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ABSTRACT 

Plants of Medicago sativa L. varieties Lahontan 

and Sonora and clone M-56-11 were used to study the 

influence of light intensity on vegetative growth. 

Vegetative and reproductive growth of Lahontan and Sonora 

plants was investigated under various photoperiods and red, 

far-red, or white light interruptions of the dark period. 

Plants receiving 1200 ft-c of light for four weeks 

were taller and produced more stems and crown buds than 

those receiving 3600 ft-c. Crown and stem bud production 

of clone M-56-11 plants followed a different pattern than 

those of Lahontan and Sonora plants. 

Lahontan and Sonora plants grown under 14-hour 

photoperiods were shorter and produced more crown buds 

than plants receiving 14-hour photoperiods and two one-hour 

light interruptions of the dark period. Increases in 

height and number of crown buds were influenced more by 

photoperiod than light intensity. 

Height, number of crown buds, and number of stems 

showed greater response to light interruptions as plant age 

increased from two to seven weeks. Regression analysis of 

data obtained through use of a central composite rotatable 

design indicated that height increase was generally a 

quadratic response whereas crown bud initiation was linear. 

xviii 



xix 

Two 80-minute red or white light interruptions or 

one four-hour red light interruption of a 15-hour dark 

period increased height of five-week-old alfalfa plants, 

but inhibited crown bud initiation and stem production. 

Height of plants receiving two 80-minute far-red light 

interruptions was not affected but crown bud initiation was 

promoted. Height and crown bud responses of plants 

receiving one four-hour far-red light interruption were 

similar to those responses caused by red light. 

Total leaf area per plant was greater on plants 

receiving 24 hours of continuous white light than on plants 

receiving no light interruption or one four-hour red or 

far-red light interruption. Round leaves were observed on 

plants given no light interruption or one four-hour red 

light interruption while leaves observed on plants 

receiving red light or 24 hours of continuous white light 

were oblong. 

Sonora plants receiving two 80-minute red or white 

light interruptions of the dark period for 30 and 32 

consecutive nights, respectively, exhibited flower buds as 

did plants receiving continuous white light for 16 days. 

Histological examination of the terminal buds from Sonora 

plants showed that floral initials were evident after 

approximately 24 nights of red or white light treatment and 

after 12 days of 24 hours of white light. Floral initials 

were evident on terminal buds of Lahontan plants after 36 
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nights of red or white light treatment and after 12 days of 

24 hours of continuous white light. Alfalfa plants placed 

under the no light interruption treatment after 12 days of 

continuous white light did not flower and some developing 

flower racemes aborted. 

The first evidence of flower initiation was the 

formation of a raceme primordium in the axils of trifoliate 

leaves. A flower raceme with several flower primordia 

developed from the raceme primordium. Flower primordia 

were produced in an acropetal manner resulting in an 

indeterminate inflorescence with the youngest flowers 

nearest the apex of the raceme. Early flower primordia 

were rounded but ridges became evident as meristematic 

areas of the flower began to produce floral parts. The 

ovary, stamens, and sepals developed first and petals 

formed last. 

Extraction of phytochrome from dark-grown alfalfa 

seedlings yielded a yellowish-green band on calcium 

phosphate columns which darkened upon exposure to far-red 

light and lightened when exposed to red light. The differ

ences in optical-density changes at 660m(j, and 730m.|j, of the 

solution eluted from the column were approximately 0.01. 



INTRODUCTION 

Alfalfa (Medicago sativa L.) is grown under 

sequentially changing conditions of photoperiod and light 

intensity. The interactions of these environmental 

variables with the physiological processes of alfalfa are 

reflected in its growth responses. Temperature also 

influences the growth response observed. 

Rhythmic changing of the light and dark periods 

governs whether alfalfa will remain vegetative or become 

reproductive. Most alfalfa varieties are long-day plants; 

that is, they require nights shorter than a critical length 

to flower. The shift from vegetative to reproductive 

growth is manifest by morphological and anatomical changes. 

In many plants, this photoperiodic-induced change is 

governed by the phytochrome system. 

Phytochrome is a plant pigment which exists in two 

forms. One form has maximum absorption at a wavelength of 

660m|i and the other form maximum absorption at a wavelength 

of 730m|i. The conversion of one form to the other is 

reversible and is represented by the following diagram: 

f Phytochrome ^ 660m[i ̂   ̂ Phytochrome 
(red absorbing form) * 730mjl (far-red absorbing form) 

The far-red form is biologically active and is thought to 

be an enzyme (2). Thus light quality, especially when 

1 



light is given as a dark period interruption, is important 

in growth responses mediated by the phytochrome system. 

The intensity of light is important in maintaining 

a high level of food reserves, in morphological expression, 

and in photoperiodic responses. Intensity and duration of 

light given as an interruption of the dark period are also 

important in determining the growth expression of plants. 

Therefore, light duration and intensity can act singly or 

in conjunction with quality, via the phytochrome system, 

to influence growth responses of plants. Furthermore, the 

observed growth response will depend on the plant involved 

and characteristics of that plant. Age is of major 

importance in governing the type of growth response. 

To study the relationships of light intensity and 

photoperiod to growth of alfalfa, a series of experiments 

was conducted using one non-winter hardy (Sonora) and one 

intermediate winter hardy variety (Lahontan) of alfalfa. 

The objective of these experiments was to determine the 

influence of light intensity and photoperiod on vegetative 

growth of alfalfa. Data from these experiments, field 

observations, and current literature showed photoperiod to 

be more influential than light intensity in governing 

growth responses of alfalfa. 

Since many growth responses are governed by the 

phytochrome system, an additional series of experiments was 

designed to study the relationship of the phytochrome 
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system to vegetative and reproductive growth in alfalfa. 

Alfalfa was grown under cool temperatures and short-days to 

keep plants vegetative. Light treatments were then applied 

to cause a shift from vegetative to reproductive growth. 

The objectives of these experiments were: 

1. To determine the optimum seedling age and number 

of red and far-red light interruptions needed for 

certain growth responses to occur. 

2. To determine the influence of red, far-red, and 

white light interruptions of the dark period on 

growth responses of alfalfa as compared to growth 

responses under no light interruption of the dark 

period or under continuous light treatments. 

3. To attempt extraction of phytochrome from dark-

grown alfalfa seedlings. 



LITERATURE REVIEW 

Forage crops are grown under continually changing 

conditions of light intensity, duration, and quality. The 

intensity, duration, and quality of light depend primarily 

on latitude, time of year, atmospheric conditions, and 

elevation. Differences in the light parameters may be 

further modified by: (a) time of day, (b) shading by other 

crops grown in association, and (c) mutual shading within 

one crop. The specific responses of plants to changes in 

these light parameters will depend on the plant species and 

its physiological state. 

Primary Effects of Light on Plant Growth 

Once light strikes the plant, the number, kind, and 

orientation of light absorbing pigments determine that 

plants reaction (95). The activation of each pigment 

depends on its own absorption spectra, spectral composition 

of the light and intensity, and on the absorption charac

teristics of the surrounding pigments. Mohr (64), in a 

review article, divided the effects of light into two 

categories: (a) photosynthesis effects and (b) the direct 

influence of light on growth, development, and differentia

tion independent of photosynthesis. The latter light 

effect was called a photomorphogenic reaction. 

4 
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Photomorphogenie reactions were further subdivided into a 

high energy reaction and a low energy reaction. The high 

energy reaction occurred when plants were irradiated with 

relatively high light energy for "a long period of time. 

This reaction was not reversible and had two absorption 

peaks: (a) the far-red, and (b) the blue region of the 

spectrum. The low energy reaction was the phytochrome 

system. 

The Phytochrome System 

The first evidence that a low energy reaction 

governed plant responses was found by Garner and Allard 

(36). They showed that control of flowering could be 

attained by extension of the light period with a brief 

period of low intensity light. This evidence pointed toward 

a low energy requiring pigment system, but was not recog

nized as such. Later, Withrow and Withrow (98) and Parker 

et al. (72) found that red light was most effective in 

preventing flowering of short-day plants (cocklebur and 

soybean) when given as a brief interruption of the dark 

period. Borthwick, Hendricks, and Parker (4) confirmed 

that red light given in the middle of a 12-hour dark period 

prevented flowering of cocklebur. In addition, when far-

red light was given immediately after the red light, 

flowering occurred. However, flowering of long-day plants 

(barley and henbane) was previously found to be promoted by 
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red light given during a dark period normally too long for 

flowering to occur (3, 71). Therefore, flowering responses 

of short-day and long-day plants were different but were 

apparently controlled by the same pigment system. 

Before these flowering responses were obtained, 

Flint and McAlister (33, 34) showed that lettuce seed 

germination was promoted by red light and inhibited by far-

red light. The ultimate response depended on which light 

treatment was given last. Borthwick et al. (5) found that 

far-red light given immediately after red light would 

negate the red effect and inhibit germination as though red 

light had not been applied. This evidence showed the 

reversibility of the reaction. 

Since these early discoveries, the phytochrome 

system has been shown to control or influence many aspects 

of plant growth. Stem elongation, bud dormancy, matura

tion, leaf expansion, flowering, seed germination, 

hypocotyl hooking, and anthocyanin synthesis are some of 

the responses governed by the far-red form of this pigment 

(30, 32, 41, 42, 48, 52). Phytochrome-mediated growth 

responses can be revealed by observing growth of plants 

under red and far-red light interruptions of the dark 

period (29, 30, 47, 48, 53). Hillman (43) presented 

evidence that the effect of the far-red form of phytochrome 

depended upon the time during the dark period when it was 

present, the developmental stage of plant growth, and 



whether the plant was a long or short-day plant. Liverman 

(56), Hendricks and Borthwick (40) , Siegelman and 

Hendricks (90), and Borthwick and Hendricks (2) have given 

excellent reviews on growth responses controlled by 

phytochrome. 

Isolation and Properties of Phytochrome 

Much information had accumulated on the phytochrome 

system before isolation of the pigment was accomplished. 

Butler et al. (16) were the first to isolate phytochrome. 

They described phytochrome as a blue protein pigment which 

existed in two forms. These forms and their inter-

convertibility are represented in the following reaction: 

Phytochrome ^ 660m[i p ^ Phytochrome 
(red absorbing form) "s 730m|i (far-red absorbing form) 

When phytochrome is irradiated with red light (660m[i) the 

red absorbing form converts to the far-red absorbing form. 

The photostationary state of this conversion leaves 19 per 

cent of the pigment in the red absorbing form and 81 per 

cent of the pigment in the far-red absorbing form (12, 91). 

Irradiation with far-red light (730m[j.) reverses this reac

tion. Subsequent work by Siegelman and Firer (89), Siegel

man and Hendricks (91), Miller, Downs, and Siegelman (63), 

and Butler, Hendricks, and Siegelman (13) has resulted in 

improved purity of phytochrome and characterization of some 



of its properties. For further discussion on properties of 

phytochrome see the review by Siegelman and Butler (88). 

Two types of the far-red absorbing form of phyto

chrome have been found. Butler, Lane, and Siegelman (15) 

found a stable far-red absorbing form in cauliflower 

inflorescence that reverted to the red absorbing form 

during darkness. Oxygen was not needed for this dark 

reversion. Butler and Lane (14) and Pratt and Briggs 

(74) pointed out that corn had a labile far-red absorbing 

form which denatured during the dark period and did not 

show any dark reversion. Destruction of the labile far-red 

absorbing form was limited by an enzyme and was dependent 

on the presence of oxygen. 

Phytochrome has also been detected in dark and 

light grown plants by differential spectrophotometry in 

vivo and in vitro (44, 63, 89, 91). The highest concentra

tions (10 ̂  M) were found in dark-grown grass seedlings 

such as oats, barley, corn, wheat, and rye. Briggs and 

Siegelman (6) have shown that hypocotyls, epicotyls, 

cotyledons, coleoptiles, and root tips contain the highest 

concentration of phytochrome within the plant. These 

results have shown further that the highest concentrations 

of phytochrome are in meristematic tissues or tissues 

recently meristematic. 
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Red, Far-red Responses of Legumes 

Liverman, Johnson, and Starr (57) and Downs (29) 

found that expansion of leaf discs and intact leaves was 

promoted by red light. Hypocotyl growth of red kidney bean 

seedlings was inhibited, epicotyl growth was promoted, and 

the plumular hook straightened by red light (29). All of 

the aforementioned effects were reversed by far-red light. 

Red light inhibited stem elongation in 10-day old, 

etiolated pinto bean seedlings (31). These results are in 

contrast to work by Kasperbauer and Borthwick (47) who 

found that stem elongation of two-month-old sweetclover 

plants was promoted by red light. Hillman (45) reported 

that elongation of stem segments severed from seven day old 

pea seedlings was inhibited by five minutes of red light 

when given one to three hours after severing. When red 

light was given six to eight hours before elongation was 

measured (20 hours after severing the segment), then promo

tion was observed. Such results could indicate that age 

and time when the far-red form of phytochrome was present 

is important in determining the response to red and far-red 

light treatments. Kasperbauer and Borthwick (47) further 

pointed out that as exposure to red light increased from 10 

to 90 minutes, stem elongation of sweetclover increased. 

Short periods of far-red light given immediately after red 

light partially negated the red effect. However, 90 

minutes of far-red light promoted stem elongation. 
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Effects of Light Quality on Plant Growth 

One of the most significant effects of light 

quality on plant growth is through its influence on the 

photochrome system previously reviewed. General effects 

of light of different wavelengths on plants have been 

listed by van der Veen (95). In general these effects 

were: below 280mM<--denatures nucleic acids; 315 to 400mjJ---

thinner leaves and shorter plants; 400 to 510m(i--photo-

tropism, protoplasmic movements, and chloroplast movements; 

610 to 700m[i--maximum photosynthesis; 700 to 1000m[i--

elongating effects. For a general review of the effects of 

light quality on plant growth see Wassink and Stolwijk (96) 

and Meijer (62). 

Few references were found relating to the effects 

of light quality on forage plants (68, 80). Nittler and 

Gibbs (68) found that stem length above the cotyledons of 

alfalfa grown under 8-hour photoperiods varied with variety 

and light color. Green and red light were most effective 

in producing differences between northern and southern 

types by promoting greater stem elongation in the southern 

type . 

Comparison of flowering of an inbred strain of 

sweetclover in the greenhouse and under field conditions 

suggested that ultraviolet light was detrimental to 

flowering (51). Sweetclover plants flowered continuously 
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in the greenhouse during the period in which flowering 

decreased in the field. 

Effects of Light Intensity on Plant Growth 

This section of the literature review has been 

restricted almost entirely to morphological responses of 

legumes, especially alfalfa, red clover, birdsfoot trefoil, 

white clover, peas, and beans. The effects of light 

intensity on other plants and their responses were dis

cussed by Gaastra (35), Schwabe (86), and van der Veen 

(95). 

The effect of light intensity upon growth of 

legumes has been studied extensively (1, 10, 24, 38, 75, 

76). The duration of intensity, sequence of intensity (low 

followed by high or vice versa), magnitude of intensity, 

and the legume tested were all found to be important. 

Several workers (10, 37, 77) reported that as light 

intensity increased dry weight of alfalfa roots increased. 

Root production decreased more than shoot production with 

decreased light intensity. Gist and Mott (37) found an 

interesting interaction in response of alfalfa and red 

clover to light intensity. Under low light intensity, red 

clover produced more roots than alfalfa; however, under 

high light intensity, alfalfa produced more roots than red 

clover. In a later study, Gist and Mott (38) pointed out 

that growth responses of alfalfa and red clover to 
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different quantities of light varied with the stage of 

seedling development. During the period 10 to 25 days 

following emergence, top and root growth of alfalfa and 

red clover were nearly equal under 2400 ft-c hours. How

ever, during the period of 41 to 56 days after emergence, 

the topgrowth of red clover was twice as great as alfalfa. 

Pritchett and Nelson (75). found that during initial 

stages of plant growth, the rate of stem elongation and 

height of Ranger alfalfa were greater the lower the light 

intensity. This response was observed at all light 

intensities above 422 ft-c. At 422 ft-c, elongation 

eventually ceased which the author attributed to reduced 

photosynthesis. Stem thickness also decreased with 

decreased light intensity. Bula et al. (10) showed that 

exposure to high light intensity (3000 ft-c) followed by a 

low light intensity (750 ft-c) favored more dry matter 

accumulation than the reverse of this sequence. 

