
HISTORY OF RESEARCH IN
PHOTOPERIODISM





by
A. E. MURNEEK

University of Missouri, Columbia, Missouri

Introduction -In their growth and development plants are affected by many
environmental factors. Some of these are under the control of man and form a basis
for cultural practices in crop production. One of the latest major external factors
discovered is the length of day, technically known as the photoperiod. The vast
majority of plants probably are sensitized to various degrees, through natural or
artificial selection, and react to recurrent diurnal light periods. This response to the
photoperiod is called photoperiodism.

While the day length may modify any and all structural parts of a plant, our
interest, from the beginning of the disclosure of this phenomenon till today, is centered
primarily on its influence on the formation of flowers and development of fruits and
seeds. This is but natural, for this particular function of the plant is closely associated
with, if not basic for, the successful production of many economic crops.

The influence of length of day is modified, and sometimes counteracted, by other
environmental factors, particularly temperature. For this altered or dual effect the
term thermophotoperiodic induction has been proposed. In cases where the development
of a plant is affected by diurnal alterations in temperature, somewhat analogous to that
in other plants by photoperiod, one may possibly speak of thermoperiodicity.

Variability in response to the photoperiod of various species and varieties points
clearly to a genetic mechanism in operation in bringing about this phenomenon. Active
selectional processes, in this respect as in many others seem to be at work in the in
tricate economy of living organisms towards adaptability to the environment. In the
case of domesticated species, man often participates as an operating agent in the selec
tion, preservation, propagation and multiplication of many photoperiodically adapted
varieties and strains. If necessary, through selection and hybridization, it is possible
to impart desirable characteristics in this respect to plants hitherto not possessing them.

Photoperiodism, in relation to vegetative growth and sexual reproduction, is but a
phase of the general problem of plant growth and development. The early investiga
tors in this field were KLEBS in Germany (1903-1918) and LYSENKO in the U.S.S.R.
(1928- ). KLEBS initiated research work on developmental physiology of plants and
demonstrated by various experimental procedures that structural changes, with special
reference to reproduction, are not of an unalterable nature and, therefore, not due en
tirely to an "internal hereditary rhythm." They may be modified drastically, or even
suppressed, by changing certain environmental factors, such as light, temperature or
nutrition. LYSENKO, while known chiefly for his discovery and application of seed
vernalization to hasten reproduction, has postulated the now popular theoretical con
cept of "phasic development of plants." Both the temperature and the photoperiod
constitute two of the most important environmental factors affecting growth and de
velopment, as conceived by LvsaNKo and later elaborated by his co-workers. A de
tailed discussion of contributions of the Russian investigators and others on this subject
will be found in Waym's chapter on "History of Research in Vernalization."

Terminology: --To prevent a possible confusion in the use of certain
technical terms and phrases in connection with the discussion of photo
periodism and related subjects, it is thought desirable to present herewith
a list of the more popular terms with their definitions.



Photoperiod- -Length of daily exposure to light (GARNER and ALLARD).
Photoperiodism--Responseofplantstophotoperiod(GARNERandALLARD).
Photoperiodicity -Response of animals to photoperiod. Used by some zoologists (BIS

SONETTE).
Long-day plants -Species, varieties and strains in which the flowering period is ac

celerated by a relatively long daily exposure to light, usually more than 12 to 14
hours (GARNER and ALLARD), or which require minimum photoperiods or con
tinuous light, but not darkness (LYSENKO), or which require short dark periods
(HAMNER).

Short-day plants-Species, varieties and strains in which the flowering period is ac
celerated by a relatively short daily exposure to light, usually less than 12 to 14
hours (GARNER and ALLARD), or which require photoinductive cycles containing
photoperiods of minimum intensity and dark periods of minimum duration (HAM
NER).

Day-neutral (indeterminate) plants-Species, varieties and strains in which flowering
is not influenced by length of daily exposure to light (GARNER and ALLARD).

Photoperiodic induction -Formerly, the carry-over effect of a photoperiod conducive
to sexual reproduction to one opposite to it (LUBIMENKO and SCEGLOVA). Now,
the stimulation of flowering by exposure to photoinductive cycles (HAMNER).

Photoperiodic after-effect--The same as photoperiodic induction (MAXIMOV). Plants
may exhibit also temperature and possibly other "after-effects."

Photoperiodic adaptation--The adaptation of plants in their native or artificial
habitat, to a definite length of day or to latitude (LUBIMENKO).

Photoperiodic inhibition Inhibition or retardation of growth primarily of the main
axis, by certain photoperiods (MURNEEK).

Photothermal induction-The induction of reproduction by a combination of photo
periods and temperature (OwEN et al.).

Thermo-photoperiodic induction-The same as photothernial induction (WHYTE).
Thermoperiodicity -- Response of plants to alterations in day and night temperatures

(WENT).
Thermoperiodic adaptation-The adaptation of plants, in their native or artificial

habitat, to specific temperature requirements (LUBIMENK0).

Reviews on Photoperiodism and Related Subjects: -For a more
detailed discussion of literature on photoperiodism in plants, and subjects
appertaining thereto, than is possible to present here, the reader is referred
to the following comparatively recent reviews:
General: --

GARNER, W. W. Biol. Effects of Radiation, Ch. 19, 1936 and Bot. Rev. 3:259-275,
1937.

BURKHOLDER, P. R. Bot. Rev. 2: 1-52, 97-168, 1936.
GREGORY, F. G. Sci. Hort. 4: 143-154, 1936.
BOWMAN, E. T. Journ. Austral. Inst. Agr. Sci. 4: 25-32, 1938.
TINCKER, M. A. H. Sci. Hort. 6: 133-149, 1938.
HAMNER, K. C. Ann. Rev. Biochem. 13: 575-590, 1944.

Sex expression in plants:
LOEHWING, W. F. Bot. Rev. 4: 581-625, 1938.

Nutrition in relation to photoperiodism:
MURNEEK, A. E. Mo. Agr. Exp. Sta. Res. Bul. 268, 1937.
MURNEEK, A. E. Growth 3: 295-315, 1939.
LOEHWING, W. F. Proc. Iowa Acad. Sci. 49: 61-112, 1942.

Temperature responses:
THOMPSON, H. C. Proc. Amer. Soc. Hort. Sci. 37: 672-679, 1939.

Theories related to flower formation: --

CAJLACHJAN, M. H. Hormonal theory of plant development, Moscow, 1937 (in
Russian).

WHYTE, R. O. and OLJHOVIKOV, M. A. Chron. Bot. 5: 327-331, 1939.
CHOLODNY, N. G. Herbage Revs. 7: 223-247, 1939.
ADLER, F. Forschungsdienst 9: 332-367, 1940.



HAMNER, K. C. Cold Spring Harbor Symp. Quant. Biol. 10: 49-59, 1942.
Phasic development of plants: -

WHYTE, R. O. Biol. Revs. Cambr. Phil. Soc. 14: 51-87,1939.
Anonymous. Herbage Revs. 7: 27-32, 94-95, 265-274, 1939; 8: 83-94, 1940.

Discovery of Photoperiodism:-The formative effects of diurnal

length of exposure to natural light or artificial illumination have been ob
served, previous to the discovery of photoperiodism, by several investiga
tors of plant growth and development (SCHÜBELER, 1880; KJELLMAN,
1885; BONNIER, 1895; TURNOIS, 1912). According to H. A. ALLARD

(1944) an interesting reference to the photoperiod as affecting plants is

given by A. HENFREY in his book "The vegetation of Europe," 1852,
wherein a theorem is proposed that the length of day is a factor in the
natural distribution of plants. KLEBS also, as early as 1913, seems to have
had a fairly definite idea that the time of flowering of some of his experi
mental plants, Sempervivum funkii, was determined by the length of day.
Not being able to secure flower development in winter by changes in nutri
tion, temperature, etc., KLEBS exposed them for a few days to continuous
electric illumination. They produced flowers in the same greenhouse in
which other non-lighted plants remained vegetative. Concluded KLEBS

(1913) :
"In der freien Natur wird sehr wahrscheinlich die Blütezeit dadurch bestimmt dass

von der Tag- und Nachtgleiche (21 März) ab die Lange des Tages zunimmt, die von
einer gewissen Dauer ab die Anlagen der Blüte veranlasst. Das Licht wirkt wohl
nicht als ernährender Factor, sondern mehr katalytisch."*

To W. W. GARNER and H. A. ALLARD (1920), however, is due all the
credit for the disclosure and demonstration of the phenomenon of photo
periodism. It was a real surprise to many investigators of plant life that
so "dilute" an environmental factor as length of day has so potent an effect
on many plants.

