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Relatjon of light and temperature to the sporulation of

Alternaria tomato (Cke.) Weber

I. Introduction.

Reproduction is one of the physiological processes of fungi which
is of great interest to mycologists, plant pathologists, and other
biologists. With fungi, as with other plants, the development and the
morphology of sexual reproductive structures are of great importance
in identification and classification.

In general, fungal reproduction is divided into two parts --
sexual and asexual. Spores from the sexual and asexual reproductive
bodies function to disperse the organism to new areas or substrates
and may also allow the fungi to survive unfavorable conditions.

Many fungi are either unable to produce or are not known to produce
sexual reproductive bodies. These fungi are placed in the class Fungi
Imperfecti and are class.fied according to their asexual reproductive
structures. Although spores from these asexual reproductive structures
are not heavily relied upon for classificatory purposes, they are
important biologically in that they allow for the dispersal of the
species and for survival during unfavorable conditions.

Many of the fungi that are commonly encountered, e.g., Aspergillus
spp., Penicillivm spp., Cladosporium spp., Rhizopus spp., Fusarium spp.,
etc., do not develop sexual reproductive bodies under normal conditions
and thus are difficult to identify and classify. These fungi, however,
produce asexual fruiting structures which can be used in their identifi-
cation and classification under the admittedly artificial but useful

Saccardoan system. Asexual reproduction is frequently many times more



prolific than sexual reproduction. With the aid of slight genetic
changes and selection pressures, the species is able to survive adverse
conditions. The very fact that these are common fungi attests to their
reproductive capabilities.

Under environmental conditions favorable for growth, many fungi of
the Ascomycetae and Phycomycetae reproduce asexwally, whereas under less
favorable conditions for vegetative growth there is a greater tendency
for sexual reproduction to take place. With many phytopathogenic fungi,
asexual sporulation takes place continuously or in successive waves under
favorable conditions. Most of them are known primarily by their asexual
stages, and in tropical or subtropical areas with year-round favorable
growing conditions, perfect stages of many Ascomycetae and Phycomycetae
are not common (55).

Asexual sporulation of most fungi occurs readily enough under natu-
ral conditions but jn vitro sporulation can be very poor. In addition
some fungi lose the ability to sporulate in culture, more or less rapidly,
with repeated transfer.

Much work has been done in the field of fungal sporulation, but
because of the heterogeneity of the test organisms and the inherent com—
plexities of the reproductive processes very few generalizations can be
made. Among the factors which have been studied and reviewed by Cochrane
(50), Hawker (52), and Lilly and Barnett (53) are light (radiationm),
temperature, water relations, oxygen-carbon dioxide relations, pH, carbon
nutrition, nitrogen nutrition, vitamins, and specific reproductive
hormones.

Much of the effort in the study of sporulation was made to obtain

spores in quantity. lLarge numbers were required for spore germination



processes, various pathological processes, epidemiology, genetics of
fungi, or for making cytological studies of the spores themselves. Such
studies have resulted in numerous methods of inducing fungal sporulation.
Most of these were empirical in nature and as soon as a certain technique
proved satisfactory for sporulation very little further effort was made
to study the fundamental factors involved.

The present study was also started in this vein, i.e., spores of
Alternaria passiflorae Simmonds were needed for epidemiological studies
of passion fruit brown spot. However, this fungus, like many large-
spored members of the genus (10, 34, 37, 44), sporulated very sparsely
under laboratory diurnal light and temperature fluctuations and did not
sporulate in incubators at temperatures ranging between 15° and 35° C.

suring the summer of 1960, a collection of passion fruit brown spot
wag made and isolations revealed the causal organism to be an A;xgxnania
sp. distinct from A. passiflorae. This species was subsequently identi-
fied to be Alternaria tomato (Cke.) Weber. A. tomato is further dis-
tinguished by its capacity to form spores in abundance in distinct sporu-
lating zones (Fig. 1). These zones are dark in color, primarily consisting
of conidiophores and conidia with sparse or no aerial vegetative mycelia.
Light-colored zones of abundant aerial mycelia, bearing moderate numbers
of conidiophores and conidia are also formed. These zones correspond to
diurnal changes in the laboratory.

Under continuous illumination it was found that, although dark conidio-
phores were formed almost to the exclusion of hyaline vegetative mycelia,
actual sporulation did not take place (Fig. 2). Under continuous darkness,
growth consisted of aerial mycelium bearing conidiophores and conidia.

When cultures, which had been growing under continuous illumination, were



Fig. 1

Zonation in Altermaria tomato due to diurnal
changes in light and temperature in the labo-
ratory near a window. Dark rings are formed
during the day, lighter rings with considerable
aerial mycelia are formed at night.



Fig. 2

Conidiophores of Alterparia tomato grown
for 5 days under continuous fluorescent

lamp irradiation (200 ft-c) at 26-31° C.
( X 900 )



6.
transferred to darkened incubators, spores formed on virtually all of the
conidiophores (Fig. 3).

A study of cultures of A. tomato grown under continuous illumination
at several constant temperatures revealed that the fungus sporulated readi-
1y at 20° C under continuous illumination but produced conidiophores with-
out spores at 25° or 30° C.

This phenomenon of high-temperature X light inhibition of sporulation
has not been studied. The present study was thus undertaken to look into

the factors influencing sporulation of A. tomato.