Low intensity and quantity of light resulted in a 

high proportion of leaves to stems (on a dry weight basis) 

on alfalfa and red clover plants (37). The leaf to stem 

ratio decreased on birdsfoot trefoil as light intensity 

decreased. Black (1) also observed that leaf weight was 

directly proportional to light intensity as light intensity 

increased from 60 per cent to full sunlight. 

Cowett and Sprague (23) found that light intensity 

did not significantly influence the number of crown buds 
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produced by alfalfa but stem production was best at higher 

light intensity. In another study (24) these authors con

cluded that increased light intensity and decreased stand 

density increased the number of stems during the first two-

week growth period following harvest. Light intensity did 

not exhibit any effects on stem production during the 

second two-week growth period. 

Effects of Photoperiod on Vegetative Growth 

Most of the early photoperiodic work on alfalfa was 

conducted to find a means of separating varieties by their 

response to different daylengths (22, 67, 70, 85). Oakley 

and Westover (70) found that winter hardy and non-winter 

hardy alfalfas differed in their response to daylength. 

Under short-days and cool temperatures the non-hardy 

varieties were taller, more erect, and exhibited less 

branching than the hardy varieties. Schonhorst, Davis, and 

Carter (85) also showed that the greatest difference between 

the hardy Vernal and the non-hardy African was at 15.5 C 

and under 12-hour days. As temperature and photoperiod 

increased to 26.6 C and 16-hours, respectively, these dif

ferences were less apparent. In general, studies have 

shown that height, yield, internode length and leaf size 

increased as photoperiod increased but leaf-stem ratios and 

root weights decreased (22, 59, 73). 
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Alfalfa plants develop buds and later shoots at the 

crown as they mature. Crown denotes the perennial portion 

of the stem. Hayward (39) states that three or sometimes 

four branches in addition to the primary axis form this 

crown. Buds are in the axil of each cotyledon and foliage 

leaf. When four branches develop, the fourth branch arises 

from the first trifoliate leaf following the development of 

the other three from the cotyledonary buds and that of the 

unifoliate leaf. Several buds may develop from any point 

on the circumference of the crown. These buds may be 

adventitious or axillary. Histological examination of 

Moapa alfalfa crowns by Dobrenz (26) showed that crown buds 

originate from meristematic areas located in the crown 

tissue. At this early stage of development, crown buds had 

a definite meristematic apex that continued cell prolifera

tion to form a vegetative shoot. 

Willard (97) stated that many factors influence 

crown bud development, but that daylength had no effect on 

number of buds or stems. Long photoperiods were conducive 

to higher yields of stems, however. In contrast, Carlson, 

Sprague, and Washko (18, 19), using cuttings from estab

lished creeping-rooted alfalfa plants, found that the number 

of adventitious stem sites and crown buds was greater on 

plants grown under 9-hour days than on plants grown under 

15-hour days. Adventitious sites were defined as locations 

on the roots from which stems developed. These stems arose 
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from the periderm (65). An inverse relationship between 

topgrowth and adventitious stem sites was observed. As 

photoperiod increased, topgrowth increased and stem sites 

decreased. Topgrowth was suggested to be related to stem 

site production through production of an inhibitor. Also, 

Nelson's (66) work showing that frequent removal of top 

growth within limits of carbohydrate depletion, favored 

crown bud production and could be interpreted as removal 

of an inhibition to crown bud formation. Further evidence 

that the tops were related to crown bud and adventitious 

stem site formation was shown by the effect of gibberellic 

acid on these characters (19). Gibberellic acid applied 

immediately below the crown to plants grown under short-

days inhibited crown bud and site formation. 

Carlson (17) found that the number of adventitious 

stem sites per unit root weight of alfalfa, sorrel, and 

crownvetch increased as photoperiod decreased. The 

inhibitory effects of long days on the formation of 

adventitious stem sites appeared to be related to the 

apical dominance of the rapidly developing stem apex. 

Other work has shown that anti-auxins promoted bud and 

tiller development during regrowth of alfalfa while auxins 

inhibited bud and tiller development (23). Based on 

results of these data, Carlson postulated that growth 

regulator production, controlled by photoperiod, auxin from 

the tops and kinetin-like substance from the roots all 
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control stem initiation on roots. Work by Sachs and 

Thimann (79) showed that kinetin solutions applied to 

lateral buds of Alaska peas released them from auxin 

induced apical dominance. 

Kasperbauer, Gardner, and Loomis (50) showed that 

root and crown development of sweetclover plants grown 

from cuttings depended upon photoperiod. As photoperiod 

decreased from 14 hours to 9.5 hours, sweet clover roots 

showed a 500 per cent increase in weight. Taproots and 

crown buds were also shown to develop rapidly in the field 

when daylength and temperature decreased (49). Photoperiod 

was later found to be the controlling factor in determining 

root size and crown bud numbers. 

Smith (92) found that crown buds on plants grown 

under 12.6 hour photoperiod did not elongate. If plants 

were transferred to 17 hour photoperiods, crown buds would 

not always elongate; however, if the main stem was removed, 

elongation occurred immediately. Short photoperiods kept 

crown buds from growing even if main stem was removed. 

Effects of Photoperiod on Flowering 

A shift from a vegetative stage of growth to a 

reproductive stage of growth has been shown to be a complex 

series of processes (20). The plant receives light stimuli 

through its leaves which causes metabolic changes within 

the plant ultimately resulting in morphological change of 
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vegetative primordia to floral primordia concurrent with 

other changing aspects of plant morphology. Zeevaart (100) 

stated that if one assumes all cells of a plant contain the 

same genetic information, but that all characteristics are 

not expressed at a given time, then the change from a 

vegetative to floral primordia could be related to the 

activation of floral genes. The activation of these genes 

was related to environmental changes via metabolic changes 

within the plant. 

Hillman (43) pointed out that the time relations in 

which light and darkness succeed each other is crucial in 

governing flowering. For general reviews on flowering, see 

Hillman (43), Salisbury (81, 83), Searle (87), Lang (54), 

and Doorenbos and Wellensiek (28). 

Most varieties of alfalfa are long-day plants 

requiring at least 12-hours light for flowering (8, 60). 

Nittler and Kenny (69) found that alfalfa flowered best 

when exposed to 24 hours of continuous light. Nittler 

and Kenny (69) further reported that under 20-hour photo-

periods flowering decreased, and was least under two 10-

hour photoperiods with two-hour dark periods between each 

light period. 

When alfalfa was grown under photoperiods long 

enough to promote flowering, increased light intensity 

(1100 ft-c to 2200 ft-c) markedly increased the number of 

flowers (69). Hillman (43) stated that light intensity 
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above a certain threshold value was a modifying factor but 

was secondary to duration and timing of light and dark 

periods. Bula (9) substantiated this statement when he 

showed that flowering of red clover occurred faster as 

light intensity increased from 750 to 3000 ft-c but only 

on plants grown under photoperiods long enough for flower

ing. No flowering occurred on plants grown under photo-

periods of less than 16-hours regardless of light intensity. 

Salisbury (83) and Hillman (43) reported that some 

plants require repeated exposure to appropriate photo

periodic cycles until floral primordia develop while some 

require only one photoinduction period and once induced 

will flower even if placed in unfavorable conditions for 

floral induction. McKee (61) found that birdsfoot trefoil 

required approximately 14.5 hours of light for flowering to 

begin. Trefoil plants grown under photoperiods too short 

to cause flowering and then placed under 24-hour photo

periods were shown to require 16 or more cycles of 

continuous light to flower. Plants placed under photo

periods too short for flowering before 16 cycles were 

complete, produced buds but no flowers. These buds 

remained small and did not develop. 

Kasperbauer and Loomis (50) reported that sweet-

clover cuttings from two-year old plants required 10 

consecutive days of 24-hours continuous light to initiate 

flowering after being grown under 9-hour photoperiods. No 
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flowering was observed on plants receiving less than 10 

consecutive nights of continuous light. Information on 

whether or not alfalfa requires continuous induction for 

flowering was not found. 

Dobrenz, Massengale, and Phillips (27) have 

described the transition of terminal buds of Moapa alfalfa 

from a vegetative to reproductive stage of development. 

Large protuberances of meristematic tissue were noted in 

the axils of the leaf primordia when the transition began. 

These protuberances eventually produced raceme primordia 

which in turn gave rise to bract and flower primordia. 

These authors further stated that the terminal apex never 

became completely floral, but continued to produce both 

vegetative and floral primordia. 

Kasperbauer, Borthwick, and Cathey (48) found that 

sweetclover plants grown under 8-hour days flowered when 

given various light breaks centered around the middle of 

the dark period. Four or six-hours of incandescent light 

during the middle of the dark period were more effective 

than four or six-hours at the beginning or end. 

Langer and Bussel (55) showed that rate of leaf 

initiation increased during floral induction of several 

daylength sensitive species. This stimulation was 

apparently not photoperiodically induced as day-neutral 

plants also exhibited an increase in leaf initiation in a 

period coinciding with the appearance of floral initials. 
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Kasperbauer, Borthwick, and Cathey (48) further 

stated that earliest flowering occurred on sweetclover 

plants given continuous light. Plants which received two-

hours of supplemental light developed buds but did not 

flower. Light breaks given for 1.5 minutes each 15 

minutes, 3 minutes each 30 minutes, and 6 minutes each 60 

minutes flowered the same as plants receiving continuous 

light. The critical length of the dark period increased 

with increased light intensity during the intermittent 

lighting. 



MATERIALS AND METHODS 

Light Intensity Study 

Certified seeds of Sonora and Lahontan alfalfas 

were planted on June 25, 1964 in 15 x 15 cm plastic pots 

containing a 3:1:1 mixture of soil, perlite, and peat moss, 

respectively. Gila sandy loam soil was used throughout all 

experiments. Cuttings were made from alfalfa clone M-56-11 

one day prior to planting of the Lahontan and Sonora seed 

and rooted in 5 x 5 cm pots containing perlite. 

Seedlings grown from seed were thinned to three 

seedlings per pot one month after planting and to two 

seedlings per pot just prior to placement in the growth 

chamber. Plants receiving the different treatments were 

selected for uniformity in height and leaf development to 

minimize initial differences in growth. Cuttings were 

transplanted, one cutting per pot, into 15 x 15 cm plastic 

pots after 27 days. All pots were dipped in Panogen Turf 

Fungicide (methylmercury dicyandiamide 2.2%) prior to 

filling with the soil mixture. 

Plants were grown in a plastic-covered greenhouse 

under natural daylengths (13.5- to 15.2-hour days) until 

they were nine weeks old. Average minimum temperatures 

were 21 C and average maximum temperatures were 33 C. 

After nine weeks, all pots containing plants were divided 

21 
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into two groups and placed into a program-controlled 

environmental growth chamber (99). One group of seedlings 

received 1200 ft-c of light and the other group received 

3600 ft-c of light. Illumination was provided by cool-

white fluorescent lamps. The ft-c of light were recorded 

by a Weston Light Meter, Model 756. The light period was 

14 hours and the dark period 10 hours. Temperatures ranged 

from 21 C at 6:00 a.m. to 35 C at 2:00 p.m. 

Plant height, total number of buds, number of stem 

buds, number of crown buds, and number of stems were 

measured two weeks and four weeks after light treatments 

began. For this experiment, number of stem buds plus 

number of crown buds equaled total number of buds. Stem 

buds were defined as buds less than 5 mm in length produced 

on the stem at a distance greater than 25 mm above the 

point of attachment of the cotyledons. Crown buds were 

defined as those buds less than 5 mm in length produced 

within 25 mm of the point of cotyledon attachment. As the 

plants developed, some of the crown buds elongated beyond 

5 mm in length and were counted as stems. To obtain the 

actual number of crown buds produced within a given period, 

the increase in number of stems needed to be considered. 

For example, if the number of crown buds decreased by two 

and the number of stems increased by two, the net increase 

in number of crown buds was zero. Data on crown buds 

throughout all experiments refer to number of crown buds 
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corrected in this manner. The aforementioned definitions 

of vegetative buds were used throughout all experiments. 

The basic experiment was a 2 x 2 factorial with two 

replications and two harvest dates. Eight plants consti

tuted the experimental unit. 

Photoperiod Study 

Seeds of Sonora and Lahontan alfalfas were planted 

on June 27, 1964 in plastic pots 10 cm in diameter 

containing a 3:1:1 mixture of soil, perlite, and peat moss, 

respectively. Seedlings were grown in a plastic-covered 

greenhouse under natural daylengths (13.5- to 15.2-hour 

days). Temperatures ranged from approximately 18 C to 

38 C. Seedlings were selected for uniformity in height 

and leaf development when 33 days of age and thinned to 

three seedlings per pot. One week later, seedlings were 

again selected and thinned to two seedlings per pot. After 

final thinning, top growth of all seedlings was cut to a 

height of 4 cm, and the number of stems counted. The pots 

were then divided into two groups. One group of pots was 

placed under natural daylength (approximately 14 hours) in 

the field and the other group of pots was placed in the 

field under a bank of photoflood lamps. The seedlings 

grown under the bank of lamps had three equally spaced dark 

periods of two hours and forty minutes each and one hour of 

light interruption between the dark periods. 
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Plant height, number of stems, and number of crown 

buds were counted two weeks and four weeks after treatment 

began. The basic experiment was a 2 x 2 factorial with two 

replications and two observation dates. Eight plants 

constituted the basic experimental unit. 

Light Interruption Experiments 

Experiment I 

This experiment was designed to: (a) determine the 

growth responses of alfalfa seedlings of different ages to 

red, far-red, and white light interruptions of the dark 

period; (b) ascertain the number of consecutive nights of 

light interruption needed to promote vegetative and repro

ductive changes in growth; and (c) characterize the 

response of intermediate winter hardy and non-winter hardy-

alfalfas to light interruptions of the dark period. 

To accomplish the aforementioned objectives, a 

second order central composite rotatable design was used 

(21). Treatment combinations were chosen such that plant 

ages varied from two to eight weeks and number of nights of 

light interruption from zero to twelve nights. The minimum 

age (two weeks) and nights of interruption (zero nights) 

were coded to -1.414 and the maximum age (eight weeks) and 

nights of interruption (twelve nights) coded to +1.414. A 

set of simultaneous equations was then solved and the 

remaining plant ages and number of nights of interruptions 
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determined by prediction equations. Plant ages were found 

by the prediction equation 

x = -2.354 + 0.471 (age) 

where the coded values, +1.414, +1, and zero are substi

tuted for x. The number of nights of light interruption 

was found by the prediction equation 

x = -1.414 + 0.236 (nights of interruption) 

where the coded values, +1.414, +1, and zero are substi

tuted for x. Plant ages and number of nights of light 

interruption along with their coded values are recorded in 

Table 1. The entire design was replicated four times to 

increase precision. 

Sonora and Lahontan plants used in this experiment 

were grown from seeds planted in 15 x 15 cm plastic pots 

containing a 3:1:1 mixture of soil, perlite, and peat moss. 

Planting began on June 25, 1965 and continued at intervals 

according to the requirements of a central composite 

rotatable design (21). All seeds were germinated and the 

plants grown in the Agronomy greenhouse on the University 

of Arizona Campus under 9-hour days and 15-hour nights. 

Controlled photoperiods were accomplished by covering the 

plants with a heavy black cloth (Knights' Black Sheen) at 

5:00 p.m. and uncovering them at 8:00 a.m. When the 

desired ages were reached, plants were selected for 

uniformity in height and leaf development and thinned to 
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Table 1. Actual and coded values for ages and number of 
two 80-minute red, far-red, or white light 
interruptions received by Lahontan and Sonora 
alfalfa plants. 

Treatment combinations 

Ages (weeks) Code 

Number of red, far-red or 
white light interruptions 
Number (days) Code 

2 -1.414 6 0 
3 -1 2 -1 
3 -1 10 1 
5 0 0 -1.414 
5 0 6 0 
5 0 12 1.414 
7 1 2 -1 
7 1 10 1 
8 1.414 6 0 

two plants per pot. Plants were then placed in the 

program-controlled-environmental growth chamber. After 

receiving the prescribed light treatments, seedlings were 

transferred to the greenhouse and placed under" 9-hour days 

and 15-hour nights in the same manner previously described. 

