irdicetiosn of the amourt »f disease in the crop
area as well ss »r the plan's,
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(U) 1In Kulik's ficld data* from Texas, identical conclusions resulted
from the statistical analysis whether lesions were reported on the basis
of average number per plant or per 100 square centimeters of leaf area.

(U) A serious objection to lesion counts is that in instances of
-apid disease increase the "kill effect" makes the counting of lesions
impossible, ucually within a couple of weeks after rapid increase begins.
The Japanese have developed a system for estimating disease damage without
rcelying on lesion counts. A set of pictures showing the same or a similar
scheme was acquired by the senior author (Figure 4). This scheme was used
by workers from Crops Division in the field for the first time in 1963,
and it may be possible to derive a relationship between lesion counts and
disease severity.

(U) Severe leaf blast causes declines in the number of ripe panicles,
plant height, weight of 1000 grains of brown rice, and the weight of
brown rice per hill. severely affected hills also are delayed in growth,
which results in some delay in heading. As a general rule, when leag disease
breaks out early, the yield losses are greater. These relationships **
have been found by the Japanese workers and some are shown in Table 13.

(U) There is an example of the relationship between lesion counts and
yield in Allison's data.*** Although the correlation between yields and
lesion counts on two dates was generally poor for the Gulfrose and Colusa
varieties (although with Colusa it was significant at the 0.10 level), it
was real (sig.ificant at the 0,01 levzl) for the Arkrose variety, where
double the number of lesions decrecased yield approximately 18 bushels
per acre.

* Kulik, M.M. Unpublished data and the associated Arnalyses 4451 (5 Dec
1960) and 4447 (20 Sept 1964), Crops and Biomathematics Division, U.S.
Army Biological laboratories, Frederick, Maryland.

** Pages 195 through 202,

*%*% Allison, W.H, Unpublished data and the associated Analyses 5219 (28 Mar-
1962) and 5312 (17 May 1962), Biomathematics Division, U.S. Army
Biological Laboratories, Frederick, Maryland.
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TA:LE 13. (. AMOUNT OF YIELD LOSS ZA(CSED BY LEAF T SLASF-

pres - an - - -

9% r .ert Severity Rating

on Leaves 30 Days Per Cent Reduztior Yie!ld "~ee la osen
Before Headinga/ in Height of Plants by Lez* Disease,
5 None 0
10 10 5
26 20 15
25 30 25
30 35 30
35 A 35
40 50 «0

«~  After data of Coto,® pages 195 through 202.
2. See Figure 4.
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(U) Pictorial Char: for Estimating Severity of Rice Blast on Leaves

Figure 4,

)

of Plants in the Field.
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VI. (C) FACTORS INFLUENCING EPIPHYTOTIC DEVELDPMENT

WU} A number of factors that Influence epiphytoti~ developmert h-ve
been discussed or referred to above if they were known to exert some
influence on a specific portion of the disease cycle. 1Ir this Section,
some of the factors that influence a scquence of disease cvcles 1i.e.,
an epiphytotic, are discussed,

A. (U) RACE OF PATHOGEN

(U) One would not expect a race to which a given variety was resistant
in the laboratory to cause auy trouble on that variety in the field. The
opposite result in the laboratory does not permit such a simple statement,
however, about what may be expected in the field, For example, in working
on sporulation of 1< fons, several workers®**2?:2% have found that different
race-variety combina. .ons giving susceptible reactions will produce different
numbers of spores uunder the Same environmental condltions. We might speculate
that in the field under the same conditions these ccmbinatiors wculd have
different rates of disease increase because of different numbevrs of spores
produced and that this would perhaps result in different amounts of yield
reduction at the end of the epiphytotic. This has not been tested in the
field. One approach would be to install spore samplers over a number of
small plots of different rice varieties in a field where only one race was
causing disease increase, because the data of Marchetti* indicate that
differences in spore concentrations can be detected over small plots of
a single variety planted close together but with different rates of buildup
caused by agronomic practices,

(U) The number of lesions, an index of susceptibility, may also differ
among varieties considered susceptible to a given race because of laboratory
studies. 1In studies conducted at Beaumont, Texas, in 196C, the two
varieties C.I, 8970 and Cclusa showed marked differences in suszedtibility
to race 8 in a series of nightly inoculations.*~ There is also &r excellent
example of different numbers of lesions being formed over a pe:icd -f time
( an epiphytotic situation) on ten varieties attacked bv race 6 {probably
race 31) and grown under the same field conditions in Florides,v%~

* Marchetti, M,A. Unpublished data and the associated Analysez 6171 (13
Feb 1964) and 6269 (15 July 1964), Crops and Biomathematics Divisiouns,
U.S. Army Biolegical Laboratories, Frederick, Marland,

*% Kulik, M.M. Unpublished data and the associated Arelyses a451 {5 Dec
1960) and 4447 (20 Sept 1960}, Crops and Biomarhemz-i:¢ Divisions ¥U.S,
Army BRiological Laborateries, Frederick, Marylard,

*%% Daghlke, ¢.R. Unpublished data and the associated Aral.sis €233 25 Aug
1964), Crops and Biomathematics Divisions, U.S. A-my =i-logical laborareori
Frederick, Maryland.
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(U) To the labceratory, sugceptibility is likely to be efined under
a standard set of conditions that are nearly optimal for infection t=o
occur and for lesions to develop. In the field, conditions are never
standard and usually arc optimal for only a certain pe-tentsge of
incubation periods. This would lead one to suspecl that a given
race-variety combination might cause serious disease under one set
of conditions in the field, although a different race-variety com-
bination might not cause much disease under the same set of conditions,
From laboratory data obtained by Kulik* on 25 varieties, 12 races,
two lengths of dew period, and three temperature ranges, pathogenicity
(based on the number of lesions produced) among races depended on length
of dew pericd as well as on variety; resistance to blast among varieties
also depended on dew period as well as on race.

(U) lsolations made from fields inoculated with materfal prepared
in thelaboratory sometimes result in finding a different racc at the
end of the epiphytotic (Table 14), In most instances, lesions were
collected from the field during or at the end of the epiphytotic; Willis's
first collections, those reported in Table 14, were made soon after
inoculation and in this one set of data the agreement between race used
and race collected is perfect, The disappointing thing about these data
is not the results (which are extremely interesting) but their scarcity.
From no field have enough race determinations been made to know whether
they are representative of the race(s) that caused the epiphytotic
in that field. Race identification programs everywhere seem to be
designed to discover new races or variants of old ones rather than to
provide a service to those who are interested in what happens in the field.

B. (C) METEOROLOGICAL CONDITIONS
1. (C) Dew

(U) The length of dew period can influence the amount of sporulation
and the number of Jesions produced, Intensity of dew probably plays a
role, also. Dtying or an interruption of dew period is detrimental to
the establishment of iafection on a particular night, but on the whole
field records indicate that this is a relatively rare phenowmencn, Drving
between dew periods during the day is probably much wmore a factor in
limiting the number of infections that occur, since undoubtedly the
drying of germinated spores before they can enter the tissue kills many of
them. As an example of the great waste in nature(or conservaticn, depending
on your viewpoint) the situation is one that defies quantitation at present,

% Kulik, M.M. Unpublished data and the associated Analysis 5023 (10
Jan 1962), Crops and Biomathemathics Divisions, U.S, Army Eiological
Laboratories, Frederick, Maryland.
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TARLE 14. (C) RACES OF FiRICULARIA ORYZAE RECOVERED FROM FIRLDL PLOTS
FOLLOWING AKTIFICEIAL INQCULATION* (U)

Source of Specimen,

Location, and Field Designation Rave Used For
Year and Variety Inocyulationt/ Riace Recoveredd/
Barksdale Faady 3: Colusa 3 (640) 19 (92)
Avon Parl Colusa 3 (Hba0) 8 or 19 (111)
Florida. 1960 Colusa 3 (640) 10 (149)
Paddy t: Colusa 8 (770) & 3 (040) 8 ov 19 (112)
Paddy 7: Colusa 8 (7/u) & 3 (640) 19 (122)
Paddy 8: Colusa 8 (7/0) & 3 (640) 8 or 19 (123)
Barksdale Nago: Caloro 2 (167) 4 (256)
Okinawa, 1961
Allisen Paddy 3: 5309 2 (226) 2 (335)
Avon Park, Colusa ? 2 (2263 2 (395)
Florida, 1962
Paddy &4: Colusa not inoculated 19 (337)
$309 not inoculated 19 (338)
Bar.csdale Nago: Taichu 65 2 (189) 2 (342)
Okinawa, 1962 Fujisaka 5 2 (189) 4 (343)
Caloro 2 (189) 4 (346)
Fujisaka 5 2 (189) 4 (348)
Taichu 65 2 (189) 2 (354)
Taiwan, 1962 Ta-Yah: Taichu 65 ~{mixture of 2 (226), 2 or 4 (355)
Taichu 65 21 (243), & 20 (244) 4 (437)
Willis Chiayi:
Taiwan, 1963 Taichung Special 6 b (747) 6 (456)
Wu Ker 5 (774) 6 (457)
Taichung Native i 6 (747) 6 (458)
Taichung 65 21 (243) 21 (459)
Chianung 242 21 (243) 21 (460)
Dahlke Paddy 5: Colusa 6 (747) 31 (478)
Avon Park, 89705 & P 6 (747) 6 (479)
Florida, 1963 Taichu 65 6 (747) 31 (480)
Arkrose 6 (747) 31 (481)
Paddy 6: Toro 6 (747) 31 (461)
Paddy 4: Toro not inoculated 31 (477)

a, Culture numbere in parentheses.
s Latterell, F.M,; and Marchetti, #.4, Unpubiished data, 1960-1964 Crops Division,
U.5. Army Biological Laboratories, Frederick, Maryland.
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{(C) One of the unanswered questions about dew concerns the
frequency and sequence of nights with dew periods of suitable lengths
for infection. The senior author drew some frequency bhar graphs for dew
periods occurring at two sites on Okinawa in 1962.* In every month,
from one-half to three-fourths of the nights had no dew, but on those
nights when dew did form it was usually of a length considered favérable
for infection. These conditions did not alternate every other day
but occurred in blocks of several nights ecach, «.d disease buildup
was slight to moderate, 1f favorable conditions had alternated with
unfavorable ones every other night, or if a long block of favorable
nights had occurred during the proper plant growth stage, would buildup
have been more severe? Any particular epiphytotic lacks a suitable check,
but the hope is that someday enough field examples will have been observed
to establish the trend., In the wmeantime, workers would do well to report
data more fully than did Ackins,4° for example, when he reported severe
outbreaks of blast in Texas and Louisiana. lHe listed the mean tewperature
and number of dew periods by the month. Detailed records of nightly dew
periods, temperatures, aud several mathematical descriptiouns of disease
severity in time would help develop information useful for predictions.