The early experimentation leading up to the crucial tests with tobacco
and soybean plants are described by GARNER as follows : 

"The two cardinal observations with which we started were that, in contrast with
other tobaccos, the new Maryland Mammoth variety always continued a purely vegeta
tive type of growth through the open growing season at Washington, and that succes
sive plantings of certain varieties of soybeans made at short intervals through the
spring and early summer all tended to flower at the same date. In the case of tobacco,
it was not at first realized that a seasonal effect was definitely involved in the very
unusual behavior of the new variety. It was thought that perhaps the "shock" of
transplanting to the greenhouse was a major factor, possibly aided by increasing age
of the plants. We were temporarily misled by the observation that seedlings grown in
small pots in winter and early spring flowered and fruited freely, thus suggesting a
nutritional angle. The big lead came after several years with the observation that
with the advance of spring new shoots developing on stumps that had been producing
flowering shoots suddenly swung over to the indeterminate vegetative type of growth.
It was then perfectly clear that a seasonal factor was involved. Since the plants were
growing in a warm greenhouse, it appeared that temperature could be excluded. With
respect to light, we naturally reasoned that intensity and composition might be in
volved. However, fairly extensive investigations were being conducted on other prob
lems with both tobacco and soybeans that seemed to exclude intensity and spectral
composition of light as important factors. At this stage the problem appeared to as-





*I wish to thank Dr. F. W. WENT of the California Institute of Technology for
calling my attention to this reference.

 Private communication from Da. W. W. GARNER, Aug. 22, 1944.



sume a somewhat hopeless trend, but after much deliberation it was concluded that
the only remaining seasonal phenomenon that could be a factor was change in relative
length of day and night. The importance of this conclusion, of course, lies in the fact
that length of day was dissociated from the factor of amount of solar radiation. The
decisive test was then made in the simplest possible way but without great hope of
success, mainly for the reason that there appeared to be no accepted basis in plant
physiology for consideration of day length as other than a purely quantitative factor.
Failure on the part of earlier workers to distinguish between duration and amount of
daily illumination perhaps explains why photoperiodism was not discovered much
earlier, for usually in reducing the hours of light the mistake was made of darkening
the experimental plants in such a way as to subject them to two or more daily light
periods. Ineffectiveness of mid-day darkening in inducing photoperiodic responses is
brought out in the original paper (p. .574) and more fully developed in later articles."

While tobacco and soybeans were used largely in the preliminary trials,
subsequently a wide variety of field, garden and ornamental plants were
studied by GARNER and ALLARD (1920, 1923, 1930, 1940) as to their re
sponses to photoperiods of various lengths. The effects on sexual repro
duction were taken primarily into consideration, but much evidence was
secured also on the influence of length of day on vegetative growth, such
as increase in size of the plants, formation of bulbs and tubers, character
and extent of branching, root growth, pubescence, pigment formation, ab
scission and leaf fall, dormancy and death. To this have been added by
other investigators observations on the effects of the photoperiod on sex
reversal, duration of the growth period and other phenomena (SCHAFFNER,
1923,1930,1935; KRAJEVOJ and KIRICENKO, 1935; KRAMER, 1937; MANN,
1942; DANIELSON, 1945). GARNER and ALLARD, of course, noted that
other environmental factors, such as light intensity, soil moisture and nu
trients, etc., may and usually do modify photoperiodism in plants. It is
significant that temperature was found most important in relation to the
action of the light period on plant growth and development.

By the simple means of exposing only parts of a plant to definite photo
periods, GARNER and ALLARD (1923, 1925) were able to demonstrate with
Cosmos that the response is largely localized. But the fact is pointed out
that the determinative influence of the light period can be transmitted, in
some cases at least, to other portions of the plant, as, for example, from
the aerial parts to tubers of the potato. This was subsequently verified
with several other tuber-bearing plants by RASUMOV (1931, 1935).

In his extensive work on photoperiodisnl in spinach KNOTT (1934) was
led to the belief that the leaves appear to function in some way to hasten
the photoperiodic effect in plants. Soon thereafter it was demonstrated by
MOSHKOV (1935) and by CAJLACHJAN (1936) and later by many others
that leaves are the organs of perception of the length of day stimulus,
whence it travels to the meristems and other parts of the plant. More
recent evidence has shown that the youngest fully developed leaves are
most sensitive to the photoperiod (MOSHKOV, 1937; PSAREV, 1937; ULRICH,

1939; NAYLOR, 1941).





Classification and Adaptation: -As regards their photoperiodism,
plants have been classified by GARNER and ALLARD (1920, 1923) into short
day, long-day and day-neutral types. While this grouping is not fully ac
ceptable in the light of our present evidence on plant development as af-



Pro. 1.-Original Maryland Mammoth tobacco plants with whirls photoperrodisn was discovered.
Plant on left grew in unlighted greenhouse (short days). Plant on right grew in electrically lighted
greenhouse (long days). Winter, 1919-Photo by GARNER and ALLARD.




	FIG. 2--Original	 Rural - _ hears plants with which
photoperiodism was first demonstrated. Vegetative
plants on left grew outdoors cinder natural long days.
Reproductive plants on right grew outdoors under arti
ficially shortened 10-hour days. Summer, 1920.-Photo
by GARNER and ALLARD.





fected by light duration, it has been adopted by most investigators and is
used widely.

In short-day plants flowering is induced experimentally by relatively
short photoperiods, usually 10 hours or less; in long-day plants by photo
periods of 14 hours or more; and in so-called "neutral" plants by 10-18
hours of light duration or even continuous illumination (HARVEY, 1922).
Examples of short-day plants are: Some tobaccos and soybeans, Chrysanthemum,

Salvia, Poinsettia, Cosmos and many other of our spring and fall
flowers. Of long-day plants there are: Spring varieties of cereals, spinach,
lettuce, radish, potato, Rudbeckia and other summer flowers. Of neutral
plants we have: Tomato, dandelion, buckwheat, cotton and some squashes
and cucumbers.

Recently ALLARD (1938) and GARNER (1940) have added a fourth
group, of which there seem to be a few representatives, designating it
intermediates. They seem to flower at a day length of intermediate dura
tion (12-14 hours), but are inhibited in reproduction by day lengths either
above or below this length. Examples of such plants are: Mikania scandens,
Phaseolus polystachyus, Eupatorium torreyanum and Saccharum spon
taneum.

To lengthen the light period experimentally, GARNER and ALLARD
found electric light of comparatively low intensity consistently effective for
initiation or inhibition of reproduction or vegetation, depending on the type
of plant treated. This has been fully verified by other investigators and is
good evidence that, in general, intensity of the supplementary light used
is not a factor in photoperiodism. Very weak light, of course, cannot be
used, throughout the photoperiod for a large number of days without great
disturbance in growth and development of plants.

Photoperiodism is an important factor in the natural distribution of
plants. In their native habitats plants are adapted in various degrees to
a variety of environmental factors, including the diurnal duration of light.
They could not persist long in a specific region or extend their range unless
the environment is favorable for some form of reproduction (POTAPENKO,
1945). Numerous observations have shown that genera, species and va
rieties have developed photoperiodic responses which enable them to adjust
the time of flowering and fruiting (seed production) to definite seasons,
characterized by certain lengths of day. Thus we have more or less typical
spring, summer and fall blooming types of plants. The literature on this

subject is voluminous, of which the following papers may be cited as exam

ples: ADAMS, 1923; ALLARD, 1932; DARROW, 1934; DOROSHENKO, 1927;
DOROSHENKO and RASUMOV, 1929; MCCLELLAND, 1928; MAXIMOV, 1929;
TINCKER, 1925; KUZNETSOVA, 1929; LUBIMENKO and EGLOVA, 1927;
ALLARD and ZAUMEYER, 1944; ALLARD and GARNER, 1940 and BÜNNING,
1943. Some synchronization to the seasonal photoperiod is remarkably
close (SMITH, 1941).