Plant height, number of crown buds, number of stems, number 

of flowers, and leaf area were measured before application 

of light treatments and at one-week intervals for six weeks 

after the beginning of the .light treatments. 

Net increases in height and number of crown buds 

two weeks after initiation of light treatments were 

analyzed and the first and second order effects and b 



27 

values determined. One response surface was plotted and 

discussed relative to height response of Lahontan alfalfa 

plants receiving white light interruptions of the dark 

period. In addition, an analysis of variance was conducted 

on net increases in plant height, number of crown buds, and 

number of stems two and six weeks after initiation of light 

treatments. The latter analysis of variance was conducted 

on the net increases between the period two and six weeks 

after light treatments began. 

Light used in these experiments was derived from 

the use of cellophane filters and appropriate light 

sources. Red light was derived from cool-white fluorescent 

lamps with two layers of MSC red cellophane (Brooks Paper 

Co.) between the light source and the plants. Far-red 

light was derived from one 250-watt internal reflector 

incandescent lamp and four 100-watt incandescent bulbs with 

two layers of MSC red and two layers of MSC dark blue 

cellophane. The absorption spectrum of these filters was 

measured by a Perkin-Elmer 202 Spectrophotometer and are 

plotted in Figure 1. 

Energy at plant height under the filters was 

5 x 10 ̂  cal cm^min for red light, 16 x 10"^ cal cm^min""^ 
/ o I 

for far-red light, and 5 x 10 cal cm min for white 

light. These energy values were calculated in the follow

ing manner: 
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Fig. 1. Absorption spectra of two layers of red 
cellophane, and two layers of red plus two 
layers of blue cellophane. 
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Red Light 

1. Total energy under the red light source was 

measured with an Eppley pyroheliometer. 

2. The area under an energy distribution curve of a 

40-watt cool-white fluorescent lamp between 600m|a 

and 750m[i was measured with a planimeter. 

3. The area under the energy distribution curve 

between 655m|i and 665m|j, was found with a planimeter, 

4. The percentage of area between 655m[j, and 665m[i was 

calculated (Area No. 3 -f- Area No. 2). 

5. Percentage of area found in No. 4 multiplied by 

total energy to give percentage of energy between 

655m[i and 665m[j,. 

White Light 

1. Total energy under the white light source was 

measured with an Eppley pyroheliometer. 

2. The total area under an energy distribution curve 

of a 40-watt cool-white fluorescent lamp was 

measured with a planimeter. 

3. Same as No. 3 of red light. 

4. Same as No. 4 of red light. 

5. Same as No. 5 of red light. 
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Far-red Light 

1. Total energy—^ under the far-red light source was 

measured with an Eppley pyroheliometer. 

2. The area under an energy distribution curve of a 

2/ Tungsten filament lamp—7 greater than 680mji was 

measured with a planimeter. 

3. The area under the energy distribution curve 

between 725mji and 735m(i was found with a planimeter. 

4. The percentage of area between 725m(j, and 735m|i was 

calculated (Area No. 3 •— Area No. 2). 

5. Percentage of area found in No. 4 multiplied by 

total energy to give percentage of energy between 

725m|j, and 735m|i. 

Experiment II 

Based on the results of Experiment I, seedlings 

five-weeks of age were selected to measure the influence of 

red, far-red, and white light interruption on vegetative 

and reproductive growth of alfalfa. The number of 

consecutive nights of light interruptions needed appeared 

to be greater than 12. 

—^The glass envelope of the pyroheliometer was 
assumed to transmit all energy emitted from the incandescent 
light source. 

2/ — An average of 3000 K was assumed for calculations 
of far-red energy. 
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Seeds of Sonora and Lahontan plants were planted on 

August 11, 1965 at a depth of approximately 2 cm in 15 x 15 

cm plastic pots containing a 3:2:1 mixture of soil, peat 

moss, and perlite, respectively. All pots were dipped in 

Panogen Turf Fungicide (methylmercury dicyandiamide 2.2%) 

and allowed to dry prior to planting and filling with the 

soil mixture. Captan was watered into the soil mixture and 

allowed to dry before planting. 

The seeds were germina/ted and seedlings grown for 

five weeks in the Agronomy greenhouse on the University of 

Arizona Campus. The seedlings were covered with a heavy 

black cloth (Knights' Black Sheen) at 5:00 p.m. and 

uncovered at 8:00 a.m. to give 9-hour days and 15-hour 

nights. All seedlings were selected for uniformity of 

height and leaf development one week prior to placement in 

the growth chamber and thinned to two seedlings per pot. 

Seedlings were placed in the growth chamber when they were 

five weeks old. 

Light treatments were two 80-minute interruptions 

of the 15-hour dark period with either red, far-red, or 

white light. These light treatments were placed to give 

three equally-spaced dark periods. The number of consecu

tive nights receiving light interruptions were 12, 24, and 

36. After 12 days of light treatments, one-third of the 

plants from each light treatment were placed with the 

plants receiving no light interruption. After 24 days of 
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light treatments, one-half of the remaining (one-third of 

the original number of plants) plants from each light 

treatment was placed with the plants receiving no light 

interruption. The remaining third received 36 consecutive 

nights of light interruption. The control plants received 

no light interruption of the dark period. Height, number 

of crown buds, number of stems, number of internodes and 

leaf area were measured. The basic experiment was a 

2x4x3 factorial with 4 replications. The experimental 

unit was eight plants. Net increases per period were 

calculated for each characteristic measured and all 

analyses conducted on these net increases. Separate 

analyses were conducted on each variety and duration (12, 

24, and 36 days). Regressions and correlations were 

calculated for height vs crown buds, height vs stems, and 

crown buds vs stems for each variety, light treatment, and 

duration (12, 24, and 36 days). 

In addition, terminal buds Were collected from four 

plants before and at 12-day intervals after light treat

ments began. These buds were killed and fixed in a 90:5:5 

mixture by volume of 70% alcohol, acetic acid, and formalin, 

respectively. Buds were then embedded in paraffin and 

microtomed as longitudinal sections 10 microns thick. 

Details of embedding and staining procedures are given by 

Johansen (46). The sections were placed on slides and 

stained with safranin-fast green. 
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Leaf area was determined by taping all leaves from 

four plants per treatment to white paper and xeroxing. The 

impressions were cut out and weighed. The average weight 

2 per cm of paper was determined, and leaf area per plant 

determined by the weight-area ratio. 

Experiment III 

Ten to twelve seeds of Sonora and Lahontan alfalfas 

were planted on August 9, 1966 in 15 x 15 cm plastic pots 

at a depth of 1.5 cm in a 3:2:1 mix of soil, peat moss, and 

perlite, respectively. The soil mix was steam sterilized 
_ o 

for 6 hours at 1.05 kg cm and 127 C. All pots were 

dipped in Panogen Turf Fungicide (methylmercury dicyandi-

amide 2.2%) and allowed to dry prior to planting. 

Seeds were germinated and the seedlings grown for 

five weeks in the Agronomy greenhouse on the University of 

Arizona Campus. The seedlings were covered with a heavy 

black cloth (Knights' Black Sheen) at 5:00 p.m. and 

uncovered at 8:00 a.m. to give 9-hour days and 15-hour 

nights. The seedlings were selected for uniformity in 

height and leaf development and thinned to four seedlings 

per pot two weeks after planting. The four seedlings were 

thinned to two seedlings per pot four weeks after planting. 

All seedlings were placed in the growth chamber 

when they were five weeks of age. One day before placement 

in the growth chamber and at 12 day intervals for 36 days 
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measurements were taken on height, number of crown buds, 

number of stems, flowering, number of internodes, and leaf 

area. 

Light treatments were: 

1. 9-hours white light, 15-hours dark (short-day 

treatment); - -

2. 9-hours white light, 15-hours dark with a four-hour 

red light interruption in the middle of the dark 

period (red light treatment); 

3. 9-hours white light, 15-hours dark with a four-hour 

far-red light interruption in the middle of the 

dark period (far-red light treatment); 

4. 24-hours white light, no dark period (long-day 

treatment). 

Seedlings grown under the red, far-red, and long-day treat

ments were further subdivided into three equal groups. One 

group from each of these light treatments was placed under 

the short-day treatment 12 days after treatments began. 

Another group was placed under the short-day treatment 24 

days after treatment began while the third group received 

light interruptions for 36 consecutive days. Net increase 

values were calculated for all observations and analyzed in 

the same manner as Experiment II. The basic experiment was 

a 2 x 4 x 3 factorial with 4 replications and two samples 

per replication. The basic experimental unit was eight 

plants. 
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Leaf area was determined by taking a representative 

sample of leaves from four plants of each treatment. These 

leaves were cellophane taped on white paper and xerox 

copies made of the leaf samples. Total number of leaves 

per plant was counted, and total leaf area of each plant 

obtained by determining the average area per leaf and 

multiplying that area by the total number of leaves. 

Terminal buds were collected from four plants of 

each light treatment before application of light treatments 

and at 12-day intervals after light treatments began. 

These buds were killed and fixed in a 90:5:5 mixture by 

volume of 70% alcohol, acetic acid, and formalin, respec

tively. 

Phytochrome Extraction 

The procedure given by Miller et al. (63) was 

followed in the extraction of phytochrome from dark-grown 

alfalfa seedlings. Essentially this procedure consisted of 

growing seedlings in the dark for five days, grinding and 

extracting the seedlings with Tris buffer, centrifuging the 

extract, eluting the resulting supernatant through a calcium 

phosphate column by means of phosphate buffers and 

observing the yellowish-green band on the column when 

irradiated with red and far-red light. All operations were 

carried out in the cold room and all solutions maintained 

at 2 to 4 C. 
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Growing of Seedlings 

Ten grams of Sonora alfalfa seed were placed on 

plastic mesh above six germination blotters and germinated 

in the dark at 24 C. The seedlings were grown without 

exposure to light for five days. After five days, the 

seedlings were harvested, placed in 50 ml of Tris buffer 

at a pH 7.8 and ground with a pestle and mortar. Acid-

washed Quartz sand was used to aid in grinding. 

Buffer Determination 

To determine the amount of Tris buffer needed to 

maintain a pH of 7.8, 10 grams of alfalfa seedlings were 

ground in distilled water and Tris buffer added until the 

proper pH was obtained. Seventeen ml/lOg of alfalfa plant 

material was needed to maintain a pH of 7.8. From this 

relationship, the total amount of buffer needed to maintain 

a pH of 7.8 for the total yield of alfalfa seedlings can be 

found. This relationship was used as follows: 

Total grams of 
10 g alfalfa seedlings _ alfalfa seedlings 
17 ml of Tris buffer pH 7.8 X 

where X = total amount of buffer needed to maintain a pH 

of 7.8. 

Extraction 

Tris buffer, pH 7.8 was added in three equal 

portions while grinding the seedlings. After thoroughly 
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grinding the tissue, the extract was filtered through 

four layers of cheesecloth. One ml of 2-mercaptoethanol 

was added during grinding to prevent polyphenol oxidase 

activity. The extract was then centrifuged at 27,000 x g 

for 30 minutes at 5 to 6 C. The yellow supernatant was 

then added to the reservoir above the column and allowed 

to flow into the stoppered column. 

Column Preparation 

Calcium phosphate jel was prepared by dripping one 

liter of 1.0 M CaC^ into one liter of KHPO^ at the rate 

of one ml/minute. The preparation was continually stirred 

by a propellar stirrer. The resulting slurry was washed 

with distilled water at least 10 times to remove mineral 

salts and fines. After washing, the slurry was suspended 

in 0.001 M phosphate buffer and placed in a bottle with an 

outlet on the bottom. This bottle was then placed on a 

magnetic stirrer suspended over a column five cm in 

diameter and the slurry stirred vigorously. A vinyl tube 

connected the bottle to the top of the stopper column 

(Fig. 2). The slurry was added dropwise until the entire 

column was packed. 

The column was a glass tube five cm in diameter. 

The bottom was stoppered with a one-holed rubber stopper. 

On top of this stopper, a 25 mm porous polyethylene disc 

was placed. The slurry was allowed to form a 10 to 12 cm 
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Fig. 2. Apparatus used for preparing calcium phosphate 
columns. 
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bed and a 25 mm porous polyethylene floated on top of the 

bed. The top of the column was stoppered with a one-holed 

rubber stopper and connected to a reservoir mounted three 

feet above the column. The column was equilibrated with 

200ml of 0.001 M phosphate buffer containing one-ml of 

2-me reaptoethano1. 

Chromatography 

The yellow supernatant was eluted into the column 

with 0.001 M phosphate buffer. Then 0.4 M phosphate buffer 

containing one ml of 2-mercaptoethanol buffer was added to 

remove the phytochrome from the column. If phytochrome 

were present, a blue-green band could be observed moving 

down the column. Halfway down the column, the band was 

stopped and irradiated with far-red light. The far-red 

light source was a 150-watt incandescent lamp with 2 layers 

of red and 2 layers of dark blue MSC cellophane. If this 

band were phytochrome, it should darken when exposed to 

far-red light and fade when exposed to red light. The red 

light source was a fluorescent lamp. 

Spectrophotometry 

The phytochrome band was eluted from the column and 

collected in 10 ml test tubes. The ones showing persistent 

foaming when moderately shaken were combined and a 

saturated NH^SO^ added (0.7 volume) to precipitate the 

phytochrome. The suspension obtained was then centrifuged 
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for 10 minutes at 10,000 x g at 3 to 5 C. The supernatant 

was then poured off and the precipitate redissolved in 0.01 

M phosphate buffer. The absorption spectrum was then 

recorded on a Model 220 Gilford spectrophotometer between 

wavelengths of 390mjj, and 780mjj,. 

An assay for phytochrome was also made by measuring 

the optical-density differences between 660 and 730m|_i after 

three minutes irradiation with red or far-red light. The 

red light source was a fluorescent lamp with two layers 

of red cellophane and the far-red light source was an " ' 

incandescent lamp with two layers of red and two layers of 

blue cellophane. The light sources were approximately 5 cm 

from the solutions during irradiation. All solutions were 

contained in a small test tube emersed in an ice bath 

during irradiation. The optical-density difference between 

660 and 730mii(AOD = OD^q - ODy^o) was measured after red 

and then after far-red irradiation. The difference between 

these two readings [A(A0D)] is a measure of the total 

amount of reversible phytochrome. Before these measure

ments were made, the solutions were irradiated with red 

light to convert phytochrome to the far-red form and 

protochlorphyll to chlorophyll. The latter reaction is not 

reversible so that irradiation with far-red light effects 

only the phytochrome reaction by converting phytochrome 

back to the red form. Then optical-density measurements 

are made in the manner described above. 



RESULTS AND DISCUSSION 

Light Intensity Study 

Light intensity did not significantly influence 

height, total number of buds, number of crown buds, or 

number of stems of alfalfa plants after two weeks of treat

ments (Table 2). Plants of clone M-56-11 were signifi

cantly taller than those of Lahontan and Sonora but there 

was no difference between plants of Lahontan and Sonora. 

Plants of clone M-56-11 also produced more total 

buds (stem buds plus crown buds) and more stem buds than 

Lahontan and Sonora. The number of buds produced by plants 

of Lahontan and Sonora did not differ. The variety x light 

intensity interaction for total buds was significant 

indicating that the varieties behaved differently at each 

light intensity (Fig. 3). Comparison of the interaction 

means by Duncan's new multiple range test (93) showed that 

total bud production by clone M-56-11 was significantly 

different from total bud production of Lahontan and Sonora 

(Table 2). 

Differences in bud production between cuttings from 

clone M-56-11 and plants from Lahontan and Sonora could be 

a reflection of the differences in crown structure and ages 

of these plants. Crowns of cuttings do not have a 

hypocotyl between the root and stem as do seedlings grown 
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Table 2. Height, total number of buds, number of stem buds, number of crown buds, 
and number.of stems per plant after two weeks growth under 1200 and 
3600 ft-c of light. 