2, (1) Rain

(U) The humidity and surface moisture associated with rain iufluence
sporulation, and whether rain occurs before or after an artificial
inoculation may influence the numbeér of resulting lesions. These two
effects relate primarily to the number of infections that occur on a given
night, but there is little information on how rain influences development
of disease in the field over a period of time. Frequent showers (how
frequent and how intense?) might wash some spores from the air and thereby
reduce the inoculum potential. A rainy period might also exercise scme
predisposing factor on plant susccptibility,

(J) The role(s) of rain with respect to panicle iufections is
unknowni. Tr addition to increasing sporulation and extending dew peviods,
rain could conceivably help wash spores into the boot leaf sheath when it
splits open as panicles emerge. According to the analyses of Allison's
field data®* for 1961, the combined ecffect on yields of a degree-hour term
(found by multiplying the minimum tempevrature by length of dew period) and
rainfall, both averaged over the period 30 through 16 days prior to
harvest, did approach significance. However, neither factor was shown

* Barksdale, T.H. Unpublished data, 1962, Crops Divisi-n, L.S. Army
Biological laboratories, Frederick, Marylaud.

*% Allison, W.H. Unpublished data and the associated Aralyses 5219 (28
Mar 1962) ard 5312 (17 May 1962). Crops and Biomathemati-z Tivisions,
U.S. Army Biological Laboratories, Frederick, Maryland.
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te be an effect in itscif, The thought here was thet nzaicle lesizrs cansing
vield vedustion are likely to occur 30 to 16 22/ pri- t2 barves: for the
varieties In his test, and that weather conditions daring th:l sc-iczd

may &ffect yield by influencing the rumber of par:ole lesiyns thor 20 (-,

The following equation was estimated:

Y

90.31 - 0.1403Xy - 39.83X>

where: Y = predicted yield in bushels per acre,

X{ = average degree-hours per day 30 to 16 days beforc harwvest, and

Xy = average inches of rainfall per day 30 teo 10 days before harvest.
The analysis of vaviance did not show the vegression cquation te be significant
at the customary 95% level, but did indicate significant at # level ¢lose
to 20%. Rainfall probably contributes in some undefined way tc panicle blast
and yield reduction,

3. (U) Tewperature

(U) Temperatures normally found in the field after the early growing
stages of rice in temperate and semitrovical regions and du-ing all plant
growth stages in the tropics are satisfactory for growth of the fungus. In
fact, the warmer tempexatures (28 % 2 C) are generally corsidered nearly
optimum for fungus growth. This makes rather puzzling the cbservacion that
blast {s not as prevalent in the field during the warm summer morths in )
Taiwan, for example, as it is in either the late spring or fall. Heshioka'®
was one of the earliest to offer an explanation. In his experiments, plant
resistance was increased in proportion to the increase of temperature at
which the plants were grown for 25 davs prior to inoculation. 2lthough this
change in resistance was morc pronounced in verieties of temperate than of _
tropical origin. Years later, in summarizing work on this topic. Hashioka ™
stated that the effect of temperature in predisposing wlants to Infection
varies with the duretion of the temperature Llreatmenrt, with the comdination
of temperatures in soil ard air, with plant or leaf @ge. ani with the
varicties employed, Ule genervalized that temperate va-ietics. lik= these
grown in Japan, are more likely to be wvredisposcd *2 infe tior wher grown
at low temperatures (18 to 20 ) thaw arce tropical vavielites. Warm weathev
in the tropics (28 € or higher) irtersifies host resis ar.e,

R . CE2E 0 . . <
U) Recent work by Sadasivar ** ipdlicazes that plarts gr-wn with right
y x £

temperatures of 20 C and alternating with day temperatures of 30 to 35 C are
susceptible, but if night tempcratures rise above 26 C, then infection
seldom occurs on susceptible varieties. He hyporhesized tha- low pight
temperatures favored the accumulation of soluble ritroger. FExicss nitropen
fercilizer applied to seoil and a high level of s-luble ritrogen in

* Pages 153 through 102,
*% Pages 163 through 172.
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plants has long been associated with iucreased susceptibility (Section

Vi, C, 4). 1In one »>f his experiments, he inoculated piants of a
susceptible and a resistant variety that had been grown at three different
night temperatures and obtained the following reactions:

Nignt Temperature, € Co 29 (Resistant) Co 13 (Susceptible)
30 0 +
25 0 A+
20 0 -k

Even the very resistant varlety sustained limited infection at the low
night temperature, and the susceptibility of the susceptible varicty
was movleodt- ephanced by the lowest temperature studied,

(U) Kulik's work* indicated that with a 12-hour dew period more
lesions were obtained in the temperature range of 75 to 80 F than of
85 to 90 F, although the difference was not significant at the usnal
levels.,

(U) Considerable information from Japan shows that soil and
water temperatures can predispose plants to infection, Kozaka" ** has
reviewed these data, Cool irrigation water of less than 20 C makes
leaves more susceptible and cold soil temperatures between 18 and 24 C
makes panicles more susceptible, The soll or water temperature usually
seems not to be acting euntirely by itself, however, and other factors,
such as the silicon and nitrogen content of the soil and the length
of the treatment period prior to inoculation, influence the degree to
which temperature affects susceptibility. 1In the cooler parts of Japan,
various practices are recommended to get or kcep the irrigation water
warm: using shallow reservoirs, allowing water to fiow through a shallow
ditch prior to entering a field, and preventing percolatiou by thorough
puddling of the soil.

* Kulik, M.M. Uupublished data and the associated Analysis 5023 (10
Jan 1962), Crops and Biomathewmatics Divisions, U.S. Army Siologicdl
Laberateries, Frederick, Maryland.

** Pages 421 through 440,
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4. (C) Wind

(C) Apart frem the role that afr currents and wind play ir ivans-
porting inoculum, probably the most important effect of wind is an indirect
one — on dew, The senior author considered the presence of winds in the
insular climate of Okinawa to be the primary reason for the infrequent
occurrence of dew perlods sufficiently long for infection.

(U) Strong winds lasting for a considerable time probably exert
some influence on plant susceptibility, but there are no {ield data on
this matter.

(U) In one field study, spores were released and allowed to settle
on plants inside plastic tents that were removed 20 minutes later, Wind
speed did not influence the number of lesions resulting {rom these artificial
inoculations.'®

5. (U) Light

(U) Light may be an important factor in influencing che development
of epiphytotics in certain local situations, Light enharces sporulacion
of many Piricularia isolates, During cloudy weather with periods of drizzle
or light rain that keep plant surfaces wet and relative humidity near 100%,
light could very well enhance sporulation during daylight and consequently
enhance the epiphytotic. On the other hand, cloudy weather is not always
accompanied by long periods of precipitation; there atve sometimes only brief
perlods of rain accompanied by high winds, a situation thact lweads to
intermittent dryness that could retard sporulation, incubation, and
epiphytotic development, Cloudy weather, with associated low light
intensities, is known to be a factor in lowering rice yields, but whether
prolonged periods of low light inteusities during daytimec has any effect
on plant susceptibility to blast is unknown, At least, therc are no field
data,

C. (C) AGRONOMIC PRACTICES

(U) 'the most thorough way to examine the influence of agronomi: practices
would be to list all practices used in rice cultivation anid then to indicate
what is kuown about the efifect of cach on blast developmenr, I our view,
however, the important data in this arca can be discussed under four headings:
the time of planting, transplanting, irrigation, and fertiljizer,
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1. (U) Time of llanting

(U) Farmers plant crops At speclfic times for many reasors. Ii
there {s a dry season, they may wait for a rainy season not orly for
encugh water to grow the crop but also because the ground is casier to
prepave then, This is true of rice cultivation in prres of Southern
Asia in areas where water {s not available for ivrigation except in the
rainy scason, If there is a winter scason, they uwust wait for the
absence of {rost, as they do in temperate or semitropical regionc,
Planting daces may be influenced by the desired time of harvest. In
Okinawa, two rice crops are grown each season; the first is planted
to mature befere the onset of major typhoon activity and the second
to muture after this period in an effort to reduce loss from lodging
atd wind-induced sterility. The dates of planting (and transplanting)
may have wmuch to do with whether ov not blast becomes a problem under
natural conditions., Because suscepiibility varies with plant age and
because periods of weather favorable for disease buildup are often
seasonal, plants must be at their most susceptible age during periods
of favorable weather for maximum epiphytotic developuent,

(U) With seedlings that are not transplanted, maximum infection
occurs at ages between three and five weeks and infections decrease
with plant age up to nine to 11 weeks, after which the leaves of sus-
ceptible varieties become vesistant except for trace amounts of infection.
Increased resistance with an increase in plant age was observed on both
greenhouse and field-grown plants grown under flooded or non-flooded
condicions.*' 1n work with individual leaves, Volk et al.** found
that as a rice leaf aged, it became increasingly more resistant. As
a leaf emerged, its susceptibility was greatest. With respect to
leaves on a single tiller, as each succ~assive leaf emerged its "maximal
susceptibillty'" was less than that of olider leaves. Additionally, each
successive leaf remained susceptible for a shorter period of time than
precceding ones, When a plarct is given a single inoculation, the
susceptibility pattern as influenced by leaf age and leaf position
results in a gradleni decreasing from younger upper leaves to clder
basai leaves., In older plants, *his gradient disappears and the plant
as 2 whole becowmes resistant., To extrdpdlate to the field situation,
it seewms probable that a field will be mcst susceptible when it has
the greatest number of newly emerged leaves on young planis, a time
that occurs during the tillering growth stage.

33

{(U) Somec of the best carly work on the age-resistance problen
was done by Hashioka'® working on Taiwan, He graw plants in pots to
correspond With either the ficst or second cropping season on the
island. 1n one series of experiments, all seceds were sown at the sams:
time and the plants inoculated at intervals; in the other series, pots
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were secded at different dates and all plants inoculated at the same time.
Bath provedures have drawbacks that he pointed out, but the data are
indicative of the range of ages during which plants are most susceptible,
For experiments in the [irst cropping season, susceptibility {as measured
by considering both the number of lesions per plant and the number per unit
leaf area, was greacest for plants aged 40 to 60 days by the first procedure
and 30 to 6G days by the second procedure, For experinents during the
second crop, susceptibili.y was greatest for plaats aged 20 to 35 days

by both procedures. The difference of about two weeks between first and
second crops is due to more rapid growth of the second crop. It is planted
when temperatures are warmer than for the first crop, and the shortening
day lengths may also hasten waturity. Of course, the effect of high

night temperature in iucreasing resistance (Section V1, B, 3) would also
interact with the effect of age in the sz2cond crop.