Fig. 3

Conidia and conidiophores of Alterpmaria
tomato grown for 5 days under continuous
fluorescent lamp irradiation (200 ft-c)

at 26-31° C followed by ll-hour sporulation
induction treatment of 20° C in the dark.
Note the spore scar on the conidiophore on
the left. ( X 900 )



II. Review of Literature.
Based upon what was known at that time and on his own work, Klebs
(21, 53) laid down four principles of fungal reproduction vhich are
briefly stated:
(1) Growth and reproductive processes are dependent on environ-
mental conditions.
(2) Reproduction does not occur as long as environmental conditions
are favorable for growth and conversely, conditions favorable
to reproduction are generally unfavorable for growth.
(3) Environmental conditions permitting reproduction are generally
of a narrower range than those permitting growth.
(4) Assimilative processes occurring during vegetative growth are
decisive for reproduction.
Although made more than 60 years ago, these generalizations are still
accepted as valid. However, requirements for fungal sporulation are differ-
ent for each species and there is no singie formula or universal set of

external conditions which lead to sporulation (50, 52, 53, 54).

A. Effects of light.
According to Hawker (52), fungi can be divided into four groups with
respect to their response to light stimulj:
(1) Those which produce approximately equal numbers of spores in
light or in darkness.
(2) Those which can produce spores in complete darkness but produce
more spores upon illumination.
(3) Those vhich cannot produce spores in complete absence of light.

(4) Those in which sporulation is checked or prevented by illumi-



nation at some developmental stage.

These groupings were found to be taxonomically heterogeneous (52).

Some fungi may be indifferent to light im that the fungus sporulates
abundantly with or without light. It has been concluded that light had
no influence on sporulation. Quantitative comparisons may reveal that
significant differences in sporulatiocn arise after irradiation (50, 52).

Zonation is a common phenomenon with numerous fungi in artificial
culture (4, 11, 13, 14, 19, 49). Diurnal light and temperature fluctu-
ations have been cited as the principal causes of fungal zone formation.
Zones produced by different fungi may represent sporulating and non-
sporulating areas, differently pigmented mycelia, or changes in topogra-
phy of the colony. The zonation in Verticillium lateritivm Rab. is due
to alternations of heavily sporulating and sparsely sporulating zones
(19).

There are numerous reports of stimulation of fungal sporulation
after irradiation (12, 18, 27, 30, 35, 39, 40). With some of these
organisms, sporulation occurs readily in the dark but is even more profuse
after irradiation.

Aside from strictly lethal effects due to ultraviolet irradiation,
there are few reports of radiation inhibition of sporulation. In several
Sclerospora spp., Weston (45) found that conidial production took place
only at night or very early morning. Yarwood (47, 48) made similar
findings for the downy mildews, Pseudoperonospera mmuli (Miy. and Tak.)
Wilson, Peronospora destructor (Berk.) Casp., Rlagmepara viticola (B. and
C.) Berl. and de T., and gxgmiﬁxlgggggag Regel, and further demonstrated
that artificial light at night was also inhibitory to sporulation.

It was demonstrated that the sporulation of Helminthosporium



10.
gramineum Rab. (17), Choanerhora cucurbitarum (B. and Rav.) Thaxter (1),
Alternaria brassicae var. dauci (46), and H. oryzae B. de Haan (22) can
be divided into two physiological processes:

(1) An assimilative process in which light was necessary but
apparently inhibitory to actual sporulation; under continuous
illumination only conidiophores formed with H. gramineum, H.
oryzae, and A. brassicag var. dauci.

(2) Actual conidial formaticn took place in the dark with these
fungi. C. gucurbitarum also sporulated in the dark, but was
also able to do so under continuous light of low intensity.

Leach (22) demonstrated that H. oryzae cultures which had been under

continuous illumination required a minimum of 4.5 hours of darkmess before
sporulation took place. However, under alternating cycles of equal light
and dark periods, no sporulation occurred in the treatments of periods
less than 8 hours; under alternating cycles of 8 hours or longer, abundant
sporulation took place.

Radiation quality implicated in inhibiting or stimulating fungal

sporulation has been principally in the near-ultraviolet and violet to

blue-green wavelengths. Hedgcock (14) found that blue light inhibited

sporulation of Cephalothecium roseum, Mucor sp., Penicillium album, and
Hormodendron sp. Christenberry (6) observed that wavelengths longer than
680 mu inhibited sporulation of Choanephora cucurbitarum.

It has been k~own since 1917 that ultraviolet radiation stimulated
sporulation and has _cen demonstrated for several fungi (5, 9, 15, 23, 28,
36, 37, 41). However, it was noted that although stimulation of spore
production occurred when radiations of 254 mu and lower wavelengths were

included, long exposures to such radiations led to inhibitory or lethal
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effects. McCallan and Chan (28) found that with A. golani (E1l. & Mart.)
Jones and Grout, greatest sporulation occurred when filters with lower
limits of transmission at 249 and 254 mp vere used for short exposure
periods. They also reported that no sporulation tock place when filters
transmitting no lower than 380 mu were used.

Diener (9) has shown that radiation from 312-546 m is primarily
involved in stimulating sporulation of Stemphylium solani Weber, although
it was reported (15) that ultraviolet radiation was highly effective in
the same fungus. Leach (23) induced or increased sporulation of 31 of 33
species of Ascomycetae, Phycomycetae, Moniliaceae, Dematiaceae, Mclan-
coniales, and Sphaeropsidales by near-ultraviolet irradiation; the remaining
2 species sporulated well, regardless of illumination.

It has been shown by several workers (2, 18, 19, 27, 30, 40) that the
blue-violet region of the spectrum is also active in the stimulation of
sporulation and that in contrast the red region has practically no effect

on spore production of fungi.