Variety 

Light 
intensity 
ft-c 

Height 
(cm) 

Total number 
of budsi/ 

Number of , 
stem buds2/ 

Number of 
crown buds2/ 

Number of 
stems 

Lahontan 1200 
3600 

27 
25 

4.1 
3.8 

a/ 
b 

1.6-/ 
2.6 

3.9-/ 
2.2 

3.6 
4.1 

Means 26 b 4.0 b 2.1 3.0 3.8 b 

Sonora 1200 
3600 

31 
24 

2.9 
3.8 

b 
b 

2.6 
2.2 

1.1 
1.9 

3.8 
4.3 

Means 27.5 b 3.4 b 2.4 1.5 4.0 b 

M-56-11 1200 
3600 

36 
39 

6.1 
4.5 

a 
ab 

4.0 
2.5 

3.2 
2.5 

6.4 
5.9 

Means 37.5 a 5.3 a 3.2 2.8 6.2 a 

Means 1200 
3600 

31.3 
29.3 

4.4 
4.0 

2.7 
2.4 

2.7 
2.2 

4.6 
4.7 

•^Figures in this column are based on the average of eight plants (two 
replications with four plants each). 

2 /  — Figures in this column are based on the average of four plants from one 
replication. 

3 / —Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 
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Fig. 3. Total number of buds produced by plants of 
Lahontan, Sonora, and clone M-56-11 alfalfas 
grown under 1200 and 3600 ft-c of white light. 
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from seed. Thus, bud production of the crown could be 

related to tissue differences within the crown region. 

Also, stem bud production could be related to age of tissue. 

Cuttings were made from mature plants which resulted in 

seedlings that could be older physiologically as well as 

chronolog i cally. 

After four weeks of growth under the different 

light intensities, plants grown under 1200 ft-c of light 

were significantly taller than those grown under 3600 ft-c 

(Table 3). These results agree with those of Pritchett and 

Nelson (75) who found that height of Ranger alfalfa de

creased as light intensity increased. However, these 

responses can be expected only within certain limits of 

light intensity. Lockhart (58) found that a light 

intensity of 3716 ft-c caused a reduction in stem growth. 

Apparently stem elongation in relation to light intensity 

is a result of both cell division and elongation (78). 

Sachs (78) in a review, reported evidence that as light 

intensity increased above 10 ft-c, cell number was 

gradually decreased and cell elongation in basal internodes 

was inhibited. Schwabe (86) stated that chrysanthemums 

grown at very low light intensities also exhibited little 

stem elongation, but spraying with a five per cent sugar 

solution increased growth rate 8 to 10 times. These 

results show that food reserves are necessary for stem 

elongation to occur. The stimulus for stem elongation not 
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Table 3. Height, total number of buds, stem buds, crown buds, and stems per plant 
measured after four weeks of light treatment on plants of Lahontan, 
Sonora, and clone M-56-11 alfalfas. 

Variety 

Light 
intensity 
f t-c Height (cm) 

Total number 
of buds Stem buds Crown buds Stems 

Lahontan 1200 
3600 

46.4 
32.8 

6.4 
5.9 

2.6 
1.4 

3.9 
4.4 

4.1 
4.2 

Means— 39.6 c-/ 6.2 c 2.0 a 4.2 b 4.2 

Sonora 1200 
3600 

47.2 
40.6 

7.3 
7.5 

2.8 
3.1 

4.6 
4.4 

3.9 
4.6 

Means 43.9 b 7.4 b 3.0 a 4.5 b 4.2 

M-56-11 1200 
3600 

62.9 
56.2 

12.4 
8.9 

3.5 
2.8 

8.9 
6.1 

6.0 
5.6 

Means 59.6 a 10.6 a 3.2 a 7.5 a 5.8 

Means 1200 
3600 

52.2 a 
43.2 b 

8.7 
7.4 

a 
b 

3.0 
2.4 

5.8 
5.0 

4.7 
4.8 

•^Figures in each column are based on the average of eight plants (two 
replications with four plants each). 

2 /  —Means within each column followed by the same letter are not statis
tically different at the .05 level according to Duncan's new multiple range test 
(93). 

•o 
Ul 



46 

regarding photoperiods or vernalizing effects is apparently-

perceived by the growing point. To illustrate this 

phenomena, Schwabe (86) showed evidence that elongation of 

chrysanthemum occurred even if leaves were illuminated as 

long as the growing point was kept in darkness. 

Total bud production (crown buds plus stem buds) 

was greater for plants grown under 1200 ft-c of light than 

for those grown under 3600 ft-c. Light intensity did not 

significantly influence crown bud or stem bud production 

individually. These results disagree with observations by 

Willard (97) who stated that increased crown bud production 

of lodged alfalfa plants was due to increased light 

reaching the crowns. However, Cowett and Sprague (23, 24) 

also found that light intensity did not significantly 

influence crown bud production of alfalfa. 

Plants from clone M-56-11 were taller, produced 

more crown buds, and more total buds than those of Lahontan 

and Sonora. Sonora plants were significantly taller and 

produced more total buds than Lahontan, but the number of 

crown buds produced by plants of both varieties did not 

differ. Differences in growth responses were probably due 

to the inherent characteristics of the seedlings and 

cuttings as previously discussed. 
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Photoperiod Study 

Plants grown under natural photoperiods (14 hours 

light, 10 hours dark) produced more crown buds and stems 

than plants grown under 14 hours light with two one-hour 

light interruptions of the 10-hour dark period (long-day) 

(Figs. 4, 5, and 6). Carlson, Sprague, and Washko (18, 19) 

also found that the number of adventitious stem sites was 

greater on alfalfa plants grown under shorter photoperiods. 

Short photoperiods (9 hours light) also favored crown bud 

production on sweetclover plants as compared to long photo

periods (16 hours) (49, 50). 

Height of plants grown under long days was signifi

cantly greater (.05 level) than height of plants grown 

under natural photoperiods (Fig. 7). Lahontan plants 

exhibited a greater response to photoperiod than those of 

Sonora. These results agree with work by Brubaker (7) who 

found that plant height of several varieties of alfalfa was 

greater under longer photoperiods. Carlson (17), 

Massengale and Medler (59), and Coffindaffer and Burger 

(22) found that plant height was greater under longer 

photoperiods. 

Results of a regression analysis indicated that for 

each one cm increase in plant height, the number of crown 

buds decreased 0.17. This negative relationship between 

plant height and crown buds suggests that topgrowth 

influenced crown bud initiation. Stem development from 



Fig. 4. Crown bud production of Lahontan (top) and 
Sonora (bottom) alfalfa plants after 30 days 
of 14-hour photoperiods (plants on left) or 14-
hour photoperiods and two one-hour white light 
breaks of the 10-hour dark period (plants on 
right). 



Fig. 5. Net mean increase in number of crown buds of 
Sonora and Lahontan alfalfa plants grown under 
14-hour photoperiods (natural daylength-ND) and 
photoperiods extended by two one-hour light 
breaks of the 10-hour dark period (long day-LD). 

Fig. 6. Net mean increase in number of stems of Sonora 
and Lahontan alfalfa plants grown under 14-hour 
photoperiods (natural daylength-ND) and photo
periods extended by two one-hour light breaks 
of the 10-hour dark period (long day-LD)". 
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Fig. 6. Net mean increase in number of stems. 
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o—o Lahontan (ND) 
a—a Lahontan (LD) 
o—o Sonora(ND) 
A—A Sonora(LD) 
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Fig. 7. Net mean increase in height of Sonora and 
Lahontan alfalfa plants grown under 14-hour 
photoperiods (natural daylengths-ND) and 
photoperiods extended by two one-hour light 
breaks of the 10-hour dark period (long day-LD). 
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these crown buds also decreased as plant height increased. 

Whether photoperiod directly influenced crown bud initia

tion and subsequent development of the crown buds or 

indirectly influenced these responses through the photo

periodic effect on top growth, can not be ascertained from 

these data. However, a non-significant correlation between 

plant height and number of crown buds (r = -0.56) showed 

that plant height and number of crown buds were not 

significantly associated. Therefore, photoperiod could be 

directly related to crown bud formation through its 

influence on the production of growth regulators by the 

tops. Carlson (17) also postulated that the rapidly 

developing stem apex under long photoperiods was related 

through apical dominance to the observed increase in number 

of crown buds and adventitious stem sites of a creeping-

rooted alfalfa. Work by Sacks and Thimann (79) has shown 

that auxin and kinetin relationships can control lateral 

bud development of the Alaska pea. Applications of kinetin, 

dissolved in a Carbowax solution, to lateral buds markedly 

increased growth of treated buds as compared to non-treated 

controls. Cowett and Sprague (23) found that anti-auxin 

promoted bud and tiller development of alfalfa during 

regrowth whereas auxin application inhibited such develop

ment. All of these results tend to indicate that photo

period activates growth regulator production which in turn 

governs the morphological development of alfalfa. 
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Results of the light intensity and photoperiod 

study, along with results of other workers pointed toward 

photoperiod being more influential than light intensity in 

governing regrowth from the crowns of alfalfa. Since many 

photoperiodic phenomena are governed or influenced by the 

phytochrome system, a series of experiments was run to 

determine the relationship of phytochrome system to growth 

responses of alfalfa. 

Light Interruption Experiments 

Experiment I 

This experiment was designed to give preliminary 

information on growth responses of Lahontan and Sonora 

alfalfa plants of different ages when exposed to red, far-

red, and white light interruptions of the dark period. 

Results of the first portion of this section were based on 

an analysis of variance conducted on the original combina

tions of the central composite rotatable design two weeks 

after light treatments began. As a result of the restric

tions of the central composite rotatable design, the only 

age group having plants receiving no light treatments are 

plants 5 weeks of age. Therefore, most of the results in 

this section will concern growth responses in relation to 

red, far-red, and white light compared with each other. 

Alfalfa plants receiving red or white light 

interruptions of the 15-hour dark period exhibited a 
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significant (P = .05) overall increase in height compared 

to those which received far-red light (Table 4). Height 

increases of plants receiving red light were not different 

from those receiving white light. The treatment combina-

3/ tions— X light interaction regarding height increases was 

significant at the five per cent level indicating that the 

treatment combinations reacted differently over light 

treatments (Table 4). The youngest plants (2 weeks) showed 

small height differences. Plants three and five weeks old 

show a consistent trend of greater height increases when 

given red and white light interruptions of the dark period 

than those given far-red light. Furthermore, as the 

number of consecutive nights of interruption increased the 

differences between the red and far-red responses became 

larger. Seven-week-old plants responded very little to 

two nights of interruption but exhibited the same trend as 

the three- and five-weeks-old plants when given 10 con

secutive nights of interruption. A reversal of this trend 

was noted by the response of plants eight weeks of age to 

light treatments. These results indicate that age of 

plants at time of light interruption could determine the 

magnitude of height increase and whether red light would 

promote or inhibit height increase. The relationship of 

3 / Treatment combinations refer to the nine age-
nights of interruption combinations presented in Table 1. 
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Table 4. Mean-''' increase in height (cm) of alfalfa plants of several ages (weeks) two weeks after 
initiation of two 80-minute red, far-red, or white light interruptions given each 15-
hour dark period for 2, 6, 10, or 12 consecutive nights. 

Ages of plants (A) and nights of interruption (N) 

Light A2 3 3 5 5 5 7 7 8 „/ 
treatments N 6 2 10 0 6 12 2 10 6 Mean-

Red 8.2 a-/ 12.0 a 11.0 a 14.8 a 10.4 ab 13.9 a 8.5 a 9.5 a 4.2 a 10.6 a 

Far-red 8.1 a 11.5 a 8.2 a 14.8 a 7.8 b 9.8 b 8.5 a 5.6 b 7.1 a 8.9 b 

White 7.8 a 14.0 a 10.5 a 14.8 a 11.4 a 10.2 ab 7.6 a 10.0 a 4.5 a 9.9 a 

-^Figures with the table represent the average increase in height per plant of 8 plants. 

2/ - Figures in this column represent the average increase in height per plant of 72 plants. 

3/ 
-Means in each column followed by the same letter are not significantly different at the 

.05 level according to Duncan's new multiple range test (93). 
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age to plant response will be discussed further in 

conjunction with results of a subsequent experiment. 

Bud production on the crowns of alfalfa plants 

followed a different pattern. The.overall effect of far-

red and red light was to promote crown bud production while 

white light inhibited crown bud production (Table 5). The 

treatment X light interaction was not significant; there

fore, statistical comparisons of means within the table 

were not conducted. Crown bud and stem production did vary 

with the variety and age-duration combination (Table 6). 

Within an age group, crown buds and stems tended to de

crease as number of night interruptions increased. In 

general, Lahontan appeared more responsive than Sonora to 

light treatments. Although not much information on crown 

bud and stem production was obtained in relation to light 

interruptions with red, far-red, or white light, it was 

obvious that older plants would be needed if crown bud and 

stem production were to be studied in subsequent experi

ments. Plants 2 and 3 weeks of age exhibited little or no 

increase in number of crown buds and stems two weeks after 

light treatments began. 

Measurements taken four weeks after light treat

ments ceased did not reveal significant differences between 

varieties or light treatments but height, crown bud produc

tion, and stem production did vary with variety and 

treatment combinations as exhibited in Table 7. The 



Table 5. Mean— increase in number of crown buds of alfalfa plants of several 
ages (weeks) two weeks after initiation of two 80-minute red, far-red, 
or white light interruptions given twice each 15-hour dark period for 
2, 6, 10, or 12 consecutive nights. 

Ages of plants (A) and nights of interruption (N) 

Light 
treatments 

A 
N 

2 
6 

3 
2 

3 
10 

5 
0 

5 
6 

5 
12 

7 
2 

7 
10 

8 
6 Total-/ 

Red 1.1 5.0 2.8 6.5 4.5 2.9 10. 2 4.1 6.0 4.7 ab^ 

Far-red 0.8 3.9 1.9 6.5 3.9 4.2 8. 4 6.5 7.4 5.1 b 

White 0.5 3.1 1.6 6.5 4.0 2.0 8. 4 4.0 5.5 3.8 a 

—^Figures within the table represent the average increase in number of 
crown buds per plant of 8 plants. 

2 /  —Figures in this column represent the average increase per plant in 
height of 72 plants. 

3 / 
—Means followed by the same letter are not significantly different at the 

.05 level according to Duncan's new multiple range test (93). 

Ln 
O-v 



Table 6. Mean— increase in number of crown buds and stems of Lahontan (L) and 
Sonora (S) alfalfa plants two weeks after initiation of two 80-minute 
light interruptions given twice each 15-hour dark period for 2, 6, 10, 
or 12 consecutive nights. 

Ages of plants (A) and nights of interruption (N) 

A 2 3 3 5 5 5 7  7 8  9 /  

N 6 2 10 0 6 , 12 2 10 6 Total-7 

Number ~, 
of crown L 1.2 a— 4.7 a 1.6 a 8.6 a 3.9 a 2.2 a 11.2a 5.4a 6.8a 5.0a 
bud s SO.4a 3.3 a 2.6 a 4,4 b 4.3 a 3.9 b 6.8 b4.3a 5.8a 4.0a 

Number of L 0.0 a 1.4 a 1.5 a 4.7 a 2.9a2.2a 5.3a 3.6a 5.5a 2.9a 
stems SO.Oa 1.5 a 0.9 a 2.6 b 2.6 a 1.7 a 2.1 b 1.5 b 4.3 b 1.9 b 

—^Figures within the table represent the average increase in number of 
crown buds or stems per plant of 12 plants. 

2/ — Figures in this column represent the average increase in number of 
crown buds or stems per plant of 108 plants. 

3 / — Means in each column followed by the same letter are not significantly-
different at the .05 level according to Duncan's new multiple range test (93). 

Ln 
-sj 
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Table 7. Mean-/ increase in height (cm), number of crown buds, and number of stems of Lahontan (L) 
and Sonora (S) alfalfa plants.of several ages at four weeks after cessation of two 80-
minute light interruptions given twice each 15-hour dark period for 2, 6, 10, or 12 
consecutive nights. 