(U) Some striking examples frowm the field of the relationship
between plant age and susceptibility are available, In Rerie's initial
infection studies, the amount of plant leaf arees increased with plant
age, and the trend was that those plants with more leaf area had greater
numbers of lesions. Leaf area at the time of inoculation was statistically
correlated with lesion production and was one of the variables included
in the equations for estimating lesion production (Section XX), Here we
have an example of increasing susceptibility of field plots with increasge
in the amount of young leaf tissue during the tillerimg growth stage.

(U) In the senior author's work in Florida,eo the Colusa variety
was planted in four fielde on three dates spaced two weeks apart. Each field
was inoculated once. The typical pattern of disease development showed
the greatest amount of increase in the youngest planting, the least in
the oldest at the time of inoculation.

(U) The attempt at commercial rice growing in Florida during the
mid-1950's was made in order to cbtain a summer crop on land ordinarily
farmed in the winter, Rice blast was & serious disease every year in
many of the plantings, and although no experiments per se on planting
dates were made, observation iIndicated that the earlv plantings in
March and April had little or no disease but later plantings in May
and June were frequently blasted,? he effect of early planting was
that the rice went through its most susceptible growth stages before
temperatures became warm enough to favor seriovs disease development,
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(C) The senior author observed some examples of the elfect of
planting date on blast development during his work in Taiwan and Okir wa,*
In one instauce, ar area of about one-half acre was planted two weeks
late, was severely infected, and sustained a severe yield loss even
though the surrounding acreage had little disease. Several factors favoring
disease levelopment were operating in the small planting; probably the
most important was that the younger plants were undergoing rapid tillering
and provided much susceptible tissue to the modest spore lcad vnroduced
by the neighboring but older plants. 1In a second instance, a somewhat
reverse situation was observed on southern Taiwan, where the temperatures
become very warm early in the spring. A field had been prepared by
experiment station personnel to test a nuwmber of varieties for blast
resistance during the first crop season. Two plantings, using the
same variety for spreader vrows, were made about two weeks apart. Other-
wise, they were treated identically. 1In the earlier planting, the spreader
variety was severely infected; in the later planting this variety was uot
damaged. One factor that might possibly have been operating here was
temperature-induced resistance affecting the later planting more so than
the earlier one.

(U) Whatever the reasons — increased resistance with plant age,
the cccurrence of favorable weather conditions at certain times of year,
temperature~induced resistance, or some other = it is clear from numerous
observations that planting date can exert an important if indivect
effect on blast epiphytology.

2. (C) Transplanting

(C) Transplanting as opposed to direct seeding is the common method
of growing rice in the Far East. On the Japanese island of Hokkaido,
where the rice-growing season is short, attempts to extend the season
by growing seedlings in cold frames protected by plastic or tarpaper
covers are common., Part of Otani's book*® is a comparison between the
traditional and cold frame methods of raising seedlings as these methods
affected plant susceptibility to rice blast, Although seedlings raised
under the warm conditions in the cold frame were more susceptible,
seedlings from both environments became resistant after being transplonted
to the field. The writer has observed that seedlings transplanted in the
first crop oun Okinawa or Taiwan seemed to undergoe a sheck, and because
of this and fthe relatively cool weathev did not begin to produce vew
leaves and tillers for about two or three weeks after trarsplanting when
presumably plants would regain their suscentibility. Transplanting during
the warmer weother of the second crop sermed neither to delay plant growth
nor reduce susceptibility., These observations seem to support the idea that

* Barksdale, T.H. Unpublished data, 1962 Crops Division, U.S5. Army
Biological Laboratories, Frederick, Maryland.
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young tissue is susceptible whereas old lissue is resistact. Xozake's veview =
indicates that delaycd transplanting after »ulling or deep tcearsplanting

may increase susceptibility. The impertant thing for the field researcher

to vcmember is that transplanting practices de influerce sus-eotibility ars

to plan experiments in the field with this in mind.

3. (U) Irrigation

(U) Rice does not yield well if the soil dries out and, consequently,
most of the world's rice is grown under flood irrigation. Rize can be
grown successfully by upland farming methods if it rains frequently or
if permanent irrigation facilities are available, and if weeds can be
controlled. Even in areas where frequent rains are common, flood irrigaticn
is used because it is the cheapest and casiest way to contrel most weeds.,
Overhead or other permanent irrigation [acilities are an economic luxury
in most of the world.

(U) Kahn®! found that plants grown under non-flooded culture are
more susceptible than those grown in flooded culture, Kozaka®* reviews
the literature on this question, and concludes that the current recommendation
is to avoid excessive drying in midsummer if the disease -is present and to
delay drainage until about one week to ten days before harvest when much
disease is present. Rice specialists in the lUnited States often recommend
that farmers either flood or vaise the level of their irrigation water when
leaf blast occurs. This seldom causes any harm and it may do some good
(nobody is sure why),

4., (C) Fertilizer

(U) The use of excessive amounts of fertilizer, especially nitrogen,
is often associated with outbreaks of blast in the field. Nitrogen apparently
affects plant susceptibility. As background, some information from laboratory
experiments on this effect is presented here first,; follcowed by a discussion
of what may be considered an excessive amocunt and some data on the amcunts
actually used in rice-growing areas. The other two commonly used fertilizer
elements, potassium and phosphorus, seem to heve little effect on the
disease.”* In che following discussion, rates of nitrogen fertiiizer are
given as actual nitragen (N).

* Pages 421 through 440,
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{) The nature of increased suscedtlbility in zlanrts receiving
high amounts of N is not fully unrderst»3l, but in such plants, the soludie
N fractions (amino acids and amides) ir:rease at a rete¢ greater thanp
the protein fractions, and the number of sili-zted epidermal :ells
decrease.” "'*®  For some time, it was thought that -~ ~sistance found
at low N levels might be somewhat mechanical and that the higher uwumber
of silicatied epidermal cells acted as a physical bharrier *to »vevent
fungus penetration.43 More recent work, however, nas indizated that
resistance was largely caused by less absorption of N, since the degree
of resistance to invasion is not always parallel to silica content, but
always to a decrease in N content.®* 1In work in Crops Division, ‘olk
et al.*! found that silicon content and susceptibility were related
inversely; the silicon content and the degree of susceptibility of leaves
at auy momenl were related to the awount »f siliczte available to the
rvoots and, indeed, the level of N fertilizer seemed to influence the
amount of silica absorbed. Whichever chemical influences the absorption
and/or action of the other, it seems clear now that any future scientific
explanations of resistance at the cellular anrd bioschemical levels will
have to account for the effects of both N and silica and prabably of an
interrelationship between the two.

(U) For most of the world's farmers, the problem is one of
increasing production by use of N fertilizer. The increased susceptibility
to blast is an annoying side effect, aund it 1is possible that high N
applications could be offset by silica aprlications as far as blast is
concerned. Both Kozaka®* and Volk et al.*' cite several references
on increased resistance through silica applications, Kozaka stated
that this effect held true under different envirommental conditiouns
within a given variety but not among varieties. Furthermore, he reports
that in certain types of soil in Japan (especially volcanic and degraded
paddy soils) @ high supply of silica resunlts in less blast. better plant
growth, and higher yields. These results happen even in fields with high
N content. fompost is the mast popular source «f silica among Japanese
farmers, but recently a fourdry byproduct contairirg chiefly calcium
silicate has been found effective for disease :zantrnl s0d is recommended
at 2 tons per hectare where silicon content of plarncs falls below 10%.

{U> Ir an attempt to understand what is »r may be meant by an
excessive amount of N fertilization, fiel” data were examires., Ou¥#*
combined a2 stucy of the date of seeding 031 the amount of N fexiilizer
on rice blast development duving his work ir Thailard., He relied or

* Pages aifathroﬁgh 4ho,
*% Qu, S$,¥, "Sode information on rize blast disease in Thailard, '
Mimeographed report, A0, 1959.
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natural inoculation of his field plots. His data (Table 15) show that
later dates of seeding and higher amounts of N resulted in greater blast
development, the effect of seeding date being due to a greater abundarce
of natural inoculum as the season progressed. His high rate of N. 13]
kilograms per hectare,* was clearly excessive when other factors were
not limiting disease development,

TABLE 15. (U) DATE OF SEEDING AND NITROGEY LEVEL IN RELATION TO
DEVELOPMENT OF RICE BLAST IN THALLAND* (U)

Date of Date of Nitrogen Applied, 2/ Number of Lesions on
Seeding Observation kilograms/hectare 100 Seedlings
June 15 July 15 131 7.7
66 2.5
0 0.1
June 30 July 30 131 94.3
_ 66 33.5
0 ¢
July 16 Aug. 16 131 1666.1
66 921.6
0 0
July 30 Aug. 30 131 5313.0
66 18.5
0 1.0

%  Unpublished data of S.H. Ou,
a, Nitrogen applied in ammonium sulfate.

* The term kilograms per hectare is roughly equivalent to pounds per
acre because onc kilogram equals 2.2 pounds and one hectare equals
2.47 acres. The terms are essentially interchangeable for uvit comparisons
of fertilizer or yieald, but not for cstimating lavge quanki“ies,
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) Padmznabhan® ¥ reports on afertilizer study in Irdia in whizh
plots were treated at rates of 0, 20, 40, 60, or 80 pounds of N per
a:re with and without compost over a period of several years. In c:moaving
a severe blast year with 2 years of no incidence, he reported yield l:zces
of 200 to 600 pcunds per acre without compost and of 250 to 1,000 pounds
per acre with compost. He was unable to make any statistical correlations
when he considered the data as a whole. A loss of 600 or 1,000 pounds
per acre in a country whose 1956 to 1958 average grain yield was only
821 kilograms per hectare®? seems to us to be a serious loss. 1In this
instance, it would be conservative to suggest chat 80 pounds of N per acre
was appxvachlng 4n excessive amount.