B. Effects of temperature.

In general, the temperature range in which sporulation occurs is
narrower than that for growth, and each spore form has its own temperature
optimum which may or may not coincide with that of vegetative growth or of
other spore forms of the\samgAfuﬂgus, Coons (7) showed that temperature
limits for pycnidial formation of Plencdomms fuscomaculans (Sacc.) Coons
occurred at 6 - 30° C, while vegetative growth took place at 0 - 33° ¢,
Barnett and Lilly (1) reported that in nature C. cucurbitarum preduces
mainly conidia; at 25° C in artificial culture, 87% of reproductive

structures are conidia and the remainder sporangia. At 30° C, however,



12.
the ratio is nearly reversed; and at 31°c sporangia are abundant, but
conidia are not formed. Temperatures of 15-37° C were found to be favor—
able for zygospore formation of §. cucurbitarum (3). Peronospora tabacina
Adam was shown to sporulate from 1 - 30° C (8).

The efiect of temperature on inhibition of sporulation by light has
been overlocked for the most part. In the few cases in which a tempgrature
X light effect was observed, the experimental work was of a limited nature
and the inhibitory effect was not emphasized. Melhus et al. (20) and Hiura
(16) found that, in general, Weston's observations on Sclerospora spp. also
held for S. graminicola (Sacc.) Schroet., but noted that sporulation of the
fungus also occurred under daylight conditions in the laboratory and field
experiments and indicated that the low temperatures are required for sporu-
lation. Houston and Oswald (17) demonstrated that H. gramineum does pro-
duce a few conidia under continuous illumination at 13° C.

Leonian (24) found that Sphaerosrapbijum fraxini fails to fruit in the

dark at room temperature but will form pycnidia in diffused light or at
30° C in the dark. He also found that Ascochyta nymphaeae, Cytosporella
mendax, Endothia parasitica, Kellermania yuccagena, Naemosphaera sp.,
Plenodomus destruens, and Phoma urens formed more pycnidia in the dark at
30° C than they did in the light at room temperatures. However; he found
numerous other Sphaerosidaceous fungi fruited better in light at room

temperature than in the dark at any temperature.

D. Effects of nutrients.

Deficiencies or excesses of mineral elements reduce or inhibit sporu-



13.
lation, but there has been no evidence presented that sporulation requires
an element which is non-essential to growth (50). However, with limiting
amounts of certain elements, sporulation is drastically reduced even
though there is little or no effect on growth (43, 50). Most of the
mineral nutrition work has been done exclusively on Aspergillus niger v.
Tiegh. and this use of a single fungus limits information and conclusions
(50, 53).

Other nutritional factors which are important to sporulation are
concentration of nutrients, carbon and nitrogen sources, carbon-nitrogen
ratio, specific reproductive factors, and vitamins (50, 5%, 53).

In general, oligosaccharides and polysaccharides support more
fruiting than do monosaccharides, and, within limits, low concentrations
of sugars allow for a more rapid onset of sporulation than do high concen-
trations (50, 52).

The ability to utilize nitrate, ammonium, or organic nitrogen sources
determines the extent of vegetative growth and, consequently, the repro-
ductive capacity of a fungus (51). Some specific nitrogen compounds at
high concentrations have been shown to inhibit sporulation. However, the
role of nitrogen in inhibition of sporulation is of a more general nature,
and C:N ratios have been shown to inhibit sporulation. Morton (32) has
stated: "The most generally essential condition for sporulation is the
absence or exhaustion of assimilable nitrogen from the medium whilst
carbohydrate is still present. The availability of nitrogen stimulates
vegetative growth of the mycelium and tends to prevent, or markedly delay,
the formation of conidial hyphae." By transferring cultures of Pepicillium
griseofulyum Dierckx to a nitrogen—-free medium, sporulation can be induced;

however, with the addition of 0.1% KNO3 at 2, 5, or 7 hours after such
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transfer, sporulation is completely suppressed (33).

Specific reproductive factors, although not generally evident,
apparently exist for certain Phycomycetes (52, 53). Four hormones have
been shown to initiate and control sexual reproduction of Achlya bisexmalis
Coker (38). Sexual reproduction of Phytophthora cactorum Leb. and Cohn,

P. erythroseptica Pethyb., P. bhoehmeriae Saw., and P. megasperma Drechs.
was stimulated by an extract of garden peas (25, 26).

The sporulatipn process of H. graminewm, as previously discussed (17),
is divided into 2 physiological processes: the first, a light requiring
assimilatery process; and, the second, spore formation in the dark.
However, it was shown that the fungus will sporulate in the dark on host
tissue. The indications are that H. gramipeum is able to derive a meta-
bolite from the host which it can synthesize on artificial media only
with illumination.

In recent years, the use of vegetable-juice as a nutrient base for
media has come into wider acceptance because of its property of stimulating
sporulation of many fungi; furthermore, fungi, such as Stemphvlium solani
and Fusarium spp. (macrospores), which require light for sporulation, were
able to sporulate on vegetable-juice agar without illumination (9, 39).
These and his own observations led Miller (31) to make a spectrographic
analysis of V-8 juice, and he concluded that the capacity of the juice to

stimulate sporulation did not lay in its mineral constituents.
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ITI. Materials and methods.

An isolate of A. tomato (Cke.) Weber, one of three Alternaria spp.
causing brown spot of passion fruit (Passiflora edulis Sims.), was used
as the test organisimn throughout this study unless otherwise specified.
Single-spore inoculum was used in all the tests. The medium used
throughout most of the study was vegetable—juice agar (VJA) composed of
10% V-8 juice (a proprietary product), 0.2% CaCO3, and 2% agar.

Cultures were grqﬁé.continuously for varying periods at 26 - 31° ¢
under 2 fluorescent lamég (General Electric Cool White F40 CW-3) with a
light intensity of 200§ft-c at the level of cultures. During this growth
period, no spores were%formed.