Ages (A) of plants and nights (N) of interruption 

A 
N 

2 
6 

3 
2 

3 
10 

5 
0 

5 
6 

5 
12 

7 
2 

7 
10 

C
O

 

Total-/ 

Height L 18.2 a-/ 28.2 a 19.6 a 26.6 a 25.8 a 25.2 a 23.2 a 24.8 a 19.4 a 23.4 a Height 
S 23.6 a 32.9 a 23.9 a 28.5 a 29.5 a 23.6 a 19.5 a 10.7 b 17.8 a 23.3 a 

Number of L 5.1 a 7.0 a 8.4 a 13.1 a 9.2 a 10.6 a 17.0 a 13.3 a 9.8 a 10.4 a 
crown buds S 6.2 a 10.5 b 8.1 a 8.7 b 9.0 a 9.1 a 10.7 "V 15.7 a 12.0 a 10.0 a 

Number of L 3.5 a 6.2 a 6.7 a 9.7 a 7.2 a 7.9 a 12.8 a 11.0 a 7.8 a 8.1 a 
stems S 3.6 a 6.8 a 4.9 a 6.1 b 7.1 a 7.6 a 7.6 b 10.6 a 8.1 a 6.9 a 

-^Figures within the table represent the average increase in height (cm), number of crown 
buds, or number of stems per plant of 12 plants. 

2/ -Figures in this column represent the average increase in height, number of crown buds, or 
number of stems per plant of 108 plants. 

3/ 
-Means in the same column followed by the same letter are n0t significantly different at 

the .05 level according to Duncan's new multiple range test (93). 
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treatment combinations x light interactions regarding the 

number of crown buds and stems was also significant (Tables 

8 and 9). Definite patterns related to red, far-red, or 

white light interruptions were not evident. 

In addition to the standard analysis of variance, 

regression analyses were conducted for increase in height 

and number of crown buds two weeks after initiation of 

light treatments. A separate analysis was conducted for 

each variety, and light quality (red, far-red, or white 

light interruption). Height increase was-found to follow 

a quadratic response, whereas increase in number of crown 

buds followed a linear response (see Appendix A for 

analysis of variance tables). These results could indicate 

that crown bud initiation was not directly related to 

changes in height. If crown bud initiation was dependent 

on height increase, then one also would expect crown bud 

initiation to follow a quadratic response. The relation

ship of height and number of crown buds is discussed fur

ther in subsequent experiments. 

A response surface for height increase of Lahontan 

plants was plotted for the purpose of illustrating their 

use in attaining maximum height responses. Four types of 

contour systems can be generated by equations of the second 

degree in two variables (25). These systems may represent 

a maximum, a stationary ridge, a rising ridge, or minimax. 

Each occurs under a given set of conditions and each has a 



Table 8. Mean— increase in number of crown buds of alfalfa plants of several 
ages at four weeks after cessation of two 80-minute red, far-red, or 
white light interruptions given twice each 15-hour dark period for 2, 
6, 10, or 12 consecutive nights. 

Ages of plants (A) and nights of interruption (N) 
Light 
treat- A2 3 35 5 5 7 7 8 9/ 

ments N6 2 10 0 612 2 10 6 Total— 

Red 4 .4 
3/ a— 8 .5 a 8 .8 a 11. 6 a 10 .5 a 9. 1 a •

 

o
 

C
M
 

4 a 15 .4 a 10. 8 a 11. 0 a 

Far-red 6 .2 a 7 .8 a 6 . 4 a 11. 9 a 7 .2 a 11. 1 a 11. 6 b 13 .8 a 10. 6 a 9. 6 a 

White 6 .2 a 10 .1 a 9 .6 a 9. 1 a 9 .5 a 9. 2 a 9. 5 b 14 .4 a 11: 4 a 9. 9 a 

—^Figures within the table represent the average increase in number of 
crown buds per plant of 8 plants. 

2 /  — Figures in this column represent the average increase in number of crown 
buds per plant of 72 plants. 

3 / —Means in each column followed by the same letter are not significantly-
different at the .05 level according to Duncan's new multiple range test (93). 

cr> 
o 



Table 9. Mean— increase in number of stems of alfalfa plants of several ages at 
four weeks after cessation of two 80-minute red, far-red, or white light 
interruptions given twice each 15-hour dark period for 2, 6, 10, or 12 
consecutive nights. 

Ages of plants (A) and nights of interruption (N) 

Light 
treatments 

A 
N 

2 
6 

3 
2 

3 
10 

5 
0 

5 
6 

5 
12 

7 
2 

7 
10 

8 
6 Total-/ 

Red 2 .6 a-/ 6 .8 a 6.2 a 8 .4 a 8 .1 a 6.6 a 14.4 a 11.5 a 8 .5 a 8.1 a 

Far-red 4 . 6 a 6 .0 a 4.8 a 8 .1 a 5 .8 a 9.2 a 8.0 b 10.4 a 6 .9 a 7.1 a 

White 3 .4 a 6 .8 a 6.4 a 7 .1 a 7 .5 a 7.4 a 8.2 b 10.5 a 8 .4 a 7.3 a 

—^Figures within the table represent the average increase in number of 
stems per plant of 8 plants. 

— Figures in this column represent the average increase in number of 
stems per plant of 72 plants. 

3 / —'Means in each column followed by the same letter are not significantly-
different at the .05 level according to Duncan's new multiple range test (93). 
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logical method and direction of experimentation to follow 

for determining optimum conditions. The type of response 

surface generated by height increase of Lahontan alfalfa 

plants receiving two 80-minute white light interruptions 

was a "minimax" (Fig. 8). The X-^ axis represents a plane 

of maximum response and is represented by the equation 

X]_ = -0.98349 (x-^ - 0.0378) + 0.18098(x2 + 1.2469) 

where x-^ and x2 represent age and number of nights of 

interruption, respectively. As one moves away from the X-^ 

axis in either direction along the x-^ axis, height of 

Lahontan plants was reduced. As the number of nights of 

light interruption increased from zero to six, height 

decreased, but six to twelve nights of light interruption 

increased height. However, height response was dependent 

on both age and number of nights of interruption. Note 

that as one moves along the X-^ axis, age and number of 

nights of light interruption change simultaneously but not 

of the same magnitude. Height response was more dependent 

on number of nights of interruption than on age. 

These data would indicate that alfalfa plants five 

weeks of age should be given more than 12 nights of light 

interruption in subsequent experiments. Results obtained 

by a standard analysis of variance were similar, but the 

graphic representation makes the responses easier to 

interpret. In addition, the response surface designs 
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•H 
.86 

Ages (weeks) 

Fig. 8. Contours of fitted surface showing height (cm) 
response of Lahontan plants two weeks after 
initiation of two 80-minute white light 
interruptions. 
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enable prediction of all treatment combinations within the 

experimental region even though each combination was not 

used in the experiment. This is an important consideration 

in preliminary investigations where large numbers of treat

ment combinations are needed. For further discussion on 

the use and analysis of response surface refer to Davies 

(25). 

The results of Experiment I also indicated that 

variability needed to be reduced. To accomplish this, 

larger numbers of seed were planted and more selection made 

for uniform plants before the experiments began. In 

addition, larger numbers of plants were used to measure the 

effect of light on growth response. Differences between 

varieties were also observed and for this reason most of 

the statistical analyses of subsequent experiments were 

conducted on each variety separately. 

Experiment II 

Vegetative Growth of Alfalfa Plants Given no Light Inter
ruption or Two 80-minute Red, Far-red, or White Light 
Interruptions of the Dark Period for 12, 24, and 36 Nights 

Net increases in height were not significantly 

influenced by 12 consecutive nights of light interruptions 

(Table 10). After 24 or 36 nights of light interruptions, 

red light significantly increased height of Lahontan and 

Sonora alfalfa plants compared to far-red or no light 



Table 10. Average increase in height (cm) of Lahontan and Sonora alfalfa plants 
after no light interruption and 12, 24, and 36 consecutive nights of 
two 80-minute red, far-red, or white light interruptions given each 
15-hour dark period. 

Lahontan Sonora 
Nights of interruption Nights of interruption 

treatments 12—/ 24-/ 36-/ 12—/ 24-/ 36-/ 

No interruption 
(control) 7.6 a—/ 12.6 a 11.6 a 7.6 a 15.7 a 15.4 a 

Red 7.8 a 19.6 b 31.8 b 7.6 a 21.9 b 27.9 b 

Far-red 5.9 a 10.4 a 11.2 a 7.0 a 15.0 a 22.8 b 

White 7.6 a 17.3 b 22.2 c 8.1 a 17.6 a 29.0 b 

1/ 2/ 3/ — — — Figures in columns footnoted 1, 2, and 3 represent the average 
increase in height per plant of 24, 16, and 8 plants, respectively. 

—Avians in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 

CTi 

Ln 
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treatment (control). Twenty-four nights of white light 

interruptions significantly increased height of Lahontan 

plants but not those of Sonora. White light treatments for 

36 nights significantly increased height of both Lahontan 

and Sonora alfalfa plants compared to no light treatment. 

These results agree with those of Kasperbauer et al. (47) 

who found that red light interruptions of the dark period 

promoted stem elongation of 8-week old sweetclover plants. 

However, Downs (29) found that red light interruptions of 

the dark period inhibited growth of 10-day old bean 

seedlings. These contradictory results could be an example 

of the importance of seedling age in governing response of 

plants when exposed to light interruptions of the dark 

period. Results of experiment I also suggested that age of 

plants was important in determining type of response 

(promotion or inhibition) when plants are exposed to light 

interruptions of the dark period. 

Recent work by Salisbury (84) could lend another 

explanation to such results. Through a series of experi

ments in which the importance of the light period on the 

subsequent dark periods was studied, a cyclic rhythm was 

found in which red light present during one portion of the 

cycle would be promotive and when present during another 

portion would be inhibitive. Salisbury's (84) work has 

shown that this rhythm can be stopped by growing plants in 

complete darkness and restarted by application of light. 
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Since the plants used by Downs (29) were grown in complete 

darkness for five days before irradiation with red light, 

it would be possible that the red light interruptions were 

given during an inhibitive phase, thus inhibiting growth. 

Blinning (11) has shown the existence of many such endoge

nous rhythms in plants, 

The number of buds produced on the crowns of 

Lahontan alfalfa plants was significantly reduced by 12 and 

24 nights of red and white light interruptions compared to 

the control (Table 11). Plants receiving 12 consecutive 

nights of red and white light interruptions had fewer crown 

buds than did those receiving the far-red light interrup

tions. After 24 nights, Lahontan alfalfa plants receiving 

the far-red light treatment produced significantly more 

crown buds than Lahontan plants receiving the other light 

treatments. Lahontan plants exhibited a similar trend of 

crown bud production after 36 nights of light interruption. 

Crown bud production of Sonora alfalfa was not significantly 

affected by any of the light treatments after 12 and 36 

nights, but white light interruptions did significantly 

inhibit crown bud production after 24 nights of treatment. 

The number of buds produced on the crowns of 

Lahontan alfalfa plants was reduced after 12 nights of red 

or white light interruption, whereas height was not 

significantly affected. Such results suggest that crown 

bud production could be more sensitive to light treatment 



Table 11. Average increase in number of buds produced on the crowns of Lahontan 
and Sonora alfalfa plants after no light interruption and 12, 24, and 
36 consecutive nights of two 80-minute red, far-red, or white light 
interruptions given each 15-hour dark period. 

Light 
treatments 

Nights 
Lahontan 
of interruption Nights 

Sonora 
of interruption 

Light 
treatments 12—/ 24-/ 36— N3

 IJ
—1 

24-/ 36-/ 

No interruption 
(control) 2 ,6 a -/ 3.3 a 4.5 a 1.3 a 2.7 a 4.6 a 

Red 1 .0 b 1.3 b 4.2 a 1.4 a 3.0 a 5,1 a 

Far-red 1 . 8 c 4.4 c 5.9 a 1.6 a 3.4a 5.5 a 

White 0 .6 b 1.4 b 4.1 a 1.1 a 1.9 b 6.6 a 

1/ 2/ 3/ — ' — ' — Figures in columns footnoted 1, 2, and 3 represent the average 
increase in number of buds per plant of 24, 16, and 8 plants, respectively. 

—^Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 

en 
00 
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than height increases if one assumes that both crown bud 

production and height increase are controlled by the same 

growth regulator. Crown bud production would then be 

inhibited at concentrations of growth regulators too low to 

affect height. 

As the concentration of growth regulators increase, 

height will be affected and crown bud production inhibited. 

Support of this explanation is shown by the increase in 

height and reduction in number of crown buds of Lahontan 

plants given 24 nights of red or white light interruption. 

This explanation also agrees with the known differences in 

sensitivity of roots, stems, and buds to different concen

trations of growth regulators (94). 

If red or white light interruptions promote height 

and inhibit crown bud production, far-red light interrup

tions should have an opposite effect if the phytochrome 

system controls these responses. After 12 nights of far-

red light treatment, height of Lahontan plants was not 

different from the control plants but crown bud production 

was inhibited. However, plants receiving far-red light 

did produce more crown buds than those receiving red light. 

In view of the previously described explanation, these 

results could mean that far-red light reduces the concen

tration of growth regulator but after 12 nights of treat

ment, the concentration was still too high for promotion of 

crown bud production. Height of plants receiving 24 nights 
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of far-red light was the same as that of the control plants 

but crown bud production was increased. Thus far-red light 

will promote crown bud production, whereas red or white 

light inhibited it. 

The number of stems produced by Lahontan and Sonora 

alfalfa plants was not significantly influenced by 12 nights 

of any light treatment (Table 12). After 24 nights of red 

light treatment, Lahontan plants produced fewer stems than 

plants which received no light treatment whereas Sonora 

plants receiving 24 nights of red and white light treatment 

produced fewer stems than plants of the control. Stem 

production for both varieties receiving far-red light did 

not differ from those of the controls. Thirty-six nights 

of light treatment did not influence stem production of 

either variety, although plants of both varieties exhibited 

a similar trend in stem production at 24 nights of light 

treatment. 

Since 12 and 24 nights of red light interruptions 

also reduced the number of buds produced on the crowns of 

Lahontan plants, the reduction in number of stems on plants 

given red light interruptions could simply be a result of 

fewer buds from which stems could develop. If red light 

prevented growth of the crown buds, far-red light should 

have promoted growth but the latter effect was not 

observed. 



Table 12. Average increase in number of stems of Lahontan and Sonora alfalfa 
plants after no light interruption and 12, 24, and 36 consecutive 
nights of two 80-minute red, far-red, or white light interruptions 
given each 15-hour dark period. 

Lahontan 
Nights of interruption 

Sonora 
Nights of interruption 

-Lj-LgjlIU 
treatment 12—7 24—/ 36-/ 12-/ 24-/ 36-/ 

No interruption 
(control) 1.2 a—/ 2.3 a 3.6 a 1.1 a 2.0 a 3.9 a 

Red 1.2 a 1.5 b 2.9 a 1.0 a 1.5 b 3.2 a 

Far-red 1.1 a 2.3 ab 3.4 a 1.0 a 2.4 ab 3.5 a 

White 1.1 a 2.0 ab 3.2 a 1.2 a 1.7 b 3.1 a 

1/ 2/ 3/ — ' — ' —Figures in columns footnoted 1, 2, and 3 represent the average 
increase in height of 24, 16, and 8 plants, respectively. 

4/ —Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 
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Far-red light interruptions significantly reduced 

the number of internodes of both varieties compared to no 

light treatment (Table 13). The number of internodes 

produced under red, white, and no light treatment was not 

different. Apparently both number of internodes and 

length of internodes are involved in height changes 

associated with the light treatments, but neither one 

appeared more important than the other. Internode length 

of both varieties was not affected by any of the light 

treatments. 

Leaf area was not significantly affected by light 

treatment although Sonora alfalfa exhibited a significantly 

larger leaf area per plant than Lahontan alfalfa. The 

duration X variety interaction was significant which showed 

that Sonora alfalfa responded more to the light treatment 

than Lahontan (Table 14). 

To measure the carryover effect of red, far-red, 

and white light interruptions, the net increases in height, 

number of crown buds, and number of stems were also 

observed after 36 nights of the following light treatments: 

(a) 36 nights no light interruption; (b) 12 consecutive 

nights with light interruption, 24 nights no interruption; 

(c) 24 consecutive nights with light interruption, 12 

nights no light interruption; (d) 36 consecutive nights 

with light interruption. An analysis of variance was 

conducted on net increases of height, number of crown buds, 
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Table 13. Mean—^ increase in number of internodes and 
length of internodes (mm) of alfalfa plants 
after no light interruption or two 80-minute 
red, far-red, or white light interruptions 
for 36 consecutive nights given each 15-hour 
dark period. 