In general, plants that have originated in southern or tropical latitudes
will require short days for flowering, while those of more northern lati
tudes, roughly to the north of 60°, are long-day plants. When the latter are
moved too far south, they will not produce blossoms. When carried farther
north, they will still be reproductive, because of an increased photoperiod



and despite the shortened season. But southern plants are more difficult
to adapt to northern latitudes where, due to the much longer days, they will
continue to grow vegetatively till killed by frost.

Within specific groups of plants there may exist great variability as to
their responses to definite photoperiods, even if attention is paid only
to flowering and not to the earlier or later stages of the reproductive cycle.
Thus within the genus Phaseolus, to three species of which (P. vulgaris,
P. lunatus and P. coccineus) belong the beans commonly grown in the
United States, there is a large number of varieties that are either short
day or day-neutral. But the Scarlet Runner bean, a variety of P. coccineus,
is a long-day plant. Since most of the varieties of P. vulgaris and P. luna
tus are day-neutral, they can be and are grown over a considerable range
of latitudes. In fact, much of the varietal improvement in these two spe
cies has been associated with day-neutral characteristics (ALLARD and
ZAUMEYER, 1944). Analogous and possibly even more extreme situations
are exhibited by soybeans (BORTHWICK and PARKER, 1939; RUDORF and
SCHRöCK, 1941) and many other cultivated species (BELJDENKOVA, 1940;
GOODWIN, 1941; LAIBACH, 1940; ALLARD, 1941).

Among wild plants, or plants that have been domesticated but little, simi
lar conditions seem to exist. Of the several instances that could be cited,
it would seem to be sufficient to refer here to two recent studies. OLM
STED (1944-1945) has investigated, both in the field and laboratory, the
photoperiodic response of twelve geographic strains of side-oats grama
grass (Bouteloua curtipendula). They were found to differ in their re
sponses to the length of day, showing the existence of definite photoperiodic
types within the species. Strains from southern Texas and Arizona con
sisted largely of short-day or intermediate plants, those from Oklahoma,
Kansas and Nebraska included numerous long-day individuals, and those
from North Dakota were made up chiefly of long-day plants. It is con
cluded that most specimens, within the twelve strains investigated, probably
can develop flowers best on photoperiods existing in their native habitats.
Whether this wide variability in response to the photoperiod is due to more
or less stable inherited characters or is the result of heterozygocity, is not
certain from the evidence presented. A similar situation seems to exist
in other groups of plants (RASUMOV, 1937; KIRICENKO and BASSARSKAJA,
1937).

The adaptability to length of day of various species of the potato has
been reported by DRIVER and HAWKES (1943). Though most wild South
American potatoes were found to be short-day plants, certain clones of
Solanum andiginum, S. curtilobum and S. tenuifilamentum appeared day
neutral, and one clone in each of the first two species reacted as long-day
plants.

From these and other instances it is quite apparent that the present
classification of plants on the basis of reactions of some members of the
group, as regards sexual reproduction, to more or less definite photoperiods
is not very appropriate.

In this connection there are other aspects of the problem of classifica
tion that should be taken into consideration. Very few species, excepting
possibly those in equatorial regions and in the case of some desert, polar or
high altitude ephemerals, seem to be adapted throughout their length of



sexual reproduction, from flower bud inception to seed maturity, to the
same photoperiod or a combination of photoperiod with other environmental
factors. In many plants flowers are initiated at one time of the year (one
photoperiod) and their further development to anthesis takes place at an
other. It is highly probable that reproduction may commence by exposing
experimental plants continuously to specific lengths of day but further de
velopment of floral organs may be curtailed or inhibited under this particu
lar photoperiod. (BORTHWICK and PARKER, 1939; MURNEEK, 1939).
Disregarding equatorial regions, in nature most plants probably have ad
justed themselves not to uniform diurnal periods of light but to continu
ously changing ones. It has been shown that many so-called short-day
plants are really short-day -> long-day plants as regards their response to
photoperiods. Similarly quite a number of long-day plants are, in fact,
short-day -> long-day types. Hence, paradoxical as it may appear, there
does not seem to be an essential difference between the two groups (WHYTE
and OLJHOVIKOV, 1939).

CAJLACHJAN (1933) is of the opinion that classification of cereals into
spring and winter types is unjustifiable in view of the fact that in any
large collection strains exist within varieties, secured from different lati
tudes, that may be arranged in series, from spring to winter forms. Using
certain species of Poa, Digitalis, Trifolium, Pyrethrum and Hyoscyamus as
examples, KRIER (1941) claims that there is no clear-cut distinction be
tween winter and spring annuals, biennials and perennials. One type can
be converted into the other under environmental conditions as determined
by geographic location.

By considering two stages of reproduction only, flowering and fruiting,
EGUCHI (1937) recognizes the following classification, some representa
tive plants for each being given by LOEHWING (1939).

Optimal periods for:

Flowering: -	 Fruiting: -	 Representative species: -


		

Short		Long		Strawberry, Cineraria

	

Long	 Long	 Oxeye daisy, Spring barley

	

Long			 Short		 Physostegia virginiana, Boltonia latisquama

	

Short	 Short	 Soybeans, Cosmos bipinnatus

					

Long	 Day-neutral		 Phlox paniculata

	

Short	 Day-neutral	 Late rice varieties

					

Day-neutral	 Short		 Chrysanthemum osticum

	

Day-neutral	 Long

	

Spinach, wheat

					

Day-neutral	 Day-neutral		Pepper, early rice, buckwheat

Whether many plants, in flowering and fruiting are as closely adjusted
to the light period as would seem to be indicated here, may be questioned,
for often changes in length of day merely delay flower development. Then
there is considerable evidence extant also that the age of the plant deter
mines in a large measure its sensitivity to length of day CAJLACHJAN,
1936; PURVIS and GREGORY, 1937; BORTHWICK and PARKER, 1938; MOSHKOV,

1939; MIROLJUBOV, 1940). All this seems to suggest the necessity of
revision of our conception of photoperiodism.

The period from flower initiation to their full development (anthesis)
should receive at least an equal if not greater consideration than the time of
floral inception. Flower differentiation does not always lead to their



macroscopic development, certainly not in equal numbers (MURNEEK,
1939). The histological analysis by BORTHWICK and PARKER (1938)
suggests this, and their further studies on the effects of the photoperiod on
development of the Biloxi soybean (PARKER and BORTHWICK, 1939) dem
onstrate that when plants, with initiated floral primordia, were transferred
to long, 16-18 hour photoperiods, no flowers opened, and when photoperiods
above 13 hours were given no fruit was formed. NIELSEN (1942) found
that even 10 cycles of short photoperiods resulted in a high percentage of
degenerated microspores in the Biloxi soybean.

In view of these facts, and the thought-provoking statement by GREGORY
(1936) that "the problem of photoperiodism may be considered not as con
cerning conditions leading to flower formation but as concerning failure to
flower," it would seem to be desirable that in studies of photoperiodism,
as it affects sexual reproduction and metabolism, the whole reproductive
cycle should be followed in detail both by observation and histologically.
As far as the writer is aware this procedure was started for the first time
with the soybean, var. Biloxi (MURNEEK and GOMEZ, 1936) and has sub
sequently been used successfully by other investigators (HAMNER and
BONNER, 1938; BORTHWICK and PARKER, 1938; SNYDER, 1940; MANN,
1940, etc.).

Selection and breeding of plants for adaptability to localities of certain
photoperiods has been in progress for a number of years. The testing of
species, varieties and strains was started by GARNER and ALLARD (1920)
and has been continued by numerous other investigators. Unconsciously
growers have been doing it for a very long time, especially in comparative
tests of types and varieties of various economic plants. In this connection
emphasis should be placed on the importance of conducting selection by ex
posing plants to near the critical length of day for flower initiation and de
velopment, for there will be revealed the greatest degree of variation in
time of flowering (ALLARD and ZAUMEYER, 1944).