Following this initial assimilative period, cultures were subjected
to various test conditions for 22 hours. Sporulation response to these
conditions was measured by counting the spores formed. Spores were
harvested by adding a measured volume of water to the culture and lightly
agitating with a rubber policeman. Spore counts were made with a hema-
cytomzter. When there were too few spores to count accurately with a
hemacytometer, spore suspensions were placed in gridded plastic chambers

(46 mm x 46 mm) and counts were made with a dissecting microscope.
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JV. Experimental procedures and results.

A. Radiation and tempera
Oval culture tube slants or 250-ml Erlemmeyer flasks with 40-ml of

medium were used for this study. The flask cultures were irradiated for
7 days, tube cultures for 3 days.

After this initial growth period, duplicate flask cultures were
immersed in a water bath for 22 hours at temperatures between 6° and

27°

C. The temperature of the water bath, in a walk-in refrigerator at
5° C, was regulated by a Precisior Scientific Merc-to-Merc Thermo-
regulator; the sensitivity to the ambient temperature was ¥ 0.04° C,
wvhich was checked regularly with a Beckman differential thermometer.
Cultures in the water bath were illuminated with a fluorescent lamp
(Westinghouse Daylight 15W) at a iight intensity of 100 fi-c at the
culture surface. For dark induction of sporulation, duplicate cultures
were placed in incubators having precision of ¥ 0.5° C.

Oval tube cultures were also immersed in the water bath for 22
hours; five tubes were used for each treatment with the five dark control
tubes being covered with aluminum foil.

The number of spores of 7-day-old cultures of A. tomato produced
under illumination at temperatures between 6° and 23° C, and in the dark
between 15° and 30° C, was approximately 5 x 10%/flask (Fig. 4).

A sudden drop in spore production occurred between 23° and 25° C in
illuminated cultures. Above 25° C, virtually no spores were formed,
demonstrating a high interaction between temperature and radiation in
inhibiting sporulation of A. tomato.

With 3-day—old oval tube cultures of the test fungus, there wvas a



Fig. 4

Sporulation response after 22 hours of Alternaria
tomato, previously irradiated for 7 days at

26 - 31° C, to light and temperature. Points
represent average number of spores formed in 250-ml
flasks. Open circles, irradiated cultures; closed
circles, dark cultures.

17.



18.
pronounced optimm for sporulation at 15° C with illumination. In the
dark, there was a sporulation optimum range at 15° to 25° C. The inhibi-
tory action of radiation was evident at 21.4° C and was virtually complete
at 23.4° C (Fig. 5).

Sporulation of both 3-and 7-day-old cultures in the dark started to

decline at 31o C.

Diverse, pathogemic and non-pathogenic, imperfect fungi were isolated
and identified (Table 1). These were grown on VJA at 27° C under continu-
ous illumination and in continuous darkness for 7 days. Cultures which
were inhibited from sporulating by illumination at 27° C were then placed
in an illuminated incubator kept at 20° C.

Most of the fungi were capable of sporulating on VJA with or without
illumination at 27° C (Table 1). Sporulation of a few fungi was in.ibited
at 27° C under illumination. These fungi, all large-spored Dematiaceous
fungi, did form conidiophores under these conditions and sporulated under
illumination at 20° C. The genera which exhibited the high-temperature
X light interaction were Altermaria, Stemphylium, Helminthosporiwm, and
Heterosporium. However, A. tenuis, Helminthogporium sacchari, and H.
maydus sporulated at 27° C under illumination. Deightoniella torulosa,

a large-spored member of the Dematiaceae, similarly sporulxzted under thes=>
conditions. Sporulation of a hyaline mutant of A. tomato was inhibited
under these conditions and like its parent culture, sporulation occurred

only under low temperatures or absence of light.



Fig. 5
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Table 1. The occurrence of high temperature X light inhibition of
sporulation in other fungi.

20.

20° ¢ 27° ¢
Fungi Light Dark. Light Daxk
Phycomycetae
Cunninghamella sp. +¥ + + +
Rhizopus nigricans + + + +
Phytophthora parasitica + ¥ ¥ *
Phytophthera palmivora + + + +
Melanconiales
Pestalotia sp. + + + +
Colletotrichum gloeogporicides + + + +
Sphaerop31dales
+ “* + +
Mﬂ&m vieclae + + + +
Septoria lycopersici + + + +
Moniliaceae
Aspergillus niger + + + +
A. oryzae + + + +
Irichederma sp. + * * *
Penicillium sp. + * * *
Piricularia grisea + + + +
Dematiaceae
Altermaria tomato + + - +
A. passiflora + + - +
A. solani + + - +
A. porxri + + - +
A. dianthicola + + - +
A. tenuis * + + +
Stemphylium solani + + - +
8. botryosum + + = +
Helminthosporiym turcicum + + - +
H. sacchari + + + *
H. paydis + + + +
Heterosporium tropacoli + + - +
H. echinulatum + + - +
Curvularia geniculata + + + +
Deightoniella forulosa + * + +
Botrvtis sp. + + + +
Cladosporivm sp. + * + +

e fruiting structures and spores

- = conidiophores only
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Single spores of A. tomato were placed 22 mm from the bottom of oval—-
culture tube slants of VJA. After the initial 3-day growth period, indi-
vidual cultures were placed in the sample compartment of a Beckman Model
B spectrophotometer. The sample compartment was modified by a box made
to hold 2 culture tubes, one of which was exposed for 22 hours to radi-
aticn, diffused by a frosted glass slide from the monochromator: the
second tube, the dark control, was covered with aluminum foil. All
extraneous light was excluded. Five replicates, randomized in time over
a 3-month period, were used for ecach wavelength.