(V) Atkins*® reports data from a variety-fertilizer trial in
Texas in which rates of 0, 80, 120, and 160 pounds N per acre were used,.
The big jump from small to significant blast damage was at the 80-pound
level with a susceptible variety, C.I. 8970, The jump was apparently
at the 120-pound level with a more resistant variety.

(U) The senior author observed experimental plots of several
varieties in northeastern Louisiana in the summer of 1963, They had
been fertilized at several rates of N, and the highest rate was more
than 120 pounds per acre., (Actually, 120 pounds were applied, but there
was some carry-over from nltrogen applied the year before.) Only a trace
of blast was seen on any variety in the test, Surely, some factor other
than lack of N was limiting blast development. It may have been that the
hot weather predisposed the host to resist the blast. Blast on Marchetti's
plots in southern Louisiana that year was serious on plots given 120
pounds per acre, although part of the yield losses in his tests were
due to lodging, a phenomenon also aggravated by high N fertilization.**

Q) Hashioka'® performed two series of field tests using varieties
of wide geographfic origins. His N levels were 0, 40, 80, 160, and 240
kilograms per hectare in one test and 0, 80, and 240 in another. Generally
speaking, the varieties of the Japonica type responded with increased
numbers of leaf and neck lesions when amounts of N were increased, although
there were no striking or consistent differences between treatments for
the Indica types. The;level of N that caused a striking increase of
blast on the Japonicas ‘was somewhere between 80 and 160 pounis per acre.

* Pages 203 through 222.
*% Marchetti, M.A, Unpublished data and the associated Analysis 6269
(15 July 1964), Crops and Biomathematics Disislions, U.S. Army
Biological Laboratories, Frederick, Maryland,
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(C) In one of the senior author's tests* on Okinawa in 1962, a
level of 120 kilograms of nitrogen per hectare caused 18.1% panicle
blast on Caloro; 80 kilograms per hectare caused only 3.8%. The higher
rate of N, however, caused a 26% increase in the number of panicles
produced; the net result was a greater yield in spite of greater blast,

(U) The Century Patna variety was fertilized with 30, fJ, 120,
and 240 pounds of N per acre in a Florida test.®® These rates were
applied to four different fields, and there were some differences in pro-
cedures among fields, 1In fields 1 and 2, infection was greater with in-
creasiug amounts of N, but only the 240-pound amount caused a high level
of infection. In the third field, severe infection occurred at all levels
of fertilization and all rice in that field was dead within 70 days
from planting. A split application of N had been made, the second
topdressing being applied just before rapid disease increase occurred,
The fourth field received only one treatment, 120 pounds of N per acre at
seeding, and disease buildup was severe. The authors suggested that date
of planting, time of inoculation, inoculum levels, weather conditicns,
and plant susceptibility as influenced by plant age were all involved along
with N in influencing the severity of blast.

(U) Kozaka®** is the only plant pathologist we have found stating
in print the amount of N fertilization that can be safely used without
danger of increasing blast sevevity. He qualifies his educated guess
for reasons like those just mentioned, along with comments about the
variability of soil types, varieties, etc. He says that 50 to 60 kilograms
per hectare is a safe rate, and that farmers who use rates above this
are liable to trouble from blast.

(C) Bven if specific amounts of N are known to have been applied to
a given field, it is not always possible to know whether that is the
only amount present and influencing susceptibility. Often the amount
of compost added (green manure or otherwise) is inknown, and compost of
various compositions is added in many Asian countries,”***  Then too,
there is the problem of residual nitrogen remaining in the field from
one season to the next. The senior author has seen two striking examples
of N hold-over, one at Crowley, Leuisiana, and one at Lhe International
Rice Research Institute. High rates of N applied to land one season
can prevent that land from being used for Nerate studies the following
year.

* Barksdale, T.H. Unpublished data, 1962, Crops Division, Y.S. Army
Biological Laboratories, Frederick, Maryland.
*% Pages 421 through 440,
**% Pagee 399 through 408,
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(U) The method of nitrogen application can have a marked effect =n
the occurrence of blast. Split applications are common in Japan and
the United States, where part of the N is mixed with the soil as the
ground is being prepared for transplanting or sowing. The rvemainder
is applied as a topdressing three tc four weeks after traunsplanting
to encourage tillering, or about foer weeks prior to heading to
encourdge panicle formation (in add3®tion, a nitrogen topdressing at
this later time will result in a higher protein content of the grain),
or at both times. I1f the N application is made three to four weeks
after transplanting (during the tillering stage) and other conditions
are favorable for disease development at this time, a serious blast
situation can result., According to Otani,43 cffects of adding N can
begin to shew 2 days after application and can become striking by
the 8th day.

() Information on the amounts of N recommended and the amounts
actually used come from a variety of sources., One recent veference of
interest is an FAO publication®** because it compares ¢rop yields and
levels of fertilizer used in many couuntries. This report "indicates
a curvilinear relationghip between grain yields and fertilizer use in
40 countries. Of the 22 using less than 40 kilograms of plant food
per hectare, only one, the United States, had average grain yields
above 1500 kilograms per hectare." A selection of data from rice-
producing countries (U.S. data are not weighted heavily by rice but are
included as a matter of interest) follows; 1t should be noted that
fertilizer here means the combined use of N, P,05, and K0.

Fertilizer Use, kg/ha of
Arable land, Average 1956 Average Grain Yield,

Country to 1958 100 kg/ha, 1956-1958
Thailand 0.8 no data given
Pakistan 0.9 11.17
India 1,2 8.21
Indonesia 2,1 14.95
Philippines 3.7 9.44
United States 30.9 21.46
Ccylon 34.4 13.15
Korea, Republic of 103.0 17.43
Taiwan 163.4 28.57
Japan 257.4 36.33

Even if these figures were for N and rice alone, which they are not, it

can be infarred that only in the three uorth-Asian countries of ¥orea,
Taiwan, and Japan is N application likely to be a common factor in
increasing the susceptibility of rice to blast except in special situations.
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(C) Dr. Togari¥ of the University of Tokyo stated in 1961 that
current recommendations for obtaining high yiclds in Japap were to apply
ammoniuwm sulfate at 400 to 500 kilograms per hectare on Japonicas and
100 kilograms per hectare on Indicas; this works out to about 80 to
100, and 20 kilograms of elemental N per hectare, respectively. The
reason Togarl gave for not recommending higher rates was that plants
became too susceptible to lodging at higher rvates.

(U) Matsuo'® lists the range of N use in Japan between 60 and 93
pounds per acre (calculated from the Japanese units).

(U) In the 1940's Hashioka'® considered 30 kilograms of N per
acre a normal rate of application for Taiwan, He was working mainly
with Japonicas.

(U) De Geus*® states that N supply from natural sources — a very
low content in rajiu and irrigation water, liberation of N from decom-
position of organic matter, aad fixation of atmospheric N by bacteria
and algae — is usually quite inadequate, and that in most rice-growing
countries, N application is a most effective way to increase yiclds.

He gives the normal rate of application for wetland rice at 30 to 60
kilograms per hectare, with rates above 60 seldom needed to achieve
economical yield responses. For Japan, the average rate of N application
from commercial fertilizers is 60 kilograms per hectare; an additional
amount of about 35 kilograms comes from farm manures. (Japan seems the
exception to his general rule.) De Geus reports on experimental results
from many countries that indicate increased use of N above current

levels as a desirable practice., This is especilally so in countries of
the Indian peninsula and southeast Asia.

.45 . Sy
(U) Umali*” compared tne amounts of N used in the Philippines and
Japan, 3 versus 85 kilograms per hectare, in an article designed to
illustrate the need for his countrymen to use more fertilizers,

(U) Singh and Singh’’ report results of a four~-year experiment
on the influence of N and phosphorus fertilizers, date of transplanting,
and spacing on rice yields in the Punjab: "Though nitrogen application,
even up to 80 pounds per acre, has remarkable effects on grain yield
of rice, 40 pounds of nitrogen per acre is the most profitable and cconomic
dose."

* Personnal communication.
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(U) Widespread use of commercial fercilizers on rize in the United
States was not practiced until about ten years agoe, when acreeges were
put under goverument control. Curvent recommerdations®® for N application
are 30 to 60 pounds per acre in Louisiana, 40 to 50 {rarcly 80 to 100)
in Arkansas, and 40 to 80 in Texas, Recommendations for the use of 40 (o 80
pounds of N per acre are being miade by the Experiment Station at Crowley,
Louisiana, but lodging is sometimes a problem even at the 40-~pound
rate. Blast was not commonly seen in Louisiana prior to 1955, after
which time the acreage controls forced widespread use of fevtilizer,
Incidently, the presence of blast can be used as an aid in judging the
effectiveness of a farmer's fertilizer program in Louisiana., 1f blast
is present then either N or new land has been used., 1If brown spot,
caused by Helminthosporium oryzae, is present then either too little or
no N has been applied.

(U) The International Rice Research Institute’ reports that
". . .the very practices which farmers in the tropics are being urged
to adopt -- higher fertility levels and larger numbers of plants per
unit area =-- may present a new and serious problem unless resistant
varieties (to blast) are made available." Some indication of how high
these fertility levels in the tropics may go is also given. Their
experiments on both Japonicas and Indicas at the Institute indicate
that, for a given spacing between hills, fertilizer rates above certain
levels may actually decrease yields (perhaps some sterility factor is
involved). Yields of Japonicas either did not increase significantly
or actually decreased with N applications above 60 kilograms per hectare,
vields of Indicas similarly decreased above 40 kilograms per hectare
(not to mention how badly they lodged).

(U) As a summary of this section several comments are appropriate,
Irrespective of the rice blast problem, scientists are not going to
recommend nor farmers use rates of N fertilizer that are too high to give
economical yield resporses and that contribute to lodging. The Japonica
varieties give good yields and do not lodge severely at rates of N
currently used in Japan and Taiwan. Blast is a problem at these rates
whenever weather conditions favor the disease, and is coutrolled by one
of the methods discussed iIn Section TX. The rates of N currently used
or recommended in arecs that grow chiefly Indicas do not seem tc approach
levels that would encourage epiphytotic development of blast and it is
doubrful that higher levels will be recommended until varigties are developed
that give good yields wicthout lodgtng at these higher levels. Rates of
120, 160, or 240 pounrds of N per acre on Japonicas, 80 or 131 on
Indicas, or 120 and 240 on the U.S, mixtures have been cited above as
contributing to serious blast damage. These vates are not used now and
are vot likely to be widely used commercially 1in any country at any time
in the foreseeable future,
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VILI. (L) SPREAD

(U) Tha measurement of spread is complicated by the need to krow the
source(s) of the spores acting as inoculum. Otheiwise, measurements cf
disease may Indicate "occurrence' rather than "spread." Spread occurs
within fields and, apparently, Ffrom field to ficld, although the latter
Is not well-documented.