Phenotypic adaptation is adaptation of the individual, but there is also
genotypic adaptation of successive generations. In adaptability to a locality,
therefore, not only the environment but also the endogenous rhythm of the
selected plants must be taken into account. These do not always coincide.
Though we do not know much about the specific mechanism of this "inner
rhythm," it probably originated as a result of natural selection of random
mutations, but segregation and recombination or other gene mechanisms
may be operative (LUBIMENKO, 1939; BUNNING, 1943). Breeding plants
for photoperiodic adaptability has been successful in several instances
(MUNERATI, 1931; ABEGG, 1936; OWEN et al., 1940; GooDwIN, 1944,
etc.).*

Technique and Application: - The original technique of treating
plants for photoperiodism, as used by GARNER and ALLARD and others, was
to grow them in any convenient containers and either shorten the natural
photoperiod by placing them during part of the day under an opaque cover






On the basis of behavior analysis of F2 plants, obtained from hybridization of Maryland mam
moth (short-day) and Java (day-neutral) varieties of tobacco, A. LANG (Special Supplement 3,
pp. 175-183) has reached the conclusion that the short-day character in Maryland mammoth tobacco is
recessive to the dominant day-neutral character and monofactorial in inheritance. This characteristic
response to a short photoperiod is probably the result of quite frequently occurring gene mutations in
this and many other races of tobaccos.



of some sort or in a ventilated darkroom, or by extending the photoperiod
with electric illumination. This can be done either in the greenhouse
throughout the year or outdoors during the growing season. Quite similar
procedure has been used by later investigators, excepting for variability in
kind of light employed, such as the use of incandescent bulbs, carbon arc,
fluorescent tubes, etc.

The intensity of radiant energy given to plants to extend the length of
day has varied greatly, but commonly has been more than 100 f.c. As re
gards photoperiodism, most plants seem to be sensitive to surprisingly weak
illumination, occasionally to as low as 0.1 f.c. (WITHROW and BENEDICT,
1936). Light from as large electric lamps as 1000 watts, if too close, may
increase excessively the plant's temperature, requiring the interposition of
cooling equipment, such as a cell of running water. Details in the light
ing procedure were introduced when some part of the plant was exposed to
one and another to a different light regime, as in studies of localization of
the effect.

STEINBERG (1931) and GARNER (1936) have described and used to
some extent for photoperiodism studies elaborate equipment in the form of
air-conditioned cabinets, in which plants are grown entirely under electric
light, controlled temperature, humidity, air movement, etc.-in other words,
an artificial climate. WENT (1943) and LEwIs and WENT (1945) have
used air-conditioned greenhouses, with light, temperature and humidity
under control. For investigations on the relation of temperature to length
of day effects, the greenhouse temperature must be controlled either during
the dark or light periods or both (THOMPSON, 1933; ROBERTS and STRUCK
MEYER, 1938, 1939; LONG, 1939, BORTHWICK et al., 1943), while for de
tailed tests on parts of the plant, leaves, stems or growing points have re
ceived special chilling either by means of air or water currents (CHROBOC
ZEK, 1937; BORTHWICK, 1943).

In determination of the photoperiodic responses to light of certain
wave lengths, various filters have been employed (WITHROW and WITH-
ROW, 1940; WENT, 1944) but direct spectrographic light has also been tried
(PARKER et al., 1945).

Comparatively recently grafting procedures have come into vogue in
studies of translocation of the photoperiodic stimulus (MELCHERS, 1937;
CAJLACHJAN, 1937, 1938; HAMNER and BONNER, 1938; HEINZE et al.,

1942; STOUT, 1945). Undoubtedly other special techniques will be resorted
to in the future for detailed investigations of photoperiodism.

Plants are being given photoperiodic treatments to a considerable extent
in modern horticultural practice, especially in connection with greenhouse
culture. In the light of our present knowledge it is possible not only to
bring introduced species and varieties into flowering or fruiting, but do it at
a specific time, either by shortening or lengthening the light period. The
timing for specific dates of bloom is a very important floricultural prob
lem, particularly when it is done out of season. This can now be controlled
so definitely, by adjusting either the photoperiod or temperature, or both,
that recommendations are given by specialists in the field and used in prac
tice (LAURIE and POESCH, 1932; GREENE et al., 1932; POESCH and LAURIE,
1935; POST, 1942).



To shorten the photoperiod, plants are commonly covered with frames
of black paper or curtains of black cloth during part of the day, while it
may be conveniently lengthened by means of electric illumination of com
paratively low intensity. These procedures are quite similar to those used
in experimental work.

Tests have shown that plants respond the same whether artificial light
is given at the beginning or end of the dark period (POST, 1942). This is
in agreement with the early observations by GARNER and ALLARD (1920).
A minimum light intensity of 3-5 f.c. seems to be sufficient for most plants,
though more uniform results apparently are secured with 10 f.c. or higher
illumination. Recent studies have shown that intermittent supplementary
flash lighting for 1/2-1 minute, followed by an equal or a somewhat longer
dark period, depending on the kind of plant treated, is equally as satisfac
tory as continuous illumination and, of course, more economical (HUME,
1940; SNYDER, 1940). Quite identical results can be obtained also, so it is
said, by interrupting near its middle the dark period with usual lighting for
a few minutes only (PARKER and BORTHWICK, 1942).
A desired reaction of plants, whether in delaying or hastening bloom

ing, can be best secured from a reduction or an increase in the length of
day when there is previous information on the normal seasonal develop
ment and of the reaction of particular plants to specific photoperiods and
its relation to temperature and other factors. Moreover, the condition of
the plants at the start, and the length of the treatment, determine to a large
extent the resultant growth and development.

An interesting application of photoperiodism, conjointly with tempera
ture, on the induction of flowering in embryo-cultured peach seedlings has
been reported by LAMMERTS (1943). If derived from parental varieties
with a long chilling requirement, such seedlings form rosettes and go dor
mant early in the fall. This may be overcome by exposing them to long
photoperiods or to continuous light at a relatively high temperature (Mini
mum 70-75° F.), which lengthens the growth period. With the addition of
a brief chilling treatment, this hastens development, resulting in flower pro
duction two years after pollination, thus helping to speed up breeding work.





Relation to Temperature:-The modifying effects of temperature on

photoperiodism have been known ever since the observations by GARNER
and ALLARD, who state (1923, p. 912) that "temperature undoubtedly is the
most important environmental factor in relation to the action of the light
period on plant growth." When certain varieties of soybeans were grown
in greenhouses during winter months (short days) with mean temperatures
of 55° F and 72° F, respectively, flowering was markedly hastened by the

higher temperature. Subsequent studies with several varieties of soybeans,
conducted both outdoors and in the greenhouse, led them to conclude that
"under field conditions in Washington, D. C. variations from year to year
in date of flowering of both early and late varieties of soybeans, when
planted on any particular date, are due chiefly to differences in temperature,
while length of day is the primary external factor responsible for the fact
that one variety is always relatively early and another late in attaining the

reproductive stage" (GARNER and ALLARD, 1930).



In more detailed investigations with soybeans, other field and several
horticultural crops, emphasis has been placed to an increasing extent on the
importance of temperature in its relationship to the photoperiod (EATON,
1924; GILBERT, 1926; PLITT, 1932; THOMPSON, 1933; PURVIS, 1934; Mc
KINNEY and SANDO, 1935; STEINBERG and GARNER, 1936). Flowering
and fruiting of late maturing soybeans such as Biloxi for instance, is
favored by a combination of short days and warm temperature, of Rud
beckia bicolor, by long days and warm temperature, and of sugar beets by
long days and cool temperature.