The spectrophotometer was mounted on a perforated platform placed
over the air-vent of an air-conditioned room kept at 20-24° C. The
temperature in the sample chamber of the spectrophotometer ranged between
26-26° C during the experiments.

The number of spores produced in the dark control tubes averaged
4.6 x 105/tube. Virtually no spores formed in tubes illuminated by radi-
ation in the range 390 - 515 mp (Fig. 6). In the cultures illuminated at
340, 365 mn and between 540 — 740 mm, spore production approximated that
of the dark control tubes.

Petri dishes with 25 ml of media were inoculated with single spores
covered with various filters and kept under fluorescent lamp illumiration
at 26—31o C to determine the range of radiation in which stimulation of
sporulation took place. After a 6-day growth period the cultures were
placed in 20o C incubator to allow for induction of sporulation. The
filters used in the study and their radiation transmission, as determined
by the Beckman Ratic Recording Spectrophotometer, were: Pyrex glasses

(300 m1 and longer), DuPont Mylar (400 mu and longer), blue cellophane



Fig. 6
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23.
(visible radiation between 400 and 600 qp), and red cellophane (visible
radjation longer than 600 mu). Corning filter 7-37, transmitting at
320 - 390 mr, vas used to determine effects of near—ultraviolet radiation.

Only in the treatments using wavelengths shorter than 400 mp was

there stimulation of sporulation, as evidenced by complete lack of conidi-
ovhores in any of the treatments involving only visible radiation (Table
2). Stimulation was evident in the near—ultraviclet range transmitted by
Pyrex glass and Corning filter 7-37. Light transmitted through Mylar was

not stimulatory and no conidiophore was discerned.

Cultures of A. Ltomato were grown for 3, 4, 5, 6, 12, 18 and 24 days
on 25 ml of VJA in petri dishes at 26-31° C under continuous illumination.
During the subsequent 24~hour period, cultures were placed in 20° ¢ dark
incubator for varying lengths of time for induction of sporulation, then
returned to illumination to allow for actual spore formation. Three
replicates were used for each treatment.

An induction period of 1 hour of darkness started the sporulation of
cultures 6 - 24 days old (Fig. 7); maximum sporulation was attained after
an induction period of 4 hours of darkness. Longer induction periods did
not increase sporulation, in spite of the fact that numercus conidicphores
without conidia were evident in these cultures.

Longer induction periods were required for maximm sporulation in
younger cultures. Virtually no spores formed in 3-day-old cultures after
a 4-hour induction period (Fig. 8); maximum sporulation was attained only
after 9 hours of induction.

Cultures of A. tomato were started on 25 ml of VJA in petri dishes;
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Table 2. Light quality effects on stimulation of conidiorhore formation.

Filter

ILimits of radiation
transmission Conidiophores™

Blue cellophane + Mylar
Red cellophane + Mylar
DuPont Mylar

Pyrex glass

Corning filter 7-37

400 ~ 590 mp -
590 mu - through far red -
400 mp ~ through far red -

300 mp - through far red +

320 - 390 mu +

" + = development of conidiophores

- = no conidiophores
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Sporulation response of Altermaria tomato,
previously irradiated (200 ft-c, fluorescent
lamp) continuously at 26-31° C for 6 - 24-day
periods followed by induction conditions

(20° C, dark) for different periods.
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Sporulation response of Alternmaria tomato
previously irradiated (200 ft-c, fluorescent

lamp) continuously at 26 - 31° C for 3 - 6-day
periods followed by induction conditions (20° C,
dark) for different periods.
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after inoculation each culture dish was weighed to the nearest gram.
Cultures were then placed under fluorescent lamp irradiation at 26-31° C
for 6, 12, 18, and 24 days in triplicate. At the end of 6-day periods,
the cultures which were to be kept for periocds of 12 days and longer were
reweighed; it wac assumed that the loss in weight was entirely due to
dehydration so sterilized, distilled water was aseptically added to the
cultures to the starting weight of each culture. At the end of the
irradiation periods for each treatment, cultures were placed under sporu-
lation induction conditions of 20° C in the dark for 24 hours.

Irradiation periods extending beyond 6 days reduced sporulation
levels considerably. No difference in sporulation levels was evident
between cultures without added water and similarly irradiated cultures
kept at approximately constant weight by addition of water.

Single spore cultures of A. tomato were grown for 3 days on 25 ml of
VJA in petri dishes under fluorescent lamps (26-31° C) at 200 ft-c. The
cultures were then placed in alternating light (26-31° C) and dark (20° C)
conditions for 5 days; the duration of the light period (photoperiod) was
varied within O - 24 hours and the subsequent dark period completed each
24~hour day. Three replicates were used for each treatment.

The optimal photoperiod for sporulation was 14 hours (Fig. 9).
Longer photoperiods, with concomitant suboptimal induction periods,

resulted in a rapid decline in sporulation.

Single spore cultures of A. tomato were grown on 2% VJA (2% vegetable-

juice) and potato-dextrose agar {(PDA) for 6 days at 24° C in the dark,
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Sporulation response of Alternmaria tomato
to changes in photoperiod; cultures were
alternated between 1rradlat10n (200 ft-c,
fluorescent lamp) at 26° C for the duration
of the photoperiod, and 20° C in the dark
for the remainder of the 24-hour day.
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exposed to illumination (200 ft-c) for 0, 2, 4, 6, and 8 hours, then
returned to dark conditions for sporulation.

In continuous darkness, A. tomato sporulates sparsely on potato-
dextrose agar (PDA) and in relatively large amounts on 2% VJA (Table 3).
On PDA, the fungus responded markedly to short exposures to fluorescent
lamp irradiation but only slightly on VJA.