Light Number of Length of 
treatments internodes internodes 

No light 
interruption 
(control) 10.3 2/ a — 29.3 a 

Red 10.7 a 34.1 a 

Far-red 8.4 b 31.8 a 

White 11.1 a 32.4 a 

—^Figures within the table represent the average 
increase in number or length of internodes per plant of 24 
plants. 

2 /  —Means in each column followed by the same letter 
are not significantly different at the .05 level according 
to Duncan's new multiple range test (93). 
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1 / Table 14. Average— change in leaf area (cm) of Lahontan 
and Sonora alfalfa plants given two 80-minute 
light interruptions each 15-hour period for 12, 
24, and 36 consecutive nights. 

Number of 
interruptions Lahontan Sonora Means 

12 63.4 a y 62.1 a 62.8 a 

24 79.4 a 103.2 b 91.2 b 

36 99.3 b 160.4 c 129.9 c 

Means 80.8 
a 

108.6 
b 

—^Figures within the table represent the average 
change in leaf area per plant of 16 plants. 

2 /  — Means in each column followed by the same letter 
or means in each row having the same letter underneath are 
not significantly different at the .05 level according to 
Duncan's new multiple range test (93). 
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arid number of stems observed after 36 nights of the various 

light treatments. 

Comparison of the overall mean effect of red and 

white light treatment showed that height of Lahontan and 

Sonora alfalfa plants was significantly increased compared 

to plants receiving far-red or no light treatment (Tables 

15 and 16). Far-red light treatment did not significantly 

affect height of either variety compared to the control. 

The duration X light treatment interaction was also 

significant for both varieties. Data in Tables 15 and 16 

illustrate this interaction and show the carryover effects 

of the light treatment combinations. As the number of 

nights of red light interruptions increased, Lahontan 

alfalfa plants showed a corresponding increase in height; 

however, height of Lahontan plants decreased as number of 

far-red light interruptions increased. Lahontan plants 

grown under white light interruptions exhibited maximum 

increase in height after 24 nights of treatment. Sonora 

alfalfa showed maximum sensitivity to light treatments at 

24 nights. Within this treatment, red and white light 

treatments gave maximum increases in height, whereas far-

red light treatment gave minimum increases in height. 

The number of crown buds produced by plants of both 

varieties was not significantly affected by light treat

ment. Red and white light treatment did significantly 

reduce the number of stems produced by Lahontan alfalfa 



Table 15. Mean— increase in height (cm) of Lahontan alfalfa plants after 36 
nights of no light interruption and two 80-minute red, far-red, or 
white light interruptions given each 15-hour dark period in various 
light interruption combinations. 

Light interruption combinations 

Light 
Treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

17.4 
X 

a y 17.4 a 
X 

17.4 a 
X 

17.4 a 

Red 21.4 ab 29.0 b 31.8 b 27.4 b Red 
X y y 

Far-red 20.8 
X 

ab 12.8 c 
y 

11.2 c 
y 

14.9 a 

White 22.4 b 27.0 b 22.2 d 23.9 b White 
X y X 

Means 20.4 
X 

21.6 
X 

20.6 
X 

—^Figures within the table represent the average increase in height per 
plant of 8 plants. 

2/ — Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



Table 16. Mean—^ increase in height (cm) of Sonora alfalfa plants after 36 nights 
no light interruption and two 80-minute red, far-red, or white light 
interruptions given each 15-hour dark period in various light interrup
tion combinations. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

20.8 a -/ 
X 

20.8 a 
X 

20.8 a 
X 

20.8 a 

Red 24.8 ab 
X 

32.1 b 
X 

27.9 a 
X 

28.2 b 

Far-red 23.1 ab 
X 

11.2 c 
y 

22.8 a 
X 

19.0 a 

White 
29.2 b 

X 

22.5 a 
X 

29.0 a 
X 

26.9 b 

Means 24.4 
X 

21.6 
X 

25.1 
X 

—^Figures within the table represent the average increase per plant in 
height of 8 plants. 

2/ —Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 
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compared to stem production by the control (Table 17). 

Far-red light treatment did not affect stem number. The 

number of stems produced by Sonora alfalfa was not signifi

cantly affected by any light treatment (Table 18). 

Results of this series of light treatments exhibited 

the same trends as those discussed previously but in some 

cases statistical differences were not found. A probable 

reason for this situation is that only 8 plants per treat

ment could be used for an experiment of this size. As a 

result of high variability among plants, more plants were 

needed in order to detect differences. 

Considering the overall effect of light interrup

tions on height, number of crown buds, and number of stems, 

one finds that red light generally promoted height and 

inhibited crown bud and stem production. Far-red light 

interruptions did not have a significant effect on height 

or number of stems but did increase crown bud production. 

These results indicate that phytochrome controls or 

regulates these vegetative growth parameters of alfalfa. 

Regression and correlation coefficients for height 

vs crown buds and height vs stems were generally very low 

which indicated little association or relationship between 

these variables (refer to Appendix B for tables of coeffi

cients). The lack of association or relationship between 

height and crown buds and height and stems could be 

interpreted as further evidence that height does not 



Table 17. Mean—' increase in number of stems of Lahontan alfalfa plants after 36 
nights of no light interruption and two 80-minute red, far-red, or 
white light interruptions given each 15-hour dark period in various 
light interruption combinations. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

4.1 a 
X 

4.1 a 
X 

4.1 a 
X 

4.1 a 

Red 4.2 a 
X 

1.9 b 
y 

2.9 a 
y 

3.0 be 

Far-red 3.6 ab 
X 

i 

3.8a 
X 

3.4 a 
X 

3.6 ab 

White 2.6 b 
X 

2.5 b 
X 

3.2 a 
X 

2.8 c 

Means 3.6 
X 

3.0 
X 

3.4 
X 

—^Figures within the table represent the average increase in number of 
stems per plant of 8 plants. 

2 /  —Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



Table 18. Mean— increase in number of stems of Sonora alfalfa plants after 36 
nights of no light interruption and two 80-minute red, far-red, or 
white light interruptions given each 15-hour dark period in various 
light interruption combinations. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

3.6-/ 3.6 3.6 3.6 

Red 2.9 3.8 3.2 3.3 

Far-red 3.5 3.1 3.5 3.4 

White 3.6 4.2 3.1 3.6 

Means 3.4 3.7 3.4 

—^Figures within the table represent the average increase in number of 
stems per plant of 8 plants. 

— Statistical comparisons of means was not conducted because of non
significant F tests of main and interaction effects. 
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directly influence initiation of crown buds or growth from 

these crown buds. If crown bud initiation and growth from 

crown buds were related to height, one would expect higher 

correlation and regression values. 

Correlation coefficients for crown buds vs stems 

were higher than those previously mentioned. One would 

expect crown buds and stems to be correlated because 

without crown buds, stems can not develop. Definite 

correlation patterns relative to light treatments were not 

observed. 

Reproductive Growth of Alfalfa Plants Given no Light 
Interruption or Two 80-minute Red, Far-red, or White Light 
Interruptions of the Dark Period for 12, 24, and 36 Nights 

First visual flower buds were observed on Sonora 

plants that had received 30 consecutive nights of white 

light interruption. After 32 consecutive nights of red 

light interruption, flower buds were observed on Sonora 

plants. None of the flower buds on plants of any treatment 

had opened by the end of the experiment (36 days). 

Histological examination of terminal buds showed that 

floral initiation began after approximately 24 nights of 

red or white light treatment. Morphological and histo

logical examination of terminal buds of alfalfa from plants 

grown under far-red or no light interruption of the dark 

period did not reveal floral development. 
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These results agree with those of Borthwick et al. 

(3), Lane et al. (53), and Parker et al. (71) who have 

shown that flowering of long-day plants was promoted by red 

light and inhibited by far-red light interruptions of a 

dark period normally too long for flowering. 

Experiment III 

Vegetative Growth of Alfalfa Plants Given no Light Inter
ruption, One Four-hour Red or Far-red Light Interruption 
of the Dark Period or 24 Hours of Continuous White Light 
for 12, 24, and 36 Nights 

Lahontan alfalfa plants grown under 24 hours of 

continuous white light for 12 nights exhibited larger 

increases in height than those grown under no light 

interruption of the dark period (Table 19). Height 

increases of plants receiving 12 nights of red, far-red, 

or no light interruption (control) were not different. 

Sonora alfalfa showed a similar growth pattern but 

increases in height were not statistically different. 

After 24 hours of continuous white light for 24 nights or 

red light interruptions for 24 nights, height increases of 

Lahontan and Sonora alfalfa plants were greater than the 

height increase in plants given no light interruption. 

Height responses of plants given red or far-red light 

interruption were not different from each other nor was 

height increase of plants receiving red light different 

from height of those receiving 24 hours of continuous 



Table 19. Average increase in height (cm) of Lahontan and Sonora alfalfa plants 
after receiving 24 hours of continuous white light or no light inter
ruption or one four-hour red or far-red light interruption given each 
15-hour dark period for 12, 24, and 36 consecutive nights. 

Light 
treatment 

Lahontan 
Nights of interruption 

12—7 24—7 36—7 12. 

Sonora 
Nights of interruption 

17 24—/ 36-/ 

No light 
interruption 
(control) 

8.6 4/ a — 11.1 a 14.5 a 11.2 a 16.6 a 19.4 a 

Red 9.6 a 17.9 be 25.9 b 12.6 a 23.4 be 26.6 a 

Far-red 9.0 a 15.3 ab 20.9 ab 11.8 a 19.0 ab 23.2 a 

24 hours of 
continuous 
white light 

14.3 b 22.0 c 24.4 b 15.6 a 28.2 c 32.4 a 

1/ 2/ 3/ — ' — ' — Figures in columns footnoted 1, 2, and 3 represent the average 
increase in height per plant of 24, 16, and 8 plants, respectively. 

—^Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 

00 
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light. Plants of Lahontan and Sonora alfalfa receiving 

far-red light interruptions exhibited an increase in height 

over the controls, but this increase was not significant. 

After 36 nights of treatment, 24 hours continuous light and 

the red light treatment increased height of Lahontan plants 

compared to the control. Height increases as a result of 

far-red light treatment were not different from those of 

the control, red or 24-hour light treatments. Sonora 

alfalfa exhibited a similar trend but height increases were 

not significantly different. Height differences of Sonora 

plants were quite large but did not test significant as a 

result of a high .replication X light treatment interaction. 

The number of crown buds on Lahontan alfalfa plants 

was significantly inhibited by 12 nights of red, far-red, 

and the 24-hour light treatment compared to the control. 

Red and far-red light interruptions for 24 nights inhibited 

the number of crown buds of Lahontan alfalfa plants compared 

to the control. Twelve nights of red light interruption 

significantly inhibited the number of buds formed on the 

crowns of Sonora alfalfa plants compared to the control and 

24-hour light treatment (Table 20). Far-red interruption 

and 24 hours of light did not reduce the number of crown 

buds nor was crown bud production under far-red light 

treatment different from that of red light treatment. 

Crown bud production of Sonora alfalfa plants given 24 

nights of no light, far-red light or 24 hours continuous 



Table 20. Average increase in number of crown buds of Lahontan and Sonora alfalfa 
plants after receiving 24 hours of continuous white light or no light 
interruption or one four-hour red or far-red light interruption given 
each 15-hour dark period for 12, 24, and 36 consecutive nights. 

Lahontan Sonora 
Nights of interruption Nights of interruption 

•L.XgllL. 
treatment 12—/ 24-7 36-/ 12-/ 24-7 36-/ 

No light 
interruption 
(control) 

2.8 a —/ 4.1 a 5.5 a 2.8 a 4.2 a 5.5 a 

Red 2.0 b 2.8 b 4.6 a 1.6 b 2.3 b 3.8 a 

Far-red 1.8 b 3.0 b 6.0a 2.3 ab 3.0 ab 4.1 a 

24 hours of 
continuous 
white light 

1.9 b 3.9 a 6.6 a 2.4 a 3.3 ab 6.0 a 

1/ 2/ 3/ —' ' — ' — Figures in columns footnoted 1, 2, and 3 represent the average 
increase in number of crown buds per plant of 24, 16, and 8 plants, respectively. 

—^Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 
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light did not differ, but the number of crown buds produced 

by plants receiving red light was significantly greater 

than crown bud production of control plants. None of the 

light treatments significantly influenced crown bud produc

tion on plants of either variety after 36 nights of treat

ment . 

No light treatments significantly influenced the 

number of stems produced by either variety after 12 or 36 

nights of treatment (Table 21). Stem production of Sonora 

alfalfa was decreased by red, far-red, or 24-hour light 

treatment compared to the control. Stem increase under 

red, far-red, or 24-hour light treatment was not different. 

A similar response was noted for Lahontan alfalfa except 

that increase in number of stems was not different on 

control plants compared to plants given 24-hour light 

treatment. 

Leaf area of Sonora alfalfa plants was greater than 

that of Lahontan plants. Plants of both varieties 

receiving 24 hours of continuous white light had signifi

cantly greater leaf area than plants receiving red, far-

red, or no light interruption. Leaf area of plants 

receiving red, far-red, or no light interruption were not 

different. Leaves of alfalfa plants grown under the red 

light treatment and under the 24-hour light treatment were 

more oblong and smaller than those from plants receiving 

far-red or no light interruption (Figs. 9 and 10). Both 



Table 21. Average increase in number of stems of Lahontan and Sonora alfalfa 
plants after receiving 24 hours of continuous white light or no light 
interruption or one four-hour red or far-red light interruption given 
each 15-hour dark period for 12, 24, and 36 consecutive nights. 

Lahontan 
Nights of interruption 

Sonora 
Nights of interruption 

i.ignx 
treatment 12—/ 24—/ 36-/ i—

1 
NO
 lH
-

24-/ 36-/ 

No light 
interruption 
(control) 

i—
1 • i—
1 |4
> 

2.8 a 3.8 a 1.4 a 3.0a 4.1 a 

Red 0.9 a 1.4 b 2.9 a , 1.0 a 1.5 b 2.5 a 

Far-red 0.9 a 1.6 b 3.2 a ; 1.0 a 2.0 b 2.8 a 

24 hours of 
continuous 
white light 

1.1 a 2.3 ab 3.4 a 1.1 a 2.0 b 3.5 a 

1/ 2/ 3/ — ' — ' — Figures in columns footnoted 1, 2 ,  and 3 represent the average 
increase in number of stems per plant of 24, 16, and 8 plants, respectively. 

—^Means in each column followed by the same letters are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 
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Fig. 9. Effect of 24 hours of continuous white light and 
red, far-red, or no light interruption on leaf 
shape of Lahontan alfalfa after 36 nights of 
treatment. 

Treatments from left to right are no light inter
ruption, far-red light interruption, red light interruption, 
and 24 hours of continuous white light. 
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Fig. 10. Effect of 24 hours of continuous white light and 
red, far-red, or no light interruption on leaf 
shape of Sonora alfalfa after 36 nights of 
treatment. 

Treatments from left to right are no light inter
ruption, far-red light interruption, red light interruption, 
and 24 hours of continuous white light. 
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Sonora and Lahontan plants exhibited this response with 

leaves of Lahontan showing the larger differences in shape 

and size. 

Height, number of crown buds, and number of stems 

of alfalfa plants receiving one four-hour red light inter

ruption were similar to those of plants receiving two 80-

minute red light interruptions. These vegetative growth 

parameters were previously discussed. In addition, these 

results show that far-red light can give the same response 

as red light when present for relatively long periods of 

time. A probable cause of such results is related to the 

absorption spectra of the two forms of phytochrome (12, 

15). The red form absorbs maximally at a wavelength of 

660m[i but has some absorption at 730m(a, the maximum 

absorption peak of the far-red form. The absorption 

spectra of the far-red form also overlaps the maximum 

absorption peak (660rri|j,) of the red form. As a result of 

the overlapping absorption spectra, far-red light of low 

intensity for a long period of time can keep enough of 

the far-red form of phytochrome present to cause growth 

responses similar to red light. 