Many winter wheats and other winter cereals are not really typical
long-day plants, as regards sexual reproduction, but are short-day -> long
day plants and may be considered also low-temperature -> high-temperature
plants. One of these essential conditions, sometimes both, must be obtained
during early stages of plant development in order that flowers be initiated.
The other, or both, are necessary for successful sexual reproduction. Typi
cal spring cereals probably are long-day high-temperature plants. While the
biennial sugar beet apparently requires both a low temperature and long
days, the annual beet long days only for sexual reproduction (OWEN et al.,
1940; STOUT, 1945).

By using a great variety of plants, representing several genera and
species, ROBERTS and STRUCKMEYER (1938, 1939) have demonstrated that
the responses of most of them to the length of day are altered, often strik
ingly, by the night temperatures only a little above or below those cus
tomarily used in greenhouse practice. Poinsettia, a commonly considered
short-day plant, for example, failed to bloom under this photoperiod when
grown at a minimum temperature of 55° F. The long-day Rudbeckia
laciniata was similarly influenced by temperature in its response to length
of day. At a night temperature of 60-65° F and short-day light exposure
it remained in a rosette stage of growth, but with the same photoperiod at
55° F. it grew in height and eventually produced flowers.*

From these and similar observations it is quite apparent that the sensi
tivity of many plants to the duration of light is affected very much by
temperature and, contrariwise, the photoperiod influences the responses of
plants to temperature. From the results obtained on the effects of tempera
ture and photoperiod on some pea varieties, KOPETZ (1943) concludes that
both day-length and temperature appear to have a decisive influence on
plant development. Under short-day treatment, however, the influence of
temperature seemed to be masked by a stronger effect of day length, but
under long photoperiods temperature seemed to be the determining factor
of development. Responses to the photoperiod and temperature of several
native California annuals, studied by LEWIS and WENT (1945) pointed to
the fact that all but two were long-day plants and reactive to the night
temperature.

One should be always aware of the fact, in observing responses of

Viola hirta and V. silvestris, according to P. CHOUARD (Comptes Rendus 224: 1523-1525,
1947) produce cleistogamous flowers continuously in a long photoperiod (12-14 hours) if the tem
perature permits uninterrupted vegetative development (greenhouse culture). When the day length
is 8 hours, however, they form chasmogamous flowers, but only when the plants have been exposed
to a period of frost. An annual temperature rhythm, therefore, is necessary for this mode of flower
ing. The reaction of these two species differs from that of V. papilionacae which does not seem to
be adjusted to thermoperiodicity.



plants, that the temperature or the photoperiod or both may merely delay
flower development, of which there are numerous instances on record and

many others would have been observed if the experimental plants had been
grown long enough. In analyzing the photoperiodic and temperature re
actions of soybeans obtained from different regions, RUDORF and SCHRöCK

(1941) noted that the higher temperatures given only in the early stages of

exposure to short-days hastened the beginning of flowering and that this
was irrespective of temperature and photoperiodic conditions obtaining
afterwards. HEATH (1943) found that both long days and high tempera
ture promoted bulb formation and prevented bolting of onions, but short
days inhibited bulb production but allowed bolting, if the temperature was
not too high. Day lengths sufficiently long for bulbing at high temperatures
will prevent their formation at low temperatures. Planting onions late in
the season, when days are sufficiently long, will produce satisfactory bulbs,
depending largely on the prevailing temperature. While studying the
effects of some environmental factors on floral initiation in Xanthium

pennsylvanicum, a short-day plant, MANN (1940) found that the tempera
ture during the photoperiod had a pronounced influence on the resultant
time of flowering, but as the photoperiod increased in length, the tempera
ture effects diminished. Temperature seems to have a bearing also on the
length of the critical dark period required by this plant (LONG, 1939).

Whether the night or the day temperature is most important has not
been determined for all species and varieties (THOMPSON, 1944). More
or less specific night temperatures are now commonly considered as being
desirable for raising ornamentals in greenhouses. Cineraries, cyclamens,
chrysanthemums, carnations and snapdragons are usually grown at a night
temperature of 45-50° F., roses and begonias at 60° F., and gardenias,
orchids and bouwardias above 60° F (POST, 1942).

In consideration of the accumulated information on the relationship of

temperature to photoperiodism, both are now being taken into account in

experimental work on the influence of length of day on plant development
and either the day or night temperatures, or both, are kept under control

(RUDORF and SCHRöCK, 1941; ABERG, 1943; SIVORI and WENT, 1944;
LEWIS and WENT, 1945; LOVVORN, 1945).

Of considerable interest in this discussion should be the fact that

temperature itself, independently of the photoperiod, may be a potent factor
in induction and maintenance of sexual reproduction in plants. KRASAN,

as early as 1870, had called attention to temperature as a factor in initiation

of flowering of many plants and KLEBS (1913) observed that when beet
roots were kept during the winter in a warm greenhouse no flowers were

produced the following summer, as this biennial plant usually does, while
roots stored outdoors flowered and set seed abundantly.

The extensive investigations by THOMPSON and associates (1933, 1939)
on vegetables, by POST (1937, 1940) on ornamentals and by others would
seem to furnish ample testimony that various plants, though responsive to

photoperiod, can be induced to bloom by temperature treatment alone, com

monly by "chilling." In some recent studies on the effects of temperature
on initiation of flowering in celery, THOMPSON (1945) found that an ex

posure for as short a period as 2 days at 40-50° F caused floral inception,



though the plants were exposed subsequently to temperature too high (60-70°
F) for this process. This was true whether the low temperature treat

ment was given during the dark or light phase of the 24 hour cycle. But
when the plants were kept at 70-80° F, after a cold exposure even up to 32
days, no flowers were developed. This reminds one of so-called devernali
zation of cereals by high temperature (PURVIS and GREGORY, 1945).

According to WENT (1945), the cultivated tomato, a photoperiodically
neutral plant, sets fruit abundantly only when the night temperature is be
tween 15-18° C and the day temperature about 25° C. With lower and
higher temperatures at night fruiting is reduced or absent. This diurnal
alteration in temperature requirement would seem to be a sort of simulation
of photoperiodicity by thermoperiodicity. The conclusion is drawn from
these observations that thermoperiodicity in the tomato, and possibly other
plants, is due to the predominance of two processes, one during the day and
the other at night, of which the one in the dark evidently has a much lower
temperature requirement. Temperature probably acts directly on the
terminal meristematic regions, instead of indirectly through the foliage as
the receptive organ, as in photoperiodism (CURTIS and CHANG, 1930;
CHROBOCZEK, 1934).





Photoperiodic Induction: -In their studies of the influence of various
photoperiods on reproduction of soybeans GARNER and ALLARD (1923)
observed that an exposure to 10 short days was all that is required to bring
about flower formation, which was continued when the plants thereafter
received long-day exposures. Since then numerous investigators have ob
served in a variety of plants that an initial treatment to a light period con
ducive to sexual reproduction will result in flower and fruit development,
though often to various extents, irrespective of the length of day to which
the plants are subjected afterwards CAJLACHJAN, 1933, 1935; EGHIS,
1928; LUBIMENKO and SCEGLOVA, 1927,1931,1933; PURVIS, 1934; PSAREV,
1930b; RUDORF, 1935). This seems to be true of both short- and long
day groups. The effect has been named "photoperiodic induction" or
"photoperiodic after-effect." Recognition of this phenomenon has been of
great value in detailed studies of photoperiodism in many plants, especially
in analysis of the nature of the photoperiodic reaction.

Plants seem to vary as to their sensitivity to photoperiodic induction,
depending not only on the genus and species but also variety and even
strain. Thus, for instance, Baeria chrysostoma, a relatively short season
annual, apparently requires at least 5 photoperiods for flower induction
(SEVERI and WENT, 1944), while for the Biloxi soybean and for Xanthium,
with much longer life spans, two and one photoperiods, respectively, appar
ently are sufficient to differentiate floral primordia (BORTHWICK and
PARKER, 1938a; NAYLOR, 1941). It is stated, however, that the longer the
treatment the sooner the blossoms developed in Biloxi, and that in Xanthium
a single photoperiodic cycle required a comparatively long time (64 days)
for flowers to mature, whereas 4-8 such cycles led to flower development in
a more normal time and under continuous induction, in 13 days. More
over, with increasing number of photoperiodic cycles given there was a
proportional increase in number of flowers initiated (HAMNER, 1940).