This marked superiority of VJA over PDA indicated the possibility
of the presence of stimulatory metabolites in VJA. In order to test
components of the medium for stimulatory metabolites, it was necessary
to devise a2 chemically defined medium on which the fungus would grow
but not sporulate.

Single spore cultures were grown in the light and dark on several
chemically—defined media (Table 4) with mumerons modificationg made by
supplementing with other elements or by the elimination of certain
elements which were believed umessential. The first medium to be tested
was White's medium which was subsequently modified by addition of boron.
The second medium was synthesized by using the various required elements
within known optimal ranges for fungal growth which was also subsequently
modified by the addition of B, Co, Si, Al, and Cr. The third mineral
medium tested was one based on a crude estimate of vegetable~juice by
spectrographic analysis. The modification of this chemically-defined
medium was made by adding Zn and subsequently deleting B, Si, Al, Na, KNi,
Sn, and Sr. The fourth medium to be tested was Czapek's liquid medium
vhich was not modified. Reagent grade chemicals were used to make up the
several media. All of the glassware in contact with the media was cleaned
in hot, concentrated nitric acid and thoroughly rinsed. Bureau of Plant

Industry (BPI) model watch glasses were used as culture vessels; 4 watch



Table 3. Sporulation of Altermaria tomato on VJA (2% vegetable-

juice) and potato-dextrose agar after brief exposures

to fluorescent lamp irradiation (200 ft-c at 26-31° C).

Duration of VJA
irradiation 2% vegetable~juice PDA
(hr)
0 252,000 1,700
2 386,000 51,000
4 293,000 106,000
6 265,000 176,000
8 363,000 215,000
10 401,000 198,000
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Table 4. Qualitative makeup of 4 chemically-defined media.

Vegetable-juice

sucrose glucose glucose sucrose
glycine glycine
nicotinic acid nicotinic acid
thiamine thiamine
pyridoxine pyridoxine
Ca(N03)o NH4NO3 NH;NO3 NaNO3
NapSO, CaS0y CaCl,y*
KC1, KI KC1 KC1
Na2HP04 KH2P04 NH4H2P04 KZHP04
MgS0y MgS0, MgS0, MgS0,
Fe Fe Fe Fe
Mn Mn Mn
Zn Zn Zn*

Cu Cu

Mo Mo
B B, Co, Si B¥, si*, A", Na*

Al, Cr Ni%*, sn®, sr¥

* These elements were systematically deleted from the medium to determine
the minimum chemical requirements for sporulation.
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glasses were placed on moistened filter paper in standard 90 mm petri
dishes. The test media (0.2 ml) were introduced aseptically into the
watch glasses.

The test fungus A. tomato did not grow on White's medium and the
several modifications nor on the synthetic medium and its modifications.
Growth and sporulation took place on the medium whose composition was
derived from vegetable-juice mineral analysis as it did on all the
modifications made by systematic deletions. The chemical composition of
the simplest modification was qualitatively similar to Czapek®s medium.

The fungus reproduced to the same degree on Czapek®s and on the
synthetic vegetable-juice medium, indicating that minimm requirements
of the fumgus are very simple.

Eleven, fresh isolations of A. tomato from passion fruit brown spot
Jeaves were made and single spore cultures of each were grown on Czapek's
liquid medium in BPI watch glasses in the dark at 28° C for 9 days.

These cultures were examined for growth and sporulation.

Cultivation of the 12 isolates of A. tomato on Czapek's solution
revealed a wide range of responses (Table 5); 2 isolates were unable to
grow on the medium and subsequent examination revealed that in every
instance the single spore inoculum had germinated. Three of the other
isolates grew well but sporulated poorly, whereas all other isolates grew
well and also sporulated well on Czapekf?s solution.

Czapek's liquid medium was used to study the effects of nitrogen
availability on sporulation. Single spore cultures were grown under
illumination at 26 - 31° C for 4 days. Nitrogen, without carbon (NaNO5,
0.1%), or with carbon source (Czapek's liquid) was added to these cultures

which were then placed under sporulating induction conditions of 20° C ia
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Table 5. Variation in growth and sporulation of A. tomato isolates

on Czapek?s liquid medium.

Isolate Growth’ Sporulation™™
325 19/23 19/19 444
At 2 14/16 3/14 +
At 3 2/16 1/ 2+
At 4 8/ 8 8/ 8 +++
At 5 14/16 14/14 ++
At 6 0/ 8 0
At 7 13/16 13/13 +++
At 8 14/16 6/14 +
At 9 8/ 8 8/ 8 +++
At 10 o/ 8 0
At 11 10/16 10/10 +++
At 12 8/ 8 8/ 8 +++

* The criterion for growth is the development of macroscopically
visible colonies from single spore inocula. The numerator of
each fraction is the number of visible colonies and the denominator
is the number of single spore cultures.

#% The numerator is the number of colonies which sporulated and the
denominator the number of visible colonies.
+++ = abundant sporulation
++ = moderate sporulation
+ = sparse sporulation

30 Isolate used in all other tests.



the dark immediately or 2 hours later for 24 hours.
Undexr the several conditions of nitrogen availability of the test,

sporulation was not inhibited in any of them (Table 6).

34.
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Table 6. Effect of nitrogen availability on sporulation of 7-day-old

colonies of A. ftomato grown under illumination on Czapek'®s

liquid medium.
Ireatment Sporulation
1. No additional nitrogen -——--—-— —=— Induction 13/13
2. NaNO3 === Induction 13/13

3. NaN0j, followed by 2 hours at
270 ¢, light == Induction 6/ 6

4. Czapek's liquid >— Induction 6/ 6

5. Czapek's liquid, followed by
2 hours at 27° C, light —=——-————>— Induction 6/ 6

#* Sporulation induction conditions of 20° C in the dark for 22 hours.
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V. Discussion.