After 12 nights of treatment, Lahontan alfalfa 

plants grown under 24 hours continuous light exhibited a 

significant increase in number of internodes compared to 

red and far-red light treatment (Table 22). The control, 

red, and far-red light treatment responses were not 



Table 22. Mean increase in number of internodes of Lahontan and Sonora alfalfa 
plants after receiving 24 hours of continuous white light or no light 
interruption or one four-hour red or far-red light interruption given 
each 15-hour dark period. 

Light 
treatment 

Nights 
Lahontan 
of interruption Nights 

Sonora 
of interruption 

Light 
treatment 12—/ 24-/ 36—/ 12-/ 24-/ 36-/ 

No light 
interruption 
(control) 

2 .8 ab^/ 3.9 a 4.2 a 1.5 a 3.0a 3.8 a 

Red 2 .4 b 4.8 a 6.0 a 2.0 a 3.0a 4.2 a 

Far-red 2 .4 b 4.0 a 4.5 a 1.3 a 3.8a 2.2 a 

24 hours of 
continuous 
white light 

3 .4 a 5.4 a 7.7 a 2.8 a 3.6 a 3.6 a 

1/ 2/ 3/ — — ' —Figures in columns footnoted 1, 2, and 3 represent the average 
increase in number of internodes per plant of 24, 16, and 8 plants, respectively. 

—^Means in each column followed by the same letter are not significantly 
different at the .05 level according to Duncan's new multiple range test (93). 
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different nor was the control different from the 24-hour 

light treatment. .The number of internodes of Sonora 

alfalfa was not significantly altered by 12 nights of light 

treatment. Twenty-four and 36 nights of light treatment 

did not significantly influence number of internodes of 

plants of either variety. 

The increase in number of internodes was signifi

cantly correlated with increase in heights of Sonora and 

Lahontan alfalfa after 12 nights of light treatment. These 

correlation coefficients were 0.64 and 0.62 for Sonora and 

Lahontan alfalfas, respectively. Nonsignificant correla

tions of 0.42 for Sonora alfalfa and 0.26 for Lahontan 

alfalfa were found after 24 nights of light treatment. 

Increases in number of internodes and increase in height 

were significantly correlated after 36 nights of light 

treatment for Sonora (0.82) and Lahontan (0.87) alfalfa. 

These results indicate that auxin was probably not involved 

in height responses of plants exposed to red or white light. 

One would expect internode elongation to be related to 

height increase if auxin were involved. 

As in Experiment II, carryover effects of light 

treatments on the net increases in height, number of crown 

buds, and number of stems were calculated after 36 nights 

of the following light treatments: 

1. No light interruption of the dark period. 
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2. 12 nights of red or far-red light interruption of 

the dark period, 24 nights no interruption. 

3. 24 nights red or far-red light interruption of the 

dark period, 12 nights no interruption. 

4. 36 nights of red or far-red light interruption of 

the dark period, zero nights no interruption. 

5. 24-hours continuous light, no dark period. 

An analysis of variance was conducted on these net 

increases for each variety separately. 

Comparison of the overall mean light effects 

presented in Table 23 shows that 24 hours of continuous 

light and red or far-red light interruption significantly 

increased height of Lahontan alfalfa plants compared to 

plants receiving no light interruption (Table 23). Red and 

far-red responses were not different, but the 24-hour light 

treatment responses were significantly different from all 

other light treatment responses. Sonora alfalfa plants 

given 24 hours of continuous light exhibited a significant 

increase in height compared to height of plants receiving 

red, far-red, or no light interruptions. The duration X 

light treatment interaction was significant for both 

varieties indicating that height responses varied with 

light treatment and duration (Table 24). 

Crown bud production of Lahontan and Sonora plants 

was not affected by light treatment (Tables 25 and 26). 

However, the light interruption X light treatment 



Table 23. Mean—^ increase in height (cm) of Lahontan alfalfa plants after 36 
nights of no light interruption or various combinations of one four-
hour light interruption given each 15-hour dark period. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
a 2/ interruption 14.5 a 2/ 14.5 a 14.5 a 14.5 a 

(control) X  X  X  

Red 21.0 b 18.4 ab 25.9 c 21.8 b Red 
X  X  y 

Far-red 19.4 
X  

b 19.0 
X  

b 20.9 
X  

b 19.8 b 

24 hours of 
continuous 28.4 c 34.4 c 24.4 be 29.0 c 24 hours of 
continuous 

X  y 
24.4 29.0 c 

white light X  y X  

Means 20.8 
X  

i  
i  

21.6 
X  

21.4 
X  

—^Figures within the table represent the average increase in height per 
plant of 8 plants. 

2 /  —'Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



Table 24. Mean— increase in height (cm) of Sonora alfalfa plants after 36 nights 
of no light interruptions or various combinations of one four-hour 
light interruption given each 15-hour dark period. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

19.5 
X  

a 2/ 19.5 a 
X  

19.5 a 
X  

19.5 a 

Red 22.4 ab 28.6 b 26.6 ab 25.9 a Red 
X  X  X  

Far-red 19.4 
X  

a 24.0 ab 
X  

23.2 a 
X  

22.2 a 

24 hours of 
continuous 
white light 

28.6 
X  

b 37.0 c 
X  

32.4 b 
X  

32.6 b 

Means 22.4 
X  

27.3 
X  

25.4 
X  

—'Figures within the table represent the average increase in height per 
plant of 8 plants. 

2 /  —Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



Table 25. Mean— increase in number of crown buds of Lahontan alfalfa plants 
after 36 nights of no light interruption or various combinations of one 
four-hour light interruption given each 15-hour dark period. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

Red 

Far-red 

24 hours of 
continuous 
white light 

5.5 ab^ 5.5 a 5.5 ab 5.5 
X  X  X  

5.9 a 3.9 b 4.6 b 4.8 
X  y xy 

4.2 b 4.9 ab 6.0 ab 5.0 
X  xy y 

5.1 ab 5.8 a 6.6 a 5.8 
X  . xy y 

Means 5"2 5-° 5-7 
X  X X  

—^Figures within the table represent the average increase in number of 
crown buds per plant of 8 plants. 

2 /  — Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



Table 26. Mean— increase in number of crown buds of Sonora alfalfa plants after 
36 nights of no light interruption or various combinations of one four-
hour light interruption given each 15-hour dark period. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

5.5-/ 5.5 5.5 5.5 

Red 4.8 3.9 3.8 4.1 

Far-red 4.8 4.9 4.1 4.6 

24 hours of 
continuous 
white light 

4.9 4.8 6.0 5.2 

Means 5.0 4.8 4.8 

—^Figures within the table represent the average increase in number of 
crown buds per plant of 8 plants. 

2 /  — Statistical comparisons of means was not conducted because of non
significant F tests of main and interaction effects. 
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interaction was significant regarding crown bud production 

of Lahontan alfalfa plants (Table 25). Examination of the 

interaction means shows that the number of crown buds 

decreased as the number of consecutive nights of red light 

interruption increased from 12 to 24. The number of crown 

buds increased as the number of consecutive nights of red 

light interruption increased from 24 to 36. Far-red light 

continually increased crown bud production as the number of 

consecutive nights of interruption increased. These 

results are similar to those observed when two interruptions 

with red or far-red light were given. 

The number of stems produced by either variety was 

not significantly influenced by light treatment. The 

duration X light treatment interaction was significant for 

both varieties (Tables 27 and 28). 

Twenty-four hours of continuous white light and red 

light interruptions significantly increased the number of 

internodes, whereas far-red light treatment did not increase 

internode number. Red light response was not different 

from far-red response. Correlation between increase in 

number of internodes and increase in height was 0.84 for 

2 both Sonora and Lahontan. The r value indicated that 70 

per cent of the variation in height was due to an increase 

in number of internodes. 

This series of light treatments showed results 

similar to those previously discussed concerning vegetative 



Table 27. Mean—' increase in number of stems of Lahontan alfalfa plants after 36 
nights of no light interruption or various combinations of one four-
hour light interruption given each 15-hour dark period. 

Light interruption combinations 

Light 
treatment 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

3.8-/ 3.8 3.8 3.8 

Red 3.5 1.8 2.9 2.7 

Far-red 2.9 2.1 3.2 2.8 

24 hours of 
continuous 
white light 

3.2 3.2 3.4 3.3 

Means 3.4 2.7 3.3 

—^Figures within the table represent the average increase in number of 
stems per plant of 8 plants. 

2 /  — Statistical comparisons of means was not conducted because of non
significant F tests of main and interaction effects. 
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Table 28. Mean—' increase in number of stems of Sonora alfalfa plants after 36 
nights of no light interruption or various combinations of one four-
hour light interruption given once each 15-hour dark period. 

Light 
treatment 

Light interruption combinations 

12 nights with 
interruption 
24 nights no 
interruption 

24 nights with 
interruption 
12 nights no 
interruption 

36 nights with 
interruption 
0 nights no 
interruption Means 

36 nights no 
interruption 
(control) 

Red 

Far-red 

24 hours of 
continuous 
white light 

4.0 a y 4.0 a 4.0 a 4.0 
X  X  X  

3.6 ab 2.6 be 2.5 c 2.9 
X  y y 

3.0 b 3.1 b 2.8 be 3.0 
X  X  X  

C
o
 

•
 

O
O
 

ab 2.1 c 3.5 ab 3.1 
X  y X  

Means 3.6 2.9 3.2 
x x x  

—^Figures within the table represent the average increase in number of 
stems per plant of 8 plants. 

2 /  — Means in each column followed by the same letter or means in each row 
having the same letter underneath are not significantly different at the .05 level 
according to Duncan's new multiple range test (93). 



101 

growth of alfalfa under red or far-red light interruptions. 

Far-red light again was observed to act similarly to red 

light when present for longer periods of time. 

Throughout all of the experiments previously dis

cussed, vegetative responses of Lahontan plants were 

usually greater and more consistent than responses of 

Sonora plants. Such responses are probably a result of the 

inherent differences between Lahontan and Sonora plants. 

For example, Lahontan plants will exhibit dormancy when 

exposed to cool temperatures and shorter photoperiods, 

while Sonora plants do not. Also, Lahontan was shown to 

be more responsive to photoperiod than Sonora. Since 

phytochrome controls or regulates many aspects of dormancy 

and photoperiodic phenomena, those plants exhibiting these 

characteristics should respond more to light treatments 

which activate the phytochrome system than plants which do 

not exhibit dormancy or photoperiodism. 

Regression and correlation coefficients•for height 

vs crown buds, height vs stems, and crown buds vs stems 

are tabled in Appendix B. Coefficients were again low as 

in Experiment II with crown buds vs stems showing the 

highest association. 
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Reproductive Growth of Alfalfa Plants Given no Light 
Interruption, One Four-hour Red or Far-red Light Interrup
tion of the Dark Period or 24 Hours of Continuous White 
Light for 12, 24, and 36 Nights 

Flowering of Lahontan and Sonora alfalfa occurred 

only on plants grown under continuous light. The first 

flower buds were evident approximately 16 days after the 

light treatments began. Plants removed at 12 days from 

the continuous light treatment and placed under no light 

interruption treatment did not flower. Under this treat

ment, however, some of the developing flower racemes 

atrophied and turned white (Fig. 11). Plants which 

received no light interruptions after 24 days did flower, 

but new flower bud formation was slower after light inter

ruptions were stopped than that of plants kept under 

continuous light. Also, flower buds which were already 

formed opened slower than those on plants receiving 36 

consecutive days of 24 hours of light. 

These results indicate that alfalfa plants require 

continuous exposure to the proper conditions for flowering 

until flowering occurs. Literature supporting these 

results on alfalfa was not found but Salisbury (81, 83) 

reported that some plants require repeated exposure to 

appropriate photoperiodic cycle until flowers develop while 

other plants require only induction and once induced will 

flower even if placed in unfavorable conditions for floral 

induction. Apparently alfalfa fits into the former group 
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Fig. 11. Flowering response of alfalfa plants receiving 36 
days of continuous light (plant on left) or 24 
hours of continuous light for 12 days followed by 
9 hours of light and 15 hours of dark for 24 days 
(plant on right). 
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of plants. Histological examination of terminal buds from 

plants under all other light treatments did not reveal any-

floral initials. 

Flower initiation was observed histologically on 

plants after 24 and 36 nights of two 80-minute red or white 

light interruptions of a 15-hour dark period but no initia

tion was observed when one four-hour interruption was 

given. Perhaps the reason for such results can be 

ascertained from the results of Bunning (11) and Salisbury 

(82, 84) who have shown that plants exhibit a 24-hour 

periodicity in regard to light promotion or inhibition of 

plant responses. For example, red light present during one 

portion of this 24-hour cycle was found to promote flower

ing of cocklebur but inhibited flowering during another 

portion of this cycle (84). If one assumes that flower 

initiation occurred on alfalfa plants given two red light 

interruptions because one of the two red light interrup

tions was given during a promotive phase of this cycle, 

then flowering could have been prevented when one four-hour 

interruption was given in the middle of the dark period 

because the cycle was in an inhibitive phase. Since far-

red light will act as red light when given over long 

periods, both wavelengths would inhibit flowering when 

given as a four-hour interruption in the middle of the dark 

period and no flowering would occur. The second red light 

interruption would be given during the inhibitive portion 
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of the cycle but would be without effect because the 

promotive effect of red light would not be reversible after 

the relatively long intervening dark period." 

Initiation and Development of Alfalfa Flowers 

The following discussion of vegetative characteris

tics and floral initiation and development is based mainly 

on histological examination of the terminal apices of 

Lahontan and Sonora alfalfa plants. Morphology of the 

plants was also examined to ascertain the growth pattern 

of alfalfa during the transition from a vegetative to 

reproductive stage of growth. Since terminal meristems of 

both varieties were found to exhibit the same pattern of 

development during this transition, the following descrip

tion applies to plants of both varieties. 

Stems of alfalfa plants can develop from buds in 

the axils of cotyledons, unifoliate, or trifoliate leaves 

or from adventitious buds on the crowns. A "vegetative" 

terminal meristem of a developing alfalfa stem along with 

several axillary buds is shown in Fig. 12. The youngest 

bud (uppermost bud) in Fig. 12 appears as a conical meristem 

in the axil of the youngest trifoliate leaf primordium. 

The oldest axillary bud (lowermost bud) has produced 

trifoliate leaves and begun to elongate from the axil. The 

latter will become an axillary branch with meristem and 

trifoliate leaves similar to those of the main stem. A 



Fig. 12. Vegetative terminal meristem of alfalfa with 
several axillary buds in various degrees of 
vegetative development. 

Fig. 13. Terminal meristem of alfalfa in a vegetative 
stage of development. 

Fig. 14. Young raceme primordium of alfalfa in the axil 
of the second trifoliate leaf (second leaf 
down from apex). 

Fig. 15. Early raceme development of alfalfa showing 
raceme primordium, two flower primordia, and 
a developing bract. 

Fig. 16. Early raceme development of alfalfa showing 
raceme primordium and meristematic regions from 
which the flower parts are formed. 

Fig. 17. Raceme after elongation showing the "age 
gradient" of several flowers by various stages 
of development. 

Fig. 18. Longitudinal section of an alfalfa flower bud 
before opening. 

A - apical meristem 
B - trifoliate leaf primordium 
C - trifoliate leaf 
D - axillary bud 
D]_ - axillary branch 
E - young raceme primordium 
F - flower primordium 
G - bract 
H - flower bud 
I - ovary showing five ovules 
J - stamens 
K - petals 
L - sepals 
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Figs. 12 through 18. Flower initiation in alfalfa. 
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maximum of three axillary buds per node was observed. 

Figure 13 shows a terminal meristem designated as "vegeta

tive" for purpose of this study. 

When the environmental conditions become favorable 

for flowering, and alfalfa is in the physiological state 

necessary for flowering, flower initiation begins. The 

first evidence of the transition from a vegetative to 

reproductive stage of growth was the formation of a large 

protuberance in the axil of either the first or second 

trifoliate leaf (first or second leaf down from apex). 

Dobrenz et al. (27) also observed this raceme primordium in 

the axil of the first leaf. However, if one examines a 

flowering alfalfa plant, flowers are found several nodes 

below the terminal apex and also on axillary branches. 