Not only the photo but also the dark period seems to be essential as re-



gards photoperiodic induction of short-day plants. LONG (1939) found
that at least 3 long dark periods must be given consecutively to initiate
flowers in Biloxi soybeans and that variations in temperature affect con
siderably the length of the critical dark period. In Xanthium, likewise, the
response is largely a reaction to the dark period (HAMNER and BONNER,
1938; MANN, 1940; RAMNER, 1940). While in both the light and dark
phases of the inductive cycle, temperature and probably other environ
mental factors may modify or even inhibit the response of plants to induc
tion, with increasing number of photoperiods the temperature effect usu
ally becomes less noticeable. Moreover, there is the possibility that a cer
tain length of night, like that of day, may be conducive to initiation of
floral primordia, while a different dark period may be better for further de
velopment of flowers or for their function (PURVIS, 1934).

Recent detailed investigations of the relationship of the light and dark
periods of the inductive cycles, previously referred to, have been sum
marized critically by HAMNER (1942, 1944). The conclusion is drawn
that in short-day plants photoperiodic induction consists most probably of
an inductive cycle requiring photoperiods of a minimum duration and in
tensity and dark periods of minimum duration. In agreement with this
conception appear to be the findings of MOSHKOV (1939, 1940) and
CAJLACHJAN (1941), who, in their studies on several short-day plants,

also observed that an alternation of light and darkness was a prerequisite
for inception of flowering in this group. In Perilla ocymoides, for exam
ple, 9 hours of darkness and 9 hours of light was found the minimum
diurnal requirement for flowering. RASUMOV'S (1941) experimental evi
dence has led him to believe that in short-day plants initiation and growth
of reproductive organs takes place during the dark period but development
in long-day plants occurs chiefly in light, which probably do not require
for this function an alternation in light and dark periods. Several years
previously to the above investigations LYSENKO (1931, 1932) suggested
that long-day plants require light for completion of sexual reproduction
(his second or light phase of development) while short-day plants require
darkness for it. But since such plants cannot exist for any length of time
in continuous darkness because of absence of photosynthesis, alternating
periods of light and darkness are essential.

Present information does not seem to indicate that long-day plants re
quire for flower-induction a cyclic change of light and dark periods, for
they have been made to bloom in continuous light. HAMNER (1944) is of
the opinion that in nature flowering in both groups of plants is determined
by the length of night: "In short-day plants flowering seems to be stimu
lated by long dark periods while in long-day plants flowering tends to be
inhibited by long dark periods." This is in conformity with BLACKMAN'S
(1936) suggestion that the length of the night was chiefly responsible for
photoperiodic induction of flowering.

Light intensity, to some extent, is a factor in this process. In artificial
light Biloxi soybeans were found to initiate flowers at intensities of 100
f.c. but not below it (B0RTHWICK and PARKER, 1938b). When daylight
was extended with Mazda light, initiation did occur if the supplemen
tary light was less than 0.5 f.c. Biloxi soybeans did not form flowers
when kept during the short (8 hour) photoperiods at light intensities of



10-20 f.c., though light of high intensity (natural daylight) was given for
1 hour of the 8 hour period. But with 2 or more hours of intense light
during the photoperiod, increasingly more initiation of reproductive struc
tures was obtained (PARKER and BORTHWICK, 1941). WITHROW and
BENEDICT (1936) could see little difference in response of several green
house annuals when the day length was extended with artificial light at in
tensities from 10 to 100 f.c. Definite photoperiodic effects were secured
with 0.3 f.c. and the China aster reacted even to light of 0.1 f.c. RASUMOV

(1935) observed that oats and millet, obtained from various localities, re

sponded differently during their photoperiods to light intensities.*
Studies of the effects of light of various wave lengths on photoperiodic

induction so far seem to have advanced very little our knowledge of the
mechanism of inception of the photoperiodic reaction, though this undoubt
edly is one of the most crucial phases of the phenomenon. RASUMOV (1933)
and KATUNSKIJ (1937) found that red light had a similar effect to white
light in flower initiation, but green, blue and violet radiations were like
darkness in this respect. This is but a confirmation of KLEBS' observation
that red light is most effective in promotion of sexual reproduction. It was
confirmed again by WITHR0w and associates in 1936 and 1940. SCHAPPELLE

(1936), however, claimed that red and blue radiations were more or
less equally effective for spinach, radish, cosmos, lettuce and China aster.

In more detailed studies of the influence of wave lengths of artificial
light used to lengthen the daylight period (WI'rHRow and BENEDICT, 1936)
obtained from orange and red light (650 +mμ) the greatest photoperiodic
effect in pansy, stock and aster plants and little response from other wave
lengths. They conclude that the photoperiodic perception mechanism
probably has a maximum intensity at 650-720 mμ of radiation. For Baeria
chrysostoma all wave lengths, excepting green, were found effective in in
duction of flowering. Light of different colors was obtained by passing
radiation from 1000-watt incandescent lamps through appropriate glass
filters (SIVORI and WENT, 1944).

Mechanism of Photoperiodism: -This would seem to be a formid
able heading, for there is little more than circumstantial evidence, frag
mentary at that, on the possible steps involved in the reaction of plants to
the photoperiod. Perhaps we can allow it to stand, since it, in a general
way, covers various and some very important phases of investigational
work on the subject.

The leaves of a plant are the organs through which the photoperiodic
stimulus is received. Light, as regards duration and to some extent in
tensity, is the activating agent. The first reaction, unknown at present,
probably is of a photochemical nature. There is ample evidence extant
that, as a result of the photoperiod, a substance of a catalytic character, of
the nature of a "hormone," is formed which is responsible directly or in
directly, for the induction of floral primordia. This concept is based on a
large body of experimental records, first presented by PSAREV, MOSHKOV





* According to N. 5. SCULLY and W. E. DOMINGO (Bot. Gaz. lOS: 556-370, 1947) both duration
of photoperiod and light intensity influence the formation of floral primordia in certain varieties of
the castor bean, a long-day plant. They differ, therefore, from Xanthium or Biloxi soybeans, which
are not very sensitive to differences in total radiant energy but highly sensitive to differences in day
length. Results with hybrids were inconclusive.



and CAJLACHJAN and subsequently by other investigators. CAJLACHJAN
(1937) has tentatively named this substance "florigen." It is formed in
the leaves and thence transported to other parts of the plant, primarily to
certain terminal meristematic regions of the stem where flowers are ini
tiated. This concept is but a resurgence of the idea conceived by SACHS
(1863-1866) that flower producing substances ("Blühstoffe") are formed
in the leaves and translocated to terminal meristematic regions where flower
formation occurs.

Though perhaps other portions of the plant may react to some extent
to the photoperiodic stimulus, apparently the fully developed new leaves
are the chief loci of perception. The young developing and the old ones
may even inhibit the photoperiodic reaction of the mature leaves, either by
diluting or destroying the substance produced (RAMNER and BONNER,
1938; NAYLOR 1941). But CAJLACHJAN (1937) and STOUT (1945) state
that the vegetative shoots do not seem to produce a substance that is
antagonistic to sexual reproduction. The hormone seems to be stored to
some extent in the leaves. When taken from photoperiodically induced
plants and grafted on vegetative ones, they continue to supply the hormone
(LONG, 1939), although there is evidence to the contrary (MOSHKOV,
1941). Light intensity and temperature, as was pointed out previously,
have an important bearing on hormone formation in the leaves.