As with many other fungi, the sporulation of Altermaria tomato (Cke.)
Weber is dependent on light and temperature. This complex physiological
process is separable into inhibitory and stimmlatory processes by manipu-
lating light and temperature.

The inhibitory action of light on sporulation probably affects more
fungi than has been reported. The sporulation of Sclerospoxra spp.,
Helminthosporium gramineum, Choanephora gucurbitarmm, A. brassicae var.
dauci, and H. oryzae has been shown to be inhibited by light (45, 17, 1,
46, 22). H. gramineum, however, will sporulate at 13° C with illumination,
indicating that a high-temperature X light inhibition of sporulation is
operating (17); Sclerospora spp. will also sporulate in the daylight at
low temperatures (16, 29). The sporulation of H. oryzae was prevented
from taking place at 21 - 24° ¢ (70 - 75° F) under near-ultraviolet
irradiation (22).

Present studies have shown that sporulation of some Dematiaceous
fungi, the large-spored forms in particular, is inhibited by light at
high temperatures. Among the genera with species exhibiting this
phenomenon are Altermaria, Stemphylium, Helminthosporivm, and Heterosporium.
These fungi were all able to sporulate at 20° C under illumination.

A. tenuis, a small-spored species, Helminthosporium maydis and H.
sacchari sporulated under illumination at temperatures up to 31° C as
did Deightoniella torulosa, a large-spored Dematiaceous fungus. It is
interesting to note that species of the genera Alterparia and Helmintho-
sporium separate into groups which are or are not inhibited by light at
high temperatures. The same may be true of the other genera if more

species were included.



37.

Hyaline~spored Sclerespora and Choanephora are Phycomycetes, whereas
the dark-spored fungi mentioned are in the Dematiaceae. The melanin
pigments, characteristic of the family, were suspected of being involved
in the light inhibition of sporulation; however, a colorless mutant of
A. tomato responds to light and high temperatures in the manner of its
parent culture, indicating that the melanin pigments are not directly
involved in the inhibitory precess.

Radiation, inhibitory to sporulation of A. tomato, has been shown
to fall within 390 - 515 mu, a range covering violet, blue, and blue-
green light. The action spectrum, approximately coinciding with that
for phototropic activity, points to a flavin or carotenoid pigment as
the photoreceptor. Little work has been dene on light quality inhibiting
sporulation of other fungi, but it can be speculated that the radiation
inhibitory to these organisms also fall in the 390 - 515 mu range.

Leach (22) is of the opinion that actual conidial formation of
H. oryzae can proceed only in the absence of near-ultraviolet radiation.
The source of near-ultraviolet radiation which he used, General Electric
Black Light, transmits a small amount of light between 390 - 440 mu.

The emission of visible radiation by the lamp obviates a conclusion until
stricter controls on light quality are imposed.

Near-ultraviolet radiation (320 - 390 mp) stimulates sporulation of
A. tomsto as determined by direct and indirect qualitative methods. This
observation is in agreement with that of leach, who showed that in the
complete absence of wavelengths below 390 mu, H. oryzae is not stimulated
to sporulate. Radiation between 230 - 420 mp stimulated the sporulation
of H. oryzae. The effect of wavelengths shorter than 320 mu on the

sporulation of A. fomato is yet to be determined.
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Other workers (5, 9, 15, 23, 28, 36, 37, 41) have demonstrated that
ultraviolet radiation is stimulatory to sporulation. McCallan and Chan
(28) indicated that maximum stimulation took place when the lower limit
of transmission was 249 mu, but they noted that when the lower limit of
transmission wvas 380 mp no sporulation occurred. Thus, there is no doubt
that ultraviolet radiation stimulates fungal sporulation, but in most of
these works no attempt waz made to exclude visible radiation.

H. oryzae requires a minimum of 4.5 hours of darkness, following 3
days of irradiation for induction of conidial tormation, and at least 6
hours of darkness for maximm sporulation (22). In comparison continuously
irradiated 6-day-old cultures of A. tomato responded after 1 hour of
darkness and attained maximm sporulation with 4 hours of dark induction.
With 3-day-old A. tomato cultures, sporulation was barely evident as a
result of 4 hours of darkness and 9 hours were required for maximum sporu-
lation.

The similarity between the sporulation processes of the 2 fungi is
indicated by further comparisons. In spite of the fact that H. qryzae
will sporulate after continuous irradiation and a minimm 4.5-hour dark
induction period, it will not sporulate in altermating cycles of 6 hours
of near-ultraviolet radiation and 6 hours of darkness, but will do so in
8-hour radiation/darkness cycles. With A. tomate, equal periods of light
and darkness were not used, but comparing the duration of dark induction
period is revealing. As photoperiods are increased from 0 to 15 hours,
there is a stimulation of sporulation. With further increase in the
photoperiod from 16 to 24 hours or decrease in the complementary dark
induction pericd from 8 - O hours, there is a marked reduction in sporu-

lation resulting from the suboptimal induction periods. The 9-hour
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induction requirement for maximum sporulation of 3-day-old cultures is
expressed in the photoperiod studies in which the optimum conditions
were 15~hour illumination with corresponding 9~hour induction. Thus,
under alternating conditions of light and darkmess, both fungi require
long dark induction pericds for abundant sporulation.

Another similarity between the 2 fungi was in the non-cumulative
effect of the induction perieds. It is apparent that the induction
process is not only interrupted by inhibitory radiation, but also that
the process must start all over again upon returning to induction
conditions.