A, (U) WITHIN A FIELD

(U) In 1954, the pathogen spread over most of a l2-acre field of Zenith
rice growing in Flovida. The origiral scurce cf inoculum for this spread
was an adjacent one-half acre containing a number of small plots of Zenith
and other rice varieties that had been experimentally inoculated. Spread
from this area of small plots was 450 feet in 13 days, 600 feet in 20
days, and 700 in 26 days. A decrcase {n disease severity occurred after
about 20 days, and workers at the site associated this decrease with
decreased soil fertility, especially decreased nltrogcn.49

(U) The following year another study on spread was made in Florida.’
Eighteen acres were planted in an Archinmedean spiral. DPlots of Zenith
and C.I. 8970 were alternated in 5-foot~wide strips out to the 300-foot
perimenter beyond which Zenith alene was planted. Disease observations
were made at sampling stations located at regular intervals along polar
coordinates. An iuoculation was made on 26 May in the center of the fiald
and covered an avea 48 feet in diameter. Little spread was frund on 9 June,
From 23 to 28 June, however, substantial disease increase was observed and
was associated with weather conditions thought faverable for spore incubaticen
from 10 to 12 June. Spread was definitely associated with the prevailing
wind direction from 10 to 12 June. We cannot locate explicit information
on the distances of spread with time,

11y T N

(U} In (964, the ceuniers of J one-acre fields of Culirsse vice near
Avon Park, Florida, were experimentally inoculated with Reze I (isnlate
429), The center plots were of different sizes in ca-h rield zvrd 2-tod

as focl for disease spread. A briel summary follows:#

* Barksdale, T.H. Uopublished data. lQbé,'Crops Pivisioa, J.5. Atmy
Biological Laboratories, Frederick, Marwvland,




Paddy 4 Paddy 3 Paddv 5

Size of focus, square feet 4 400 4356

Initiai lesions per foot of row 4.25 17 1s.9

Number of days from inoculation to first observation of:

Buildup in focus 14 14 L0
Spread from focus 17 L7 1t
Spread to 100 feet or wore 23 22 14
Diseage everywhere in field 48 35 14
Per cent panicle blast 94,5 64,3 68.3
Rough rice weight reduction, % 84.6 66.6 80,7

Buildup and spread were noted first in Paddy 5, which contained the largest
focus. Data from Paddy 4 show that an initial infection of 17 lesions
placed in the center of one acre can result in a serious epiphytotic,
Perhaps fewer (one?) lesions could, also. Spread to 100 feet in some
direction in all fields between 14 and 23 days dces not mean that spread
would not have been observed farther or sooner if larger fields had

been used. Meteorological conditions aud agronomic practices were
considered 1deal for disease development apd were essentially the

same in all fields. ’

B. (U) OVER LONG DISTANCES

(U) A scerious, patural epiphytotic of rice blast occurred in Florida
in 1953. Most of the fields affected were located more or less in a line
near a canal running scutheast to northwest. Workers®® who observed
this epiphytotic suggested that spread occurred from southcast to north-
west, the direction of the prevailing winds at that time of ycar. We
gained the impression from their report that first observations in most
fields had been made after rice finished jits tillering stage, and in
some fields around heading time or thereafter. So, although their
suggestion that sprecad occurred downwind for several miles may be correct,
their observatious may have been made too long after the fact to establish
it with as muych certainty as is desirable.
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() One of the observations made in the 1953 survey®® is especially
interesting: The Turner-Hinman field had no observable leaf blast but
did have a substantial amount of panicle blast. Similar observations
were made by Willis and by Mavchetti® for specific fields or varieties
in areas where they worked in 1963. The supposition in all three
instances is that the fields or varieties in question were inoculated
from an outside source. If there really were no local sources of inoculum,
these instances are excellent examples of spread. They would also lessen
the reliability of any mathematical scheme designed to predict panicle
blast or yield reduction on the basis of a disease pavameter of the leaf
stage.,

(U) The analysis of Allison's data from Florida in 1961 revealed an
association between yield in fields where blast occurred and the location
of these fields (Figure 5). Fields were located at distances of about
three miles from each cther along a general line running southeast to
northwest, Yield reductions of about 20 bushels per acre occurred for each
3-mile interval from the field on the upwind side of the site, although
the design of the experiment did not permit a precise measurement of yield
reduction for each increment of distance downwind. 4llison's tentative
conclusion was that the distance between fields was not sufficient to prevent . - Ce
significant spread of inoculum from upwind to downwind fields,*¥

(U) An experiment to test this hypothesis was performed in the same
area the following year, and the same or adjacent field sites were used.
The upwind field was not inoculated and was intended to sevrve as a check,
The next field in line was uniformly inoculated. All other fields were
left uninoculasted. Disease eventually developed in all fields, but data
on time of infection and amcunt c¢f yield reduction do not substantiate
the hypothesis,#%

(U) There is no question that blast can spread; however, there are
almost no quantitative data describing spread or the conditions influencing
its direction, speed, or distance.

* Personal communication,

*% Allison, W.H. Unpublished data and the associated Analyses 5219 (28
Mar 1962), 5312 (17 May 1962), and 5744 (16 Apr 1963), Crops and
Biomathematics Divisions, U.S. Army Biological Laboratories, Frederick,
Maryland.
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Figure 5. (U) Reduction in Yield with Distance Downwind. (U)
(Unpublished data, Allison)
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VIII, (C) YIELD REDUCTIONS

(1) Many statements about yield loss caused by rice blast cau be found
in the literature; some of the most recent are in the symposium held
at the International Rice Research Institute.” Padmanabhan® ™ states
that losses from blast in ten states in India in 1960 and 1961 ranged
from 0.01 to 9.73% with an average loss of 0.8%. Goto® ¥* gives the losses
from blast in Japan for the years 1953 through 1960 in order as 7.3,
1.4, 1.4, 4.0, 2.9, 2,5, 1.9, and 2.4%. When a percentage loss figure
for a certain area is given, it is usually not clear how the estimate
was made (and to what extent political considerations may have entered
the estimating procedure). There have been few scientists reporting
about the techniques of estimating loss.

(U) Yields can be reduced by disease on the leaves (Table 13) and
by infections on the panicles, Infections on leaf sheaths and on nodes
can also cause loss, but these infections are not usually considered. This
may be either because they can be grouped under one of the other headings
or because they are not common occurrences in the field., Infections on
the leaves do not cause losses that are obvious to the casual observer
unless the field is seriously affected or nearly destroyed., Infections
on the panicle are usually so obvious as to be readily associated with
yvield loss.

(U) Since the correlation between rice yield and the number of productive
tillers for a given rice variety is very high, we consider the percentage of
panicle blast as a conservative estimate of yield loss. Dahlke¥***
substantiated this idea in 1963 during a study of epiphytotics occurring
on several varieties of U.,S. and foreign origin. Negative correlation
coefficients were found between yield (measured in bushels per acre) and
the percentage of panicle blast on those varieties that were severely
affected on the leaves:

* Pages 203 through 222.
** Pages 195 through 202,
*%*% Dahlke, G.R. Unpublished data and the associated Analysis 6433 (5
Aug 1964), Crops and Biomathematics Divisicns, YU.S. Army Biological
Laboratories, Fredericl, Maryiand.
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Geometric Mean Mean

Yield, pounds Panicle Correlation
Variety _ber_acre Blast, % Coeftizient
Toro 434 .4 71.3 -0.912%x
Arkrose 429.,3 67.3 -0.891%%
Colusa 665.9 59.9 -0.772%%
Nato 380.9 80.6 -0.651*
Rexoro 1068.8 32.3 ~0.972%*%
C.1. 8970 485.5 70.9 ~0.888%*
Fujisaka 5 163.0 88.5 -0,879%*

* Significant at the 95% level.
**% Significant at the 99% level.
{U) Goto ¥ summarizes the work done on the correlation between yield
loss (Y) and the severity of panicle blast (X) by two statistical offices
in Japan. Here X was derived by examining each panicle in a sample and
assigning it 2 disease severity rating using intervals of 10%:

- Sum of severity ratings for each panicle
Total number of paunicles in sample

X

An alternative method was just as satisfactory and required less work:

Number of severely . 50(Number of moderately . 20(Number of lightly
X = affected panicles) affected panicles) affected panicles)

Total number of panicles in sample

Samples were examined 25 days after heading. The method for determining
yield loss was not stated., The formulas derived by the two offices are:

Y

1.23 X -~ 6.4; r

0.955 for 45 samples

Y

[}
it

1.32 X - 13.5; T 0.983 for 10 samples

These twe formulas are probabiy very useful in the local areas for which
they were developed. They certainly indicate a high correlation between
panicle blast and yield reduction,

* Pages 195 through 202,
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{C) Anothers way of estimating loss is to compare actual grain yields
in a diseased plot with yield expected if no disease had been presert.
The disease-free yield could be obrained from some suitable contral plot
in the same field, Fungicides were used by Dahlke ard the senicr writer
to obtain checks in Florida and Okinawa.* An alternative method would
be to assume that the conditions of the experiment would have produced
a yield near that of the long-time average yield for the same variety.
Because rice yields in the United States vary as much as 1,000 to 2,000
pounds per acre from year to year,3 this method 1is not very good.

(U) Examples of per cent loss recorded in Table 7 (Section TV C) are
based largely on percentage of panicle blast. Other examplers of losses
observed in the field can be found in publishedaa;49’50 avd unpublished
data from Crops Division. These losses range from zero to nesrly 100%
for a given field, 1If losses were low, the reasons usually were thought
to be one or more of the following: (i) an unsuitable race~variety
combination, (ii) unfavorable weather for incubation during some part of
the growing season, and (1ii) predisposition of the plants toward resistance
by drought, plant aging, high night temperatures, or low nitrogen. On the
other hand, favorable weather, an abundance of inoculum, ard high nitrogen
levels are usually cited as the principal factors contributing to Severe
epiphytotics and to high yield reductions.