The production of the photoperiodic impulse in the leaves probably
stands in no direct relationship to photosynthesis (POTAPENKO, 1944) since
(a) it can take place in very weak light which does not permit much photo
synthesis and during which respiration certainly is in excess of carbon as
similation and (b) reduction of the light period in short-day plants, which
would seem to curtail the amount of carbon assimilation, leads to initiation
of reproduction. Moreover, CAJLACHJAN (1941) has shown the photo
periodism takes place whether the plants are green or chlorotic. On the
other hand there is evidence more or less to the contrary. By controlling
photosynthesis, either through limitation of CO2 supply or duration of
light intensity, initiation of floral primordia was limited in the Biloxi soy
bean (PARKER and BORTHWICK, 1941; HARDER and WITSCH, 1941).
Suggestive of a connection between photosynthesis and photoperiodism
are also the results obtained in suppression of floral initiation by interrup
tion of the dark period with spectral light. It showed two regions of maxi
mal efficiency (suppression), one in the red, the other in blue light, thus
indicating a possible association, negative though it be, with chloroplast
pigments and photosynthetic utilization of carbon dioxide (PARKER et al.,
1945).

WITHROW and WITHROW (1944) have concluded, from their work on
intermittent irradiation of several kinds of plants, that the kinetics of the
photoperiodic reaction is based on two relationships which appear to limit
the photochemical reaction: a) "The relatively slow rate of the non-photo
chemical reaction which forms the substance to be photoactivated and b)
the relatively low equilibrium concentration which this substance attains
during long periods of darkness." This suggests some possible limitations
in two hypothetical reactions but does not indicate their essential character.

In order to account for the response of Biloxi soybean and Xanthium
plants to both the photo- and the dark-periods of the alternating cycles



necessary for photoperiodic induction, HAMNER (1942, 1944) has pre
sented what he calls "a simple hypothesis," for the support of which a cer
tain amount of experimental data have been secured with these plants.
Therefore, it seems to be based on inferences which have already the
weight of some evidence in its favor. To quote HAMNER: "It appears
that determinative reactions take place during both the light and dark phases
of the cycle and also that there is an interaction among them. For con
venience the changes or conditions which arise owing to exposure to light
may be designated as A, those owing to darkness as B, and the possible
summation or resultant changes related to A and B may be referred to as
C. Thus, an interaction between A and B results in C. Such a postulation
necessarily implies a carry-over of the effects produced during the photo
period into a subsequent dark period, or a carry-over of the effects pro
duced during a dark period into a subsequent photoperiod, since such must
be the case in order for the interaction to take place. It is assumed that
through the medium of C the observable effects, such as differentiation of
floral primordia, flower development, and the like are manifested."

While the symbols A, B and C have been used for convenience to ex-
press possible steps in the photoperiodic responses of Biloxi and Xanthium
plants, HAMNER emphasizes that they may represent a whole series of
interlocked reactions involving many substances. The experimental data
would seem to suggest that A is a relatively stable substance, which is
formed during exposure to light and evidently depleted during the sub
sequent dark period because of reaction with B to form C. During the
exposure to darkness B probably increases in amount till a threshold value
is reached when an interaction with A takes place. Whatever its nature,
B apparently is destroyed by as brief an exposure to light as 1 minute. C
appears to be relatively unstable also for the amount formed during one
photoperiodic cycle is not usually carried over to another, if an intervening
non-photoperiodic cycle is set between them. The action of C evidently
is increased by light intensity obtaining after the photoinductive cycle.
It should be emphasized that there is no confirmation of this hypothetical
scheme.

Since long-day plants do not seem to require an exposure to darkness,
the above hypothesis cannot be applied to them. Neither is it suitable for
the so-called "neutral" plants nor applicable to the action of the light period
on modification of vegetative organs and other photoperiodic effects.

The chemical nature of the flowering hormone(s) is unknown. Sev
eral investigators have shown, by grafting experiments, that it is the same
whether formed by the action of long or short photoperiods. It has been
effectively transmitted from annuals to biennials and interchangeably from
short to long or neutral plants and vice versa, in various combinations
(KUIJPER and WIERSUM, 1936; MOSHKOV, 1937; MELCHERS, 1937, 1938;
STOUT, 1945).

The idea that, instead of a special hormone, plant growth substances,
specifically the auxins, in some way may be responsible for initiation of the
flowering state has been proposed by some investigators of whom the main
representative is CHOLODNY (1939). The present evidence seems to be
largely against it. But some indirect support to this assumption may be
presented from the interesting experiments on flower induction in the



pineapple by means of ethylene and acetylene and synthetic growth sub-
stances, naphthaleneacetic and 2,4-dichlorophenoxyacetic acids (OVER-
BEEK, 1945). Then, too, these and related chemicals have been widely used
to stimulate fruit setting and size in tomatoes, beans and a few other plants.
There is some evidence that the growth substances increase the auxin con
tent of plants and that ethylene and acetylene, by acting on the mature
leaves, may release a flower forming substance (TRAIJB et al., 1939).

Tests have indicated that the flowering hormone is not identical with
the following substances: Vitamins B1, B2, B6, ascorbic acid, nicotinic
acid, pantothenic acid, or theelol, inositol or indoleacetic acid (HAM NER
and BONNER, 1938).

Judging from the results frequently obtained, the production of florigen
has certain quantitative aspects. With increasing amount of foliage, light
intensity, number of photoperiods and change in temperature more of it
or less may be formed, as has been pointed out already. When there is a
lack of sufficient quantity of the hormone, flower production may be sup
pressed or their development may be incomplete (MURNEEK, 1939).
Morphological and histological variations of flowers because of insufficient
photoperiodic dosages or correlated disturbances, leading in extreme cases
to their anomalous development, the formation of so-called "vegetative"
flowers, has been described by BIDDULPH (1935), MURNEEK (1936-1940),
GREULACH (1942) and HARDER et al. (1942).

HARDER undertook an extensive study of the effects of a reduced flower
hormone supply on the formation of inflorescences of Kalanchoe bloss-
feldiana by the following experimental means: a) Limited number of
effective photoperiods (short days) ; b) the use of intermediate photo
periods; c) lowering of temperature at night; d) interference with trans

port of hormone by cutting of midribs of donor leaves and e) variations
in distance of transport of hormone. The results showed that all the
above procedures, properly executed, reduced the formation of flowers
and changed to various degrees inflorescences into vegetative shoots. He
makes the interesting observation that the vegetative organs near inflo
rescences, because of the latter's reduction in size or complete absence, were
changed, and expresses the belief that these vegetative organs are even
better indicators than the flowers themselves, of the amount of hormone
present.*

The transport of the hormone from the leaves to the apical meristems
and elsewhere seems to be of the nature of diffusion, involving living cells.
Hence the rate of transfer both through the leaf petiole and the stem is
comparatively slow. When the main vein of a leaf is cut, there does not
appear to be an interference in hormone movement from the leaf to the
stem. It does not seem to be translocated either through the xylem tissue







GERTRUD MEYER (Biol. Zentrbl. 66: 1-20, 1947) has demonstrated that in Sedum kamtscha-
ticum an exposure of as small a leaflet as 1/2 cm2 to a long photoperiod will affect to some extent
the development of other parts of the same plant kept in a short photoperiod. Hence in Sedum
(long-day plant) a relatively small leaf surface area has the same or similar effect on flower hor-
mone production and/or transfer as a much larger leaf area in Kalanchoe (short-day plant). There
does not seem to be enough evidence for the special catalytic substance ("Metaplasin") assumed to
be produced by the photoperiod, and to function in modifying the vegetative parts of the plant, which
is postulated by HARDER et al., and agreed with by MEYER (1947). The morphogenetic effects on
vegetative organs are most likely the results of photoperiodically induced sexual reproduction (Mua
NEEE, 1936, 1939, 1940) (cf. p. 90).



or through dead petioles. When the bark is removed, there is no transfer
of the hormone (AJLACHJAN, 1938, 1940, 1941; HAMNER and BONNER,
1938; BORTHWICK et al., 1941; WITHROW and WITHE0w, 1943; STOUT,
1945).