The deleterious effect of prolonged continuous culture under con-
ditions of irradiation inhibitory to sporulation at 27° C, apparently
was not due to dehydration of media. Some of the suggested possibilities
are the exhaustion of nutrients, accumulation of general toxic metabolites,
or the attainment of a high level of a specific sporulation inhibitor.
There is also the possibility that the conidiophore has exceeded the
physiological age to differentiate spores.

During the course of this study, it was noted that VJA supported
abundant fungal sporulation, particularly in continuous darkness. This
attribute was previously noted by Diener (9) and Reid (39). After making
a spectrographic analysis of vegetable-juice, Miller (31) was of the
opinion that the superior qualities of the medium did not lie in the
mineral constituents.

In order to test the hypothesis that VJA does contain metabolite(s)
necessary for sporulation, particularly in the absence of illumination,

a chemically-defined medium, which would allow vegetative growth but no

sporulation, had to be devised to assay for these specific sporulation



metabolites(s); fractions of vegetable-juice could then be bioassayed

on this medium. Systematic screening of mineral requirements resulted

in the discovery that Czapek's, a simple, chemically-defined medium

would support growth and sporulation of A. tomato in the dark. This turn
of events eliminated the existence of, or requirement for, specific
exogenous sporulation metabolite(s) for A. tomato. This led to the
hypothesis that A. tomato is made up of variants, some of which will and
others which will not grow and sporulate on Czapek!s medium. The validity
of the hypothesis was upheld by making fresh isolations, culturing on
Czapek's, and observing that there are, among the isolates, some that will
and others that will not grow and sporulate. It is concluded that although
VJA is a superior, well-balanced medium on vhich A. tomato sporulates well,
it has no metabolite for which the fungus is deficient. However, there is
the distinct possibility that such metabolites may exist in the media which
allowed for sporulation in the dark by S. solani or Fusarium spp.

The chemical requirements for sporulation of A. tomato were fuither
tested by studying the effect of nitrogen availability. Morton's obser-
vation that sporulation of Penicillium spp. does not occur as long as
nitrogen is available was found not to apply to A. tomato.

During the course of the present study, a recurring question was that
of possible survival value of the sporulation-inhibitory mechanism. Under
tropical or subtropical conditions the survival value of the inhibitory
mechanism is open to comjecture. However in temperate regions, the sporu-
lation-inhibitory mechanism probably has a deleterious effect on survival
of the species. The mechanism would prevent or greatly reduce sporulation
of fungi during the growing season in the temperate and frigid zonmes

where the summer nights are 0 - 8 hours, which is decidedly suboptimal
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for induction of sporulation.

In fact, the sporulation-inhibition mechanism may be one of the
factors accounting for the low relative mumbers of imperfect fungi in
Alaska. Sprague (42) wrote: "In Alaska ascigerous forms are favored
sometimes to the exclusion of the conidial stages™; Dickson (55) also
remarked that the ratio of comidial forms to ascigerous fungi gradually
favors the ascigerous as one moves from tropical, temperate to frigid

zones.
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VI. Sumary.

The sporulation of Alternaria tomato (Cke.) Weber may be divided into
two processes: (1) assimilative and (2) inductive.

Vegetative growth and conidiophore formation take place during the
assimilative process. This process can take place in the dark, but near—
ultraviolet radiation greatly stimulates the conidiophore production of
A. tomato. No conidiophore formation takes place under illumination in the
absence of near-ultraviolet radiation.

Induction of sporulation takes place readily in the dark from 5° to
31° C; with illumination induction of sporulation occurs at temperatures
below 21° C. Inhibition of sporulation induction by light is a function of
temperature and fungal age., This inhibition is apparent at temperatures
above 21° C for 3-day-old cultures and above 23° C for 6-day-old cultures.
At temperatures above 25° C, inhibition of sporulation of A. tomato is
complete. Using monochromatic light, inhibitory wavelengths were shown to
be in the 390 ~ 515 mu range.

Minimum induction time varies with culture age. Maximm sporulation
of 3-day—old cultures is attained after inductive dark periods of 9 hours;
cultures 6 days or older require only 4 hours in the dark. Sporulation of
cultures kept longer than 6 days under continuous illumination is markedly
reduced. Though dehydration of media has been eliminated as the major
cause of this reaction, the causes are unknown.

Under alternating light and dark conditions, the length of the photo-
period of a 24-hour day was shown to be a factor in sporulation. Sporu-
lation increased with increasing photoperiods from O to 15 hours, but
declined sharply with lengthe beyond 16 hours.

Chemical requirements for growth and sporulation of A. tomato are
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satisfied by Czapek’s liquid medium. Fresh, single-spore isolates of
A. tomato from passion fruit brown spot demonstrated a wide variation
in response when cultured on Czapek'’s medium. Some isolates did not
produce macroscopically visible colonies, although the spores germinated.
While a few isolates grew poorly without sporulating, most of them grew
well and sporulated abundantly on this simple medium.

The high~temperature radiation inhibition of sporulation was found
to be confined to the large~spored Dematiaceous fungi used in this study.
Alternaria, Stemphylium, Helminthosporium, and Heterosporium exhibited
the phenomenon. However, sporulation of some species of Alternaria and
Helminthosporium was not inhibited by the high-temperature light combi-
nations used; it is probable that exceptions will be found in Stemphyliym
and Heterosporium as well.

Sporulation of a hyaline mutant of A. tomato is inhibited by high-
temperature radiation in the manner of its parent culture. Thus, the
melanin pigments, characteristic of the Dematiaceae, are probably not

directly involved in the sporulation inhibition process.
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