* Unpublished data, Crops Division, U.S. Army Biologfzal Lag;réfﬂfics,
Frederick, Maryiand.
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IX.__‘Z) PREDICT ZNS_ANT ZONTROL

t 2 Ir van der Plank's analyses of epiphytoti:s, 37:81 he emphasize:
the rat2 of disease increase. He shows that for some diseases i: is-
possible t> evaluate the effectiveness of a particular contr>] wmeasure
in terms of the number of days that the onset of the epiphyt:ti: car
be delayed. 1t may some day be possible to apply his concepts t»o rice
blast and to answer auestions like the following. f{i) How resistant or
tolezant a variety should the rice breeder develop 8o that the rate of
disease increase in his area will not become too rapid? [ii) When should
a farmer apply fungicide sprays so that onset of the epiphytotic will be
delayed during those pericds wher plant growth stages or weather
corditinrs are mcst favorable for epiphytotic development? (iii) When can
the farmer apply topdressings of nitrogen fertilizer that will increase
his yield without ircreasing the rate of disease increase?

{(C) The ability to predict epiphytotics, i.e., to describe in some
mathematical way disease occurrence, increase, and the resulting yield
loss, can be a two-edged sword. Just as this knowledge can be used to
control the disease, it can also be used to increase the likelihood or
severity of disease, if that should be the interest of the experimenter.
For example, van der Plank cites instances where some cultural practice
or field control measure involving the removal of diseased plants or other
source of inoculum (i.e., sanitation) is used to decrease the amount of
inoculum present in the early growth stages of plants, and this decrease
delays onset of the epiphytotic. But suppose, in the inetance of rice blast,
that the rate of increase were given a boost eavly in the rice growing
season by disseminating inoculum artificially? Prediction eguations
should indicate the quantity of such artificial inoculum and the timing
of its application. For prediction purposes, it may eventually be
necessary to develop several groups of equations, perhaps one group for
~Japoricas and one fer Irndicas. Within each group it may prove useful
t> -orsider short-, medium , ard late-maturing varieties serazately.

Some progress in this direction has been made and is discussed after the
prircipal control measures row vsed commercially ave dec:ribed.

£.) The most widely used cortrol method is growing resistant varieties.
The most rezert summary of “he work being done to develap -esistant
varieties is fourd in several pape-s presented at the Symposium held
at the International Rice Research Irsritute.” For a number of years.
breeding for resistarce has been carzied out in the United States, Iaiwanm,
Irdia ani, espe-ial’y. Japan. The b-eeder's problem is intersified
by the existence of races of the pa*hogen, some of which appeéx td
predominate ir localized or regional aceas of the world,” Because the
scientifis coomuricy in most countvles seems hesitant to import races
or cultures of Picicularia fourd in orther parts of the worli for testing,
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rice varieties are being exchanged. On the basis of his ex2rerienze in
Taiwan, Thailand, and the Philippines, Dr. ou® of the Internatimmal

Rice Research Institute has standardized a nursery bed design to test

the reaction of seedlings to blast in the field, aund the irstitute hooes
to establish similar test nurseries in other rice-growing countries. Such
a nursery was conctructed at the Institute in 1962 and it can be used to
test 2,000 varieties or breeding lines at a tiwme, Once the Irstitu:te
establishes nurseries in other areas and furnishes local s:cientists with
breeding material to be tested, international progress in developing
resistant varieties will advance rapidly. 1In addition, the world pattern
of distribution of races of Piricularia will become better understoad.

(U) Fungicides can be used to control the disease in either the leaf
or panicle stage. The Japanese have been leaders in the development of
fungicides for blast control, and their progress has been reviewed,” *
Orgaric mercurial compounds, especially phenyl mercury acetate, have
been on the market in Japan for years and are widely used there., Serious
objections to the use of mercurials in the Urited States und:ubtedly would
arise for public health reasons. Recently, an antibistic compound,
Blasticidin S, has been developed and commercial formulatiors usually
include a mixture of phenyl mercury acetate and the autibistic., A Yecent
summary of the research and development of this fungicide indicates that
Japznese farmers used it on about 160,000 hectares in 1962, and its use
was expacted to double or triple in 1963.°2  The senior author's experie
ence with Blasticidin § on a limited experimental scale indicates that the
mrerial gives excellent control.

(U) Quite naturally, the Japanese have developed chemicals effective
for the Japonica rice varieties. The mercurials and to some extent the
commercial formulations of Blasticidin that contain mercury are vhytotic to
Indica varieties, however, and are not recommended for use on them,

Thus, areas where Indicas are grown are left without as good a fungicide
as would be desirable.

(U) The use of chemical contrcl is determined by economirs, whether
the farmers can afford to buy the fungicides avd application equipment.
Japan is the only country in Asia that is economically Jevelsned to
the point where farmers can afford Lo use fungicides on a large s-ale.
Taiwanese farmers use them to a lesser extent, but their uce elsewhere
in Asia is practically nil. 1In 1963, Okamoto stated:°*

"In Japau, the average yield of rice is about 4000 kilograms
per hectare for brown rice and its official price is about $200 ver 1000
kilograms ($800 per hectare on an average),

"Chemical control of blast with the most expersive dust cnsts
about S$11 to £33 per hectare."

# Pages 399 through 408.
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(VY Equipment {or the application of fungicides an? irsectizides is
modern agvd in Ismmercial use In Japan. Just as Amevlcen vize farmers
have turred to the airplave for diseaze and insect contral, 357 have the
Japarese, alrhough the latter use mogtly helicopters instead =f fixer
wing aircraft because of the small fields, numerous telephone and elec-
trical lines, and numetrous builldings, Aerial applications of fungicides
to control blast was made on 1,045 hectares in 1958 and 5 yeavs later,
in 1962, this serially treated acreage had increased to 140,150
hectares.”™

(¥) The use of various agronomic practices to control or umoderate the
effect of blast had already been discussed in Section VI, C.

(U) None of the prediction equations now available are complete in the
sense that they can predict yield (or yield reduction) by combining
terms relating to inoculum levels, agronomic practices, weather conditions,
rates of disease buildup, levels of disease severity, and other variables
into one equation. However, there are some beginnings.

(v Rorie!® made a series of nightly inoculations in ovder to f£ind out
how several variables affected the establishment of primary infection
following an artificial inoculation. From the analysis of his data,
the following equations were obtained for the amount of inoculum indicated:

)

for 0.0 gmjacre, Xj = -2.3614 + 0.01304 X, + 0.04765 X3 + 0.01520 Xyp;

"

0.1 gm/acre, X{ = =2.1974 + 0,003436 X, + 0.06753 X3 + 0.01419 Xjq;

1.0 gm/acre, X{ = -2,3460 + 0,07117 Xy + 0,1087 X3 + 0.01284 Xyg;

[}

10.0 gm/acre, Xi -1.7344 + 00,1150 X, + 0.1321 Xg + 0.008159 Xi0;

where X{ is the log (average number of lesions plus 0.01),
X is the amount of dew based on an arbitrary scale. 1 through 8,
Xq is the length of dew period in houzs, and

X10 is the leaf srea in square centimeters ar the time 2f inoculation,

(L) The first eguation indicates the p2ssibility of lesion ozcurren:e
without artifirial inoculations, a fact due to the nres:nce 2f a low level
of natural irsculum, Tenmperature, a variable expacted Lo enter irto these
estimates, was not limiting during his field study, ov was not limiting
on endugh nights, and ifts effect on lesion pryluction wes nrt gigoificant.,
The 95% coufidercze limits for the equaticn coefficients are given in his
report,

* Pages 415 through 420.

CONFIDENTIAL




9% CONFIDENTIAL

(U3 Kulik* did similar work. He used twc varieties ard srly :re
inoculum level, ten grams per acre. Results of lecior courts were Tz e
on the basis of both a sample of 50 plarts ani a leaf a-c2 of 10C =7 .z-e
centimeters. Estimating equationi for a given variety ar? bassi: o4
lesion count indicated follow:

for Colusa per 50 plants, Y' = -2.28 + 0.094 X3 + 0.024 Xg
for Colusa per 100 sq cm leaf area, Y' = -2,29 + 0.125 Xy + 0.028 Xg
for 8970 per 50 plants, Y' = -2.96 + 0.126 X; + 2.52 X, + 0.023 Xg
for 8970 per 100 sq cm leaf area, Y' = ~3.00 + 0.152 X; + 3,19 Xz + 0.029 Xg
where Y' is the log (average number of lesions plus 0.01),
X; is the leﬁgth of dew period in hours,
X3 is the period of 100 per cent relative humidity ir hours,
Xg 1s the amount of daily rainfall in inches, and
Xg is the average leaf area at the time of inoculatien in square centimeters,

Again, in this test the effect of temperature could not be determined. The
length of dew period contributed similarly to the estimate of lesiors in
both Kulik's and Rorie's data; however, in Kulik's work the contribution

of leaf area at the time of inoculation was greater.

(C) Natural outbreaks cf blast can be predicted in some areas on the
basis of weather. The senior author thought that the first occurrence of
blast on Okinawa for the first crnp could be predicted for the week foll™ing
the rise of minimum temperatures about 68 to 70 P, provided that there
were dew periods of suitable len, .. A prediction made on this basis
would have proved especially useful in 1962 when there was e rapid werming
trend at the end of April.

v) Onos** gives an introduction to the Japanese literatuce »n blas-
disease forecasting, and examples of formulas derived a: several Jimarese
Prefectural Experiment Stations follow, In Yamarashi Prefe:tuve the are2
of disease outbreak (v) is given by:

* Kulik, M.M. Unpublished cdata ard the associated Analises 4451 5 Dec
1960) and 4447 (20 Sept 1960), Crops an? Biomathemsci-= Divisi.rs, T
Army Biological laboratories, Frederick, Maryland, ’

*% Pages 173 through 194,
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y = 12703,73 - 157.34 x r = 0.761

vhere x is the average percentage of suonchine in Jure and Julv, In »sthe:

words, the less suunshine (the more cloudy and rairy the weather ) the wore

blast. Units of sunshine and area are not given. In Yamaguchi Prefecture
a series of formulas has been developed:

vy = 144.8 - 5.35 a r = -0.69
y1 = 31.3 -~ 0.366 b r = -0.79
vi = 0.18 c - 5.6 r = +0.88
Yo = 75590.7 - 2886.96 d r = -0.65

where y; is the area of leaf blast outbreak,

y2 1s the area of damage,

a is the average temperature from 20 to 25 June,

b is the maximum temperature from 26 te 30 .June,

c is the precipitation from 26 t> 30 June, and

d is the average temperature from 1 to 5 July.
The units for these formulas are not given and it is difficult to describe
what they mean in physical terms without knowledge of the plant growth
stages for the dates given, It is interestinz, bowever, that formulas
of this type, which ignore inoculum potential and disease severity, can
be derived and are presumably useful for spezific rice-growing areas.
A similar type of equation for estimating yleld on the basis of raiunfall
and a degree-hour term was given above in Section VI, B. 2 {-om unpublished

data of Allison.