The hormone moves up and down the stem with almost equal facility,
though the upward transport is the more common direction (HEINZE et al.,
1942). It may be stored to some extent in the stem and probably other

parts of the plant. Some believe that the hormone can be transferred

through an inert partition such as lens paper, inserted at the union be
tween thetwo graft symbionts (HAMNER and BONNER, 1938) though more
recent findings seem to show that its translocation between donor and re

ceptor plants is possible only when there is established a direct union

(MOSHKOV, 1939; WITHR0w and WITHROW, 1943).
The hormone moves to the terminal meristems where in some unknown

way it affects the apical cells changing their activity from production of

vegetative tissues to inception of floral primordia. Not all of the meristems
are in the same stage of development at any particular time of induction,
or perhaps do not get the same dosage of the stimulant or else are not

equally susceptible to it. Those nearest to the photoperiodically most sensi
tive leaves may perchance receive the hormone sooner or in larger amounts
than the more distant ones, for when buds nearest to the functional leaves
are removed other buds seem to get more of the catalyst. BORTHWICK and
PARKER (1938) have shown that the first microscopically visible response in
the Biloxi soybean, as a result of exposure of the whole plant to 5 or 6
short days, was in the buds located in axils of leaf primordia that were
fourth or fifth from the tip of the main stem. HARDER et al. (1942) think
that in meristematic regions the hormone is distributed throughout the
tissue, but even here there may occur a one-sided effect. The production
of flowers with only partial expression of the reproductive organs and asso
ciated tissues, already referred to, would seem to suggest an incomplete
supply of the hormone to meristems from which they arose or else inter
ference at some later stage in flower development.





One of the crucial aspects of the photoperiodic induction of floral
primordia unquestionably is the first changes in the vegetative meristems,
more accurately the retardation in multiplication of the apical cells. It is
well known that the first microscopically observable alteration at the
rounded tip of the meristem, that changes toward the formation of repro
ductive tissues, is the formation of a plateau. The meristematic cells are
inhibited at X. It would seem to be very desirable to conduct detailed
cytological and possibly microchemical studies of the meristem during the
earliest changes toward reproduction as effected by the photoperiod and



possibly other environmental factors (SINNOTT, 1938). And if we con
sider GREGORY'S idea that the problem of photoperiodism in plants is not
really concerned with factors that determine flower formation but those
that lead to failure of flowering, then other later phases of development of
floral organs, as influenced by the photoperiod, must likewise be taken into
detailed consideration.

One should recognize the following stages in flower inception, develop
ment and function (MURNEEK, 1937, 1939):

a) Terminal meristems or determined loci where the floral hormone is received
and condition of "ripeness to flower" established physiologically. Usually there are
far more such meristematic points than there is available hormone or other indispens
able substances. Some of them, perforce, cannot initiate reproductive tissues. This
is the first elimination of certain meristems as flower producers.

b) With a large number of meristems made "ripe to flower" and having formed
floral primordia, it is very probable that many of them are eliminated early because of
lack of supply of building material of one sort or another. Organic nitrogen com
pounds most likely play an important role here. Possibly certain catalytic substances
or other hormones, necessary for the early development of floral organs, should be
considered also as factors.

c) Further elimination of a large proportion of the developing flowers undoubtedly
occurs because of competition for available food supply during their growth. Far
more floral primordia are usually formed than can possibly develop into functional
flowers. The greater the limitation in reserve food supply or synthesis of organic sub
stances (lack of light or extreme temperature) the fewer flowers will be brought to
completion (MURNEEK, 1926).




d) Not all flowers that reach anthesis are able to function normally, i.e. to form
gametes and participate successfully in fertilization. There may be various reasons
for this condition. Some flowers, though appearing normal on casual observation, are
abnormal in many essential morphological structures, such as incomplete development
of stamens or ovaries or the micro- or macro-gametophytes. It is a common knowl
edge that plants often produce an enormous number of flowers of which only a small
proportion participate in fertilization (LOEHWING, 1938; NIELSEN, 1942).

In the delicate balance between vegetation and reproduction the growth
rate and photoperiodic or other inhibition of the main axis and lateral
branches should be taken into account (MURNEEK, 1936, 1939, 1940).
Stem elongation is promptly retarded in the Biloxi soybean, Rudbeckia
bicolor, R. hirta and many other plants by exposure to a short photoperiod
(MURNEEK, 1936, 1940; GREULACH, 1942). In the soybean, var. Biloxi,
this treatment probably effects independently induction of reproduction and
inhibition of vegetative growth, although it is possible that a special in
hibiting substance may be produced by the floral primordia. The writer
found that growth of the main axis of R. bicolor, a long-day plant, cannot
be induced but only maintained on a long photoperiod. Growth in height
stopped promptly when the plants were moved from long- to short-day
exposures. It was found possible to combine photoperiodic induction and
photoperiodic inhibition in various ways in R. bicolor plants by exposing
them to certain number of long and short light periods. Size and form of
the vegetative parts and amount and character of flower development
thereby was changed.* Stem elongation has been found to be inhibited by






"Another example is reported by J. C. SEN GUPTA and S. K. PAYNE (Nature lOO: 510, 1947)
who show that leaf heteromorphism in Sesamum orientale evidently is related to the photoperiod.
With increasing length of day, from 10 to 16 hours, there was a reduction in the number of linear
lanceolate leaves produced and an increase in number of ovate entire and ovate serrate leaves. More
over, plants that received a 14-hour or a longer photoperiod produced larger and more variable leaf
forms than plants given a 10-hour photopcriod.



long days in cucumber and by short days in some tobaccos, both of which
apparently are day neutral plants (DANIELSON, 1944; DENNISON, 1945).
Photoperiodic inhibition has an important bearing on nutrition and metab
olism of plants and thus on flower development and performance.

Conclusion:-The discovery of photoperiodism and the subsequent
disclosure of the effects of temperature on plants have emphasized force
fully that the genetically determined rhythm of development can be modi
fied strikingly by the environment. It has advanced our knowledge on
certain aspects of latitudinal and seasonal adaptation of a considerable
number of species and varieties.

The present commonly used classification of plants into short-day, long
day and neutral types, however, is not acceptable any more, in considera
tion of recent investigations. In nature probably no plant throughout its
life is adapted strictly to one kind of photoperiod, excepting those growing
in equatorial regions, but many plants will tolerate to a considerable extent
a uniform length of day, as when grown under such conditions for experi
mental purposes. Most likely a specific length of day or night is most
conducive to one phase of sexual reproduction of particular plants and an
other or others to succeeding phases. There is urgent need for more de
tailed studies of the effects of the light period not only on initiation of the
sexual state but especially on flower development and fruit and seed pro
duction.

We may well expect to gain a clearer understanding of the often very
close adaptability of plants to their ecological environments from further
studies on the reciprocal influences between photoperiodism and tempera
ture and possibly other environmental factors. The information thus
gained should be of increasingly greater importance in cultural practices of
many economic species and varieties. Application of photoperiodism and
control of night temperature has already been of considerable practical
value in connection with greenhouse culture of certain flowers and vegeta
bles and in the breeding and selection of a large variety of field and other
crop plants.

Despite the extensive investigational work that has been conducted on
the problem, exact information on the mechanism of photoperiodism is
still lacking. It is fairly certain, however, that, as a result of the photo
periodic stimulus, a catalytic substance of hormone-like nature is formed
in the leaves, whence it moves to the terminal meristems resulting in initia
tion of floral primordia. If the inductive action, either during the light
or dark periods of the diurnal cycle, is of a photochemical nature and in a
way analogous to photosynthesis then detailed physico-chemical studies are
in order and many difficulties may be encountered in analysis of the prob
lem. Considerable advance in our understanding of photoperiodism would
be gained if the flower inducing hormone ("florigen"), unstable as it may
be, could be isolated in pure form and its chemical constitution determined.
This would seem to be the first crucial problem for solution.

The function of the photoperiodically formed hormone in altering the
activity of terminal meristematic cells, from production of vegetative to
reproductive tissues, has received practically no attention so far, beyond
some general histological observations. Cytological and chemical studies of



meristems, as altered by the photoperiod, would seem to be highly desirable.
Here we deal with the second most crucial problem of photoperiodism-the
induction of sexual reproduction. Perhaps a less complicated approach to
solution of the mechanism of floral induction would be by the use of tem
perature as the external modifying factor, for it appears to act more di
rectly on the terminal tissues.

While these and other fundamental questions should, and eventually
will, he answered in studies of photoperiodism, further advances should be
made in the application of the phenomenon to various phases of plant cul
ture and related problems.
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