{Y) A formula taking fertilizer levels into account has been obtained
also. Ir Iwata Prefecture the area of disease outbreak {z) is estimated:

z =040 x + 6.67 vy + 29,06 r - 0,96
where x is the sum of the sunshine times in July and y is a mavure

index using the 1937 through 1939 level &s an index value of 10. Units
avre not <lear in this formula, either. Kobayashi and co-workers predict

CONFIDENTIAL
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cutbreaks of neck blast by measuring the soluble nitrzsger -~aeal ~ior-
gen, silica dioxide, or any combina‘*ion of them in the t-p lezf ¢ the
rice plant. Ichikawa's group used the ash-t:-nitrogen ra.ic *o pre<t.t
outbreaks. Hori is reported to have developed forerastirg forrulas

using the number of silicated cells in sections of the tod lezé! =-~llezred
at the time of ear formation.”*

(U) Correlations between yield reduction and paricle blast like those
described in Secticn VIII should be useful for predizvions.

(U) In Section IV, C, we attempted t> use = "usve Figiure 1. hase:
~n minimum requirements of dev period and temperature to predict whether
infections were likely to ocecur on specifi: nights, An axremp* was als:
made in the aralysis of data from several epiphvtotics {Appendix ard
Table 7) to use the percentage of nigh+s with conditiors described by =~ints
above the limits of this curve to gair Irformation ahoit *he rate of
disease buildup and yield reduction. Equations for the vsrieblzs having
a highly significant correlation coefficient with yiald reduction
were computed:

(1) y = -4.116 + 1.6278 xq £ = 0.705
(2) y = 18.389 + 0.12375 x, ¢ = 0.769
(3) y = -76.854 + 1.9796 x4 r = 0.749

where y is the percentage yield loss,
x, is the exponential rate of disease increase times 100,
x, is the highest lesion count observed, and

X, is the percentage of days with weather conditlons tav:ranle for
incubation. The above equations, together with the obsexved values
and lines indicating ilimits, are found in the Appendex. When all three
variables were used in a regression equatior for per cenrt vieléd loss,
the coefficient for the rate term was no* significant, Ferce, a regressisr
equation combinirg the other two variables was computed:

y = -50.94 + 0.08426 x, + 1.2343 Xq
and the multiple correlation coefficient was highly signi¢.~ant ‘R .+ 0.88).

A table with y solved for several intervals of xy and Xq i found ir *he
Appendix.

* Pages 173 through 194,
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(U) 1In making predictions about some aspect of rice blast epiphytoloyy,
ong naturally choses thase vaviables that seem mdost suitable for the
purpose in mind. In some iustances this wiil be a rate of diseasc
increase calculated after van der Plank's formulas, in other instar:zes
certain weather data, and so on, At present, we do not know which
irformation will permit development of the most accurate and most useful
predictfion equations. To use the equations immediately above, one must
wait uatil the epiphytotic is nearly over to obtain lesion or rate data;
or, one must be able to predict dew periods. We are still in an empivical
stage where each time workevs sctudy epiphytotics they should gather
as much data as time, fFacilities, and personnel will allow, and where
statisticians should examine the data in a variety of ways.

(U) One of the best summarics of thg*present status of rice blast
epiphytology has beeu made by Hashioka, and his summary provides
a suitable closing statement for this report, also,

"The effects of the individual eaviroumental factors on
the diffevent phases of growth of the fungug, disease development, and
host predisposition in the rice blast disease have been studied extensively.
. . . On the other hand, experimental research on the complex simultaneous
cffects of more than two enviromnmental factors has been limited to the
present despite their importance for the population ecology of the
disease, i.e., epidemiology."

(U) In this report, all factors known to affect the epiphytology of the
rice blast disease are described individually, and, where known, in
combination. Where possible, these factors have been quantified,

* Pages 153 «hrough 162.
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{U) APPENDIX
(U) BASES FOR PREDILZTION OF RICE BLAST EPfPHYIOTITS
I. (Y) MODEL FOR MINIMUM LENGTH OF DEW FERIOD

REQUIRED FOR INFECTION, AS A
FUNCTION CF IEMIGRATURE

(V) Various laboratory experiments on rice blast that involve?d
temperature and dew period have been performed by various workers,
The data were reviewed and observations selected that indicated,
for a given temperature, the minimum length of dew period at which
infection occurred. 1In order to find a mathematical expression to
define a linear relationship between the two variables and simul-
taneously fulfill a limiting requirement, various functions wei2
investigated,

(U) The search for a suitable function was initiated by stating
the requirements for the limiting feature as follows:

- 1. Lim £ (T,D) = Dasymptote : D 2 Dasymptote
T > w

T

2. Lim £(T,D) = Tygymptote ° T asymptote

D ==

v

3. T varies inversely with D
4, The number of parameters preferably should not exceed two,

5. The function should linearize the observed relationship
between T and D,

(U) The mathematical properties of several candidate functions were
investigated as shown below. ‘
1. DT = a

log D = loga ~ log T

Lim (log a -« log T) = ~ o T -»0
log D = w
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1. DT = a

log D= log a « b log T

Lim (log a - b log T) = ~ = T-=>0 : (b>0)
log D => ®
111, 1l =a, 1
D T
Lim (8 + 1/T) =0 Tasymptote = - I/d
D <5
D = 1/a
a tot
Lim (a + 1/T) = a symptote
T =>w But Dysymptote # ~Tasymptote
. —%- =a+ b/T
D = w
Lim (a + b/T) = a Dasymptote = 1/a : a>0
T > »
v. D + TP = k
Lim (k - TP) = 0 Tasympote = k /P 1 a >0
D =»>wx
Lim (k - T°) = k Dasympote = k : b<O
T > w

Difficult to estimate a, b, k.
A three-parameter function.

(U) Functions I, II, and III were not acceptable because of the
asymptotic properties; function V would be difficult to employ. Function 1V
was deemed satisfactory for the first four requirements as listed above.




(U) 1t was instructive but not initially obvious to examine the

plot of
aD s (D)2
OT T

as a measure of assessing linearity,

Approximating AD/AT by dD/dT and writing
dp _, (D)2
dT T
we proceed to solve this differential equation as follows:

db/D% = b/T2 4T

- 1/D= =b/T - a (where -a is the consctant of
integration)

or 1/D =a + b/T

which corresponds to candidate function IV. From both approaches to the
evaluation of function IV it was concluded that it was currently satis-
factory and that efforts to deduce a more accurate model must await
refined data.

(U) As a result of this investigation, it was found that by taking
the reciprocal of both length of dew period and temperature, the desired
linearity resulted, as can be seen from Figure 1. A model that adequately
describes "minimum length of dew period required for infection' as a
function of "temperature'" is then:

.

L . b
D a+T (]_)

where: D is the minimum length of dew period required for infection, and
T is temperature,

This model is also consistent with the knowledge of the effect of these
two variables on infection, since both are known to be limiting factors.
That is, some minimum dew period and some minimum temperature are both
known to be required for germination of the rice blast spore. Equation
(1) is characterized by asymptotes other than zero for both D and T.

e
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(U) Upon estimating the parameters in Equation (1) from the available
data, the following equation resulted:

1 =0.2650 - 12,26 ]
D T (2)

where the unit of D is hours, and the unit of T is degrees Fahrenheit.
Standard errors for the two parameters a and b were 0.0058 and 3.44
respectively. Ninety~five per cent confidence limits for the mean function
and 80% prediction limits for individual values are shown on Figure 1;

the numbers in parentheses indicate number of observations.

(U) The curve describing the lower 95% confidence limit can be estimated
directly, without reference to Figure 1 or to the mean function, by use of
the equation;

.113 = 0.2650 - _}'.2_’i‘_2__f_; + 2.145\/0.000033513 + 11.86598(41; - 0.014290)7

where D is hours of dew and T is temperature in degrees F.

(U) Figure 2 éshows the observed points, computed Line of regression,
and limits in terms of the origzinal scales for both variables. Computed
asymptotes were 46,25 F for tewperature and 3.78 hours for minimum length
of dew period required for infection, That is, the miniwmum remperature
at which infection can occur approaches 46,23 F as the length of dew period
becomes infinitely long. Similarly, the minimum length of dew period
required for infection approaches 3.78 hours as temperature becomes
infinitely high.
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To. o ) AN DXAMINATICS Cf CANDIDAL _ARIAG.ES

FOR_.SE AS PRED.ZICRS_OF PER JENL tiELD
RED.CTION

(U) Available data from 24 rice blast epiphytotics were widely
separated in time, location , rice variety, and vace of the pathogen.
ard were obtained by various experimenters, Considerable variation
was therefore to be expected. Sheuld a basis that prevides rcascnably
a. wtate 2stimates of epiphytotics be determined from these data. mu-h
meve aciuracy could be expected from application to a given lecation,
vrice vari-try, race of pathogen, time, and experimenter,

v kev cent yield reduction is considered the ultimate measure of
an epiphycotr , and has therefore been used here to evaluat:z the

efii ienty as predictors of other measurements taken during the course
of *he epiphyrotis, 1Iun most instances, the per cent yield redu-tion
was taken as the per cent of panicle blast, which should give a
conservative estimate. Candidate wmeasures arve des~ribed below.

1. ') Expomential increase rate (100k), or per ceat per day
increase in number of lesions

(U} In obtaining this measurement we used epiphytctics for
which three or more peviodic observations of number of leaf lesions
were avallable, Using periods duriag which the buildup appearved to have
reachad the Jogavrithmic rate, the equation

Cp = Coelt '3

where: £ = (oacencration in terms of number of lesions
time

-~
i

wa» fitted to the data for each epiphytotic. in this equzétion 100k is the
exporencial increase rate, or per <cent per day increase in number ot
lagiens,

2, () Log numbzr of lesions 18 days after escimated time for
one l=sion

% Lsually; l2af lesion counts were wade per foot 01 row or pzr hill,
depending on the -altaral practices used.
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‘ (U) 1n addition to the rate computed abcve, a measuvre 3£ the
actual number of lesions during the early stage of the epiphytouic wzs
desired. In order to place the epiphytcetics on a comparablie basis, and to
estimate number of lesions as early as possible after the exponential
rate of increase would be expected to begin, the time 18 days after the
time estimated for one lesion to appear was chosen somewhat arbitrarily,
The logarithm of the number of lesions expected at this time was computed
by sciving Equation (3) first for t, setting C¢ = 1. This time was then

incremented by 18 days, and the equation solved for C.
3. (U) Average daily increment of diseasc multiplication

(U) The investigator desired to use this measurement. It was
computed by obtaining the diffcrence between the greatest and smallest
number of lesions observed for a given epiphytotic, and dividing this
difference by the number of days between the two observations.

4, (U) Highest leaf lesion count observed

(U) The actual value of the highest lesion count observed
during the period used for fitting Equ tion (3) was used as another
measurement.

5. (U) Per ceut of very favorable days for disease multiplication
on the leaves

(U) For each epiphytotic six days (the period of incipient
infection under temperature ranges usSually found in the field) were
subtracted from the end points of the period used for fitti.» Equation
(3), to give the probable dates of incubation. The probable incubation
periods were then examined with respect to average night temperatures
and length of ¢ - period. Those days that were characterized by points
above the uppe. 5 per cent confidence limit for the line of regression

shown in Fipure ] were considered very favorable for disease multiplication.

6, (U) Per cent of favorable days for digsease multiplicatrion on the
leaves

(U} Those days characterized by pointe above the lower 95 per
cent confidence limit for the line of regressinsn shown in igure 1 were
congidered favorable for disease multiplication.

(U) Table 1 gives observed values of the above variables for 24
epiphytotics., Simple correlation coefficients betweer each of the candidate
variables and per cent yield loss are shown in Table 2., This table also
shows siwple correlation coefficients berwean “per cent daws ve:y favorable
for disease multiplication' and each of the other mcasurements, and between
"per cent days favorable for disease multiplication" and esch of the other




115

sApG 3D 13g 9

sfeq Wa) 1y

A1teq ‘8ay g

089 umouNtL vacuNu) umouyun uBoOLYUN %)
0°0S 0 [o} umouNun 0 ¢ i7
0707 ¢ 0 UAoUNU, L 0 (o) Py
9° 65 0 0 umouNun 0 0 N
i) 0 0 tsouyun 0 c [vhy
1714 (7881 6672 10761 G e 1 [
9Ly 0712 ¢0 01 1210°¢C $*92 81 /1
0%/ £°3¢ 967561 978" ¢ 1°9¢ 11 1
0°6¢ ey [0 ¥4 ofaev 7 L9 £ 0 G
£°9¢ 0° 8y [V S191°¢ 20 LT 0 St
[N & 0°RZ 0.1 1262°¢ €62 0 sl
(8% 545 1778 20%8°7 £°9¢ N €1
0789 0°0% Iz t0(97¢ ) [ 71
089 0°0L £9°0 605870 6701 81 Tt
(S8 97388 98°96¢ 7601°S ©T59 56 [¢X
LsH 9°2%9% TLe {842 I8¢ S6 o]
£°63 3°0¢ 98°0 1€on°1 81 !9 3
Ha4 9°8€L L°e 7616°¢ 1°0% 9 A
6°0¢ uMOUNI umouun umo LU umouNun 6 (<]
£°¢! 07 9¢ {9792 cinete 0°0¢ A8 S
0°0¢ £°6¢8 0z 8€1 thetty 76 9% "
0°0¢ €% 00°¢1 065672 L7Lf 16 t
69 9887 0z 1€l 89(R°T [R+14 9 <
2°659 S 8L 0%°/1¢ 1911°¢ 6" 6¢ $b H

woryeayd vortedtidraing pio11 uotrzedrd U0tsYT | 203 Aery PSU0T A §S07 p1ota aquny

aErasiqg 1ad - 8ne unoy -11INW 25E2S1G *15% 1913y sdeq@ g} Ui dsTRIdUT Aeg WYy 1849 Aydidz

olqracavy arqeroary Lxop uc1say 3Isayfry v 3o 3juPwaiduf SUOYsey toy 3o g W) Ao

() SOILOLAHALIT #Z NI SITAVI¥NVA ALVAIANYD ¥Od VIVA JZINWOD GRYV QIANTSEO ny -

JTgvL




116

.Haaﬁﬂo.w;
“12:91 §0° 2y

13 42

p2AI2SQO JUROD uOYSAl 3saylry sa

x66%°0 ze M voyaes>71dII{0@ 2STISTP 103 IIqeIoaR] SATp

WD a0

PUAITSQO 2WNOD UOTSIT 1s3y3TYy - sa

7.0°0 2 woT3e2¥TId I3[ Na #SPASID 10T ¥jqracAel AIeAa Siep

qua> Jag

uoTIe211dI3INm 2S¥SSIPp JO 3uswaIdut K7I2p -Sse csa

150 zZ uoy3esT{dra(ne 2SeISTP I0F IYQLI0AR; SKBp 1UD 13]
uot3RdTIjdraInw 3svasip Jo 3Iuowaadur Kilep "Sar -sa

660°0 Fard ‘ ucTIedTIdYITNE SSeBSTp 103 27qeI0oAR] AIoAa SA®p WA 13g

¢ VOTSSY 1 I0J LwIl “1I85 I23Je SAvp g7 suorcai ‘ou Foj *sa

06270 21 aor3eo11dTIITNE aSeasTp 0] a[quioae] SAEp UL 33§
uoTS@Y [ 03 JWTI *ISA I92Je sAwp §] SWOISIY 'ou 3oy -sa

960°0- §1 uoT3edTIdI3inw seISIPp I0J d[qurioae3 axsa sfep Juad a3g
(4001) suoys@i uy aseoanui £=p 32d 3Juad 1od -sa

xWBY° 0 22 uoTIEDT1dIdiNN 3SEESIPp 20F 2[QBIVAE]T siep Wed 223
(3qQ01) stoTsa] uT aseaxd>uy Lep 33d IUdd add *sSA

84270 2z © uoT3edTI4TI[NW BSERSIP I0J IJQEIOAETI AIsA SAep UBd 129
ssoy piaif w32 x3d rsa

2x6%L°0 LT 4 uot3edY1dTIITNW FSeISTP 0] I[YRICAERF SApp UdD 1y
8501 P1aT& 3uz> xad csa

6€0°0- wZ UoT2e0T]dTITNW ASEISIP A0 DIQRIOAEI Kien Sdep o> 13g

2269L°0 2 5807 piaYf 1ued> 13d *Sa IUNOS LOTSS PIAIDSQO 3sayliiy
$507 PI9TL USD 13d *sa

#2E5°0 27 2013e2T1dTI[NW 9SPAISIP JO 2UDWRIDUT A1TEp "Bay
$SOY PIRIA Jved> 32¢ *sn

26860 81 uoTsaY [ 303 2MWIT ‘2SI 3237V sdep 8] Su01sd] "oOu o

$807 PI®TA 3usd> 18d *sa

250L70 s (NOO1) suo}sar utr aseaIduy Lep 18d Juwed 228
JUBTOTIIB0) SuU0IIVAIISQO sa1qelaep
UoOrIeIdI30) Jo Iaquny
(Q) SINIIDIAJIOD NOIIVIRNOD F'WWIS () 7 I19VvL




measurements, In addition to correlations shown in Table 2, c¢orrelation
cocfficients based on the arc sine transformation for all variables
involving percentages, and on the logarithmic transformation of highest
lesion count, were also computed, These coefficients differed so
minutely from the coefficients based on original values that they are
not considered here.

(L) Note that all candidate variables except "per cent days
very favorable for disease multiplication'" showed a significant correlation
with "per cent yield loss.'" Vsriables for which coefficients were

significant at the 0.01 level were:
1. Per cent per day increase in lesions (100k),
2. Highest observed lesion couunt, and
3. Per cent days favorable for disease multiplication.

(U) Computed equations for estimating "'per cent yield loss" from
each of the above variables were:

¢ = 7-4.116 + 1;6278 Xi N rétaﬁaara errér4ofrsioée =’0.§662 ké)
¥ = 18.39 +0.1238 X, standard error of slope = 0.0230 (5)
¢ =-76.85 + 1.930 X3 standard error of slope = 0,3642  (6)
vhere: Y = per cent yield 1--s
X1 = per cent per day increase in lesions (100k)
X, = highest observed lesion count, and
X3 = per cent days favorable for disease muiriplication,

The above equations, together with observed values, 95% confidence limits
for the lines of regression, and 80% prediction limits for individual
values are plotted in Figures 3, 4, and 5. Equations (4), (5), and (6)
provide approximately the same precision of estimates of per cent yield
loss, standard errors of estimate being 29.899% for Equation (4),

26.969% f£or Equation (5), and 27.556% for Equation (6).
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(U) To determine whether the precision of estimatec of per ceut
vield loss could be improved by simultaneous ceonsideration of the other
three variables, the multiple regression technique was used. Partial
correlation coefficients (or correlation of per cent yield loss with
a given independent variable holding the other two independent variables
constant) and tests of significance were:

Partial
Gorrelation Approx.
Coefficient Computed t Probability
rv; .13 0.4946 2.414 <0.05
ry3.12 0.6488 3.62 <0.01

where subscripts of r correspond with identification of variables given
above.

(U) Thus X;, or "per cent per day increase in lesions (100K)*" in
‘the presence of the other two independent variables did not contribute
significantly to the estimate of per cent yield loss.

(U) Eliminating X; from the computations resulted in the following:

Partial
Correlation Approx.
Coefficient Computed t Probability
I'Y2.3 0.6890 4.14 <0.01
r'y3.2 0.6663 3.89 <0.01

with a muitiple correlation coefficient, significant at the 0.0l level,
of 0.879.

(U) The estimating equation for predicting per cent yield loss
from known values of highest observed lesion count and per cent days
favorable for disease multiplication was then:

? = -50.94 + 0.08426 Xp + 1.2343 X, (7)
Standard errors of partial regression coefficients were:

0.0281 for the coefficient of X,, and

0.4250 for the coefficient of X3.




The standard ertor of estimate of per cent yield loss from Equation {7)
was 20.633%, a reduction of about 7% over estimates from Equati:ns (4),

(5), and (6).

(U) Equation (7) describes a plane, and is based on the assumption
that a linear 'relationship exists among each pair of the three variables.
In Table 3 values of per cent yield loss, as estimated from Equation (7),
are cross-tabulated by highest observed lesion count in increments of
100 lesions and by per cent days favorable for disease multiplication in
increments of 10%.

M e~ — e
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