This evidence would indicate that alfalfa flowers can be 

initiated in several axils in addition to those nearest the 

meristem. Figure 14 shows this protuberance in the axil 

of the second leaf. This large protuberance is a young 

raceme primordium which will produce the flower raceme and 

simultaneously lay down flower primordia as the raceme 

elongates (Fig. 15). Flower primordia first appear rounded 

or dome shaped and occur at various angles to the raceme. 

A bract is usually distinguishable at this time. Later, 

domes or ridges of meristematic tissue occur on the rounded 

surface of the flower primordium (Fig. 16). The ovary 

appeared to develop very rapidly with stamen development 
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occurring a little later. Sepals completely enclose the 

flower before raceme elongation was complete. Petal 

development was slower than sepal development. As a result 

of the acropetal sequence of flower initiation, a definite 

age gradient of flowers exists on a given raceme (Fig. 17). 

Thus, alfalfa has an indeterminate infloresence, and flowers 

near the terminal portion of the raceme are youngest and 

exhibit little development, whereas those near the base of 

the raceme are oldest and are almost completely developed. 

A flower bud prior to opening is shown in Fig. 18. 

The terminal meristem of alfalfa did not appear to 

become completely floral during flowering, but continued to 

produce both vegetative and reproductive primordia. Results 

of this study indicate that raceme primordia develop from 

an axillary bud which apparently has the potential to form 

a vegetative axillary branch as shown in Fig. 12 or a 

flower raceme as shown in Fig. 17 depending on the 

environmental conditions. Results previously discussed 

showed that the proper conditions for flowering must be 

maintained until flowering of a particular raceme is 

complete. If the conditions necessary for flowering are 

not maintained, then other axillary buds could become active 

and produce vegetative axillary branches. 
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Phytochrome Extraction 

Oat seedlings were used for the first attempts to 

extract phytochrome. Results of these trials indicated 

that the procedure of Miller et al. (63) could be repeated; 

however, certain aspects of column preparation and con

ducting of the extraction procedure needed to be developed. 

To obtain repeatable results using column chromatography, 

it was necessary to pour and pack columns in the same manner 

each time. The method used for column preparation, and the 

apparatus used during preparation was described in detail 

in the Materials and Methods section. All solutions and 

materials needed to be 2 to 4 C to eliminate trapping of 

air bubbles within the column. All pH's needed to be 

measured on cold solutions as the Tris Buffer was found to 

be sensitive to temperature. 

Extraction of phytochrome from alfalfa seedlings 

was only partially successful. Several trials were con

ducted; however, only two yielded a yellowish-green band 

which darkened when exposed to far-red light and lightened 

when exposed to red light. These results differ from those 

of Miller et al. (63) who found a band which became pale 

blue-green when exposed to far-red light and faded when 

exposed to red light. The aforementioned changes were 

reversible. 

Elution of phytochrome from the column and measure

ment of its absorption spectrum was not successful. The 
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light source of the spectrophotometers (Perkin-Elmer 202 

and Beckman with Gilford attachment) was too intense and 

caused interconversion of one form of phytochrome to the 

other during measurement. Changes in optical-density were 

demonstrated using the Beckman spectrophotometer light 

source. 

To determine the total amount of reversible 

phytochrome in the solution obtained from the column 

eluate, changes in optical-density at 660mi-i and 730m(i were 

measured after irradiation with red and far-red light. 

Results of trial one shown in Table 29 follow the expected 

pattern of optical density changes if the solution being 

measured contained phytochrome. One would expect a higher 

optical density reading at 660m|j, after far-red irradiation 

because phytochroma would be in the red form which has an 

absorption maximum at that wavelength. After red irradia

tion, the optical density should decrease at 660mp, and 

increase at 730m[i which indicates a conversion of phyto

chrome to the far-red form. However, results of trial 

two(a) did not show a decrease in optical density at 660mji 

after irradiation with red light. The optical density 

readings were higher than those of trial one arid could 

indicate that more phytochrome was present in the solution 

measured in trial two. The [A(A0D)] were fairly consistent 

for all measurements indicating that the light source was 

capable of converting a given amount of phytochrome but was 
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Table 29. Differences of changes in optical density 
[A(AOD)J at 660 and 730m|i after irradiation of 
phytochrome extracts from Sonora alfalfa 
seedlings with red and far-red light. 

Trial No. Wavelength 

AOD 
After far-red 
irradiation 

After red 
irradiation A (AOD) 

1. 660m|i 0.310 0.305 

730m|i 0.115 0.120 

difference 0.195 0.185 0.01 

2. a y 660m|i 0.385 0.387 

730mn 0.377 0.387 

difference 0.012 0.000 0.012 

bi/ 660m[i 0.515 0.417 

730m[a 0.482 0.446 

difference 0.033 0.029 0.004 

—^Two optical-density measurements of the same 
solution after initial irradiation with red light. 
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not intense enough to convert all of the reversible 

phytochrome from one form to the other in trial two. If 

conversion were not complete, the optical density reading 

at 660m|J. after red irradiation could be higher or lower 

than the optical density at 660m|i after far-red irradiation 

depending on how complete the conversion was. Results of 

trial two(b) follow the expected pattern but an optical-

density difference of 0.004 could be approaching the noise 

level of the spectrophotometer. 

Results of the column chromatography trials and the 

optical density measurements indicate that phytochrome was 

probably present in the extracts from dark-grown alfalfa 

seedlings. Further trials need to be conducted to verify 

the optical density measurements. — 



SUMMARY 

The relationship of light intensity, photoperiod 

and red, far-red, or white light interruptions of the dark 

period to vegetative and reproductive growth was studied 

using plants of Lahontan and Sonora alfalfa (Medicago 

sativa L.). Plants grown from cuttings of clone M-56-11 

were also used in the light intensity study to determine 

their usefulness for further light studies. All plants 

were grown in the greenhouse and transferred to a growth 

chamber for application of the light treatments except for 

plants used in the first photoperiod study. Light treat

ments were applied to plants growing in pots under field 

conditions in the latter experiment. 

Responses of plants, when exposed to light treat

ments, were ascertained by measuring flowering, height, 

number of crown buds, number of stems, number and length of 

internodes, and leaf area. Statistical analyses were con

ducted on each of these parameters except flowering. 

Regression and correlation coefficients were obtained for 

height vs crown buds, height vs stems, and crown buds vs 

stems for the light interruption experiments. Correlation 

between height and number of internodes was also determined. 

When vegetative characters of alfalfa plants were 

measured, terminal buds were collected at the same time and 

113 
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examined histologically to determine the exact time of 

flower initiation. Initiation of floral racemes and 

flowers was described. 

Attempts were made to extract phytochrome from 

dark-grown alfalfa seedlings. Spectrophotometric assay and 

visual detection of phytochrome using column chromatography 

were employed to ascertain the presence of phytochrome in 

dark-grown alfalfa seedlings. 

Light intensity did not influence height, total 

number of buds, number of crown buds, or number of stems 

of alfalfa plants after two weeks of treatment. After four 

weeks of light treatment, alfalfa plants grown under 

1200 ft-c of light were significantly taller than those 

grown under 3600 ft-c. Crown bud and total number of buds 

produced by alfalfa plants grown from cuttings of clone 

M-56-11 tended to respond more to light treatments than 

that of plants grown from seed. Variability of plants 

grown from cuttings was about the same as variability of 

plants grown from seed. 

Lahontan and Sonora alfalfa plants grown under 

natural photoperiods (approximately 14 hours) produced more 

crown buds and stems than plants grown under natural photo-

periods and two one-hour light interruptions of the dark 

period. Plants grown under natural photoperiod supple

mented with two one-hour light interruptions were taller 

than plants grown under natural photoperiods. 
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Since vegetative growth of alfalfa plants 

responded more to photoperiod than light intensity, a 

series of light-interruption experiments was initiated to 

determine if phytochrome controlled or regulated the 

photoperiodic growth responses of alfalfa plants. Initial 

light-interruption studies indicated that age of alfalfa 

plants at time of light interruption, number of light 

interruptions, and variety were important in determining 

the magnitude and type of growth response observed. 

Alfalfa plants two and three weeks of age exhibited little 

or no crown bud and stem development after two weeks of 

light interruptions; therefore, to study these characters, 

older plants were needed. Height response was generally 

greater as age of plants increased from 2 to 7 weeks but an 

apparent reversal of the effect of red and far-red light 

was noted on plants 8 weeks of age. As the number of 

nights of light interruption increased, greater differences 

in height, number of crown buds, and number of stems were 

observed. 

In subsequent experiments, Lahontan and Sonora 

alfalfa plants were grown in the greenhouse for five weeks 

under 9-hour photoperiods and 15-hour dark periods. Then 

plants were transferred to a growth chamber and grown 

under (a) 9 hours light-15 hours dark with two 80-minute 

red, far-red, or white light interruptions which divided 

the dark period into three equal intervals; (b) 9 hours 
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light-15 hours dark with one four-hour red or far-red 

light interruption centered in the middle of the dark 

period; (c) 9 hours light-15 hours dark (no light inter

ruptions of the dark period); (d) 24 hours of continuous 

white light. Lahontan plants were usually more responsive 

to light interruptions than Sonora plants. 

Two 80-minute interruptions of the dark period with 

red and white light for 24 nights generally increased 

height of alfalfa plants but inhibited crown bud and stem 

production. Crown bud production was more sensitive to 

light interruptions of the dark period than height increase 

as 12 nights of interruptions usually inhibited the crown 

bud production. Plants receiving far-red light or no light 

interruption were not different in height, but crown bud 

production was promoted after 24 nights of light interrup

tions. Increases in height were apparently a result of 

both internode elongation and an increase in number of 

internodes as neither one alone accounted for height dif

ference observed as a result of treatment. Total leaf area 

was not significantly affected by light treatment. 

Total leaf area of Sonora plants under conditions 

of Experiment III was greater than that of Lahontan plants. 

Plants of both varieties receiving 24 hours of continuous 

white light or one four-hour red light interruption of the 

15-hour dark period had smaller leaves than plants 

receiving far-red or no light interruption. However, 
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alfalfa plants receiving 24 hours of continuous white light 

had significantly greater total leaf area than those 

exposed to red, far-red, or no light interruption. Leaf 

area of plants receiving red, far-red, or no light inter

ruption was not different. In addition, leaves of alfalfa 

plants receiving 24 hour: of continuous white light or one 

four-hour red light interruption were oblong compared to 

the rounded leaves of plants receiving one four-hour far-

red light interruption or no light interruption of the dark 

period. 

The vegetative response of alfalfa plants given one 

four-hour interruption with red light was similar to that 

of plants given two 80-minute interruptions with red light. 

However, plants given one four-hour far-red light interrup

tion responded similarly vegetatively to the plants given 

red light. These results show that far-red light can act 

as red light when given as a relatively long interruption 

of the dark period. 

Morphological examination of alfalfa plants given 

no light interruption, far-red light interruption, or one 

four-hour red light interruption of the dark period did not 

reveal any sign of flower development. Sonora plants 

receiving two 80-minute white or red light interruptions 

of the dark period for 30 and 32 consecutive nights, 

respectively, exhibited visual flower buds. Floral 

initials were evident on terminal buds of Lahontan plants 
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after 36 nights of red or white light treatment. Plants 

grown under 24 hours of continuous white light exhibited 

visible flower buds after 16 days of treatment. Histo

logical examination of terminal buds from Sonora alfalfa 

plants showed that floral initials were evident after 

approximately 24 nights of red or white light interruption, 

and after 12 days of 24 hours of continuous white light. 

Plants removed at 12 days from the continuous white light 

treatment and placed under the no light interruption treat

ment did not flower. Some of the developing flower racemes 

atrophied and turned white. Plants which received no light 

interruptions after 24 days did flower, but new flower bud 

formation was slower than that of plants kept under con

tinuous light. 

Histological techniques were employed to determine 

the sequence of flower initiation and development. The 

first evidence of flower initiation was the formation of a 

large protuberance in the axil of the first or second 

trifoliate leaf down from the apex. This protuberance 

(young raceme primordium) eventually gave rise to the 

raceme and flower primordia. Flower primordia were formed 

in an acropetal manner along with elongation of the flower 

raceme and as a result of this, a definite "age gradient" 

of flowers existed on a given raceme. Early flower 

primordia appeared rounded and were usually subtended by a 

bract. Meristemic areas soon developed causing the rounded 
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area to become domed or ridged. The first visible meriste-

matic areas form the ovary and stamens. Sepals appear to 

develop next and enclose the flower before raceme elonga

tion is complete. Petal development appeared to be the 

last flower part to form. 

Attempts to extract phytochrome from dark-grown 

alfalfa seedlings were only partially successful. A 

yellowish-green band was obtained on calcium phosphate 

columns after extraction of dark-grown alfalfa seedlings 

with Tris buffers. This band darkened when exposed to 

far-red light and lightened when exposed to red light. 

Measurements of the absorption spectrum of phytochrome 

eluted from the column were not successful. The changes 

in optical-density at 660m and 730m following red and 

far-red irradiation [A(A0D)] were found to be quite vari

able but results of two trials gave a [A(A0D)j = 0.01. 

Results of the light interruption experiments 

indicated that phytochrome probably controls or regulates 

many of the photoperiodic processes and development of 

alfalfa plants. Increase in height, crown bud production, 

stem production, and flowering of alfalfa plants appeared 

to be controlled by this pigment. 



APPENDIX A 

ANALYSIS OF VARIANCE TABLES FOR INCREASE IN HEIGHT AND 
NUMBER OF CROWN BUDS OF LAHONTAN AND SONORA PLANTS 
RECEIVING TWO 80-MINUTE RED, FAR-RED, OR WHITE 
LIGHT INTERRUPTIONS IN COMBINATIONS BASED ON 
THE REQUIREMENTS OF A SECOND ORDER CENTRAL 

COMPOSITE ROTATABLE DESIGN 
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Table 30. Analysis of variance tables for height increase 
of Lahontan alfalfa plants two weeks after 
initiation two-red, far-red, or white light 
interruptions given each dark period. 

Source df Mean squares 

Red light i nterruption 

First order terms 2 9.29ns 

Second order terms 3 108.62** 

Lack of fit 3 82.71** 

Error 27 10.67 

Total 35 

Far-red light interruption 

F-irst order terms 2 32.20ns 

Second order terms 3 31.32ns 

Lack of fit 3 10.73ns 

Error 27 12.63 

Total 35 

White light interruption 

First order terms 2 39.46* 

Second order terms 3 47.07** 

Lack of fit 3 12.03ns 

Error 27 7.50 

Total 35 

"Significant at .05 level. 

""Significant at .01 level. 

nsNot significant. 



122 

Table 31. Analysis of variance tables for height increase 
of Sonora alfalfa plants two weeks after initia
tion two-red, far-red, or white light interrup
tions given each dark period. 

Source df Mean squares 

Red light interruption 

First order terms 2 125.40** 

Second order terms 3 152.24** 

Lack of fit 3 27.68ns 

Error 27 12.06 

Total 35 

Far-red light interruption 

First order terms 2 36.63* 

Second order terms 3 21.97ns 

Lack of fit 3 8.41ns 

Error 27 8.65 

Total 35 

White light interruption 

First order terms 2 39.81* 

Second order terms 3 68.02** 

Lack of fit 3 9.46ns 

Error 27 10. 83 

Total 35 

*Significant at .05 level. 

**Significant at .01 level. 

nsNot significant. 
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Table 32. Analysis of variance tables for increase in 
number of crown buds of Lahontan alfalfa plants 
two weeks after initiation of two red, far-red, 
or white light interruptions given each 15-hour 
dark period. 

Source df Mean squares 

Red light interruption 

First order terms 2 181.11* 

Second order terms 3 11.05ns 

Lack of fit 3 12.12ns 

Error 27 4.94 

Total 35 

Far-red light interruption 

First order terms 2 179,22** 

Second order terms 3 11.95ns 

Lack of fit 3 9.64ns 

Error 27 4.14 

Total 35 

White light interruption 

First order terms 2 147.66** 

Second order terms 3 11.24* 

Lack of fit 3 15.65** 

Error 2_7 2 . 69 

Total 35 

*Significant at .05 level. 

**Significant at .01 level. 

*n ̂  
Not significant. 
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Table 33. Analysis of variance tables for increase in 
number of crown buds of Sonora alfalfa plants 
two weeks after initiation of two red, far-red, 
or white light interruptions given each 15-hour 
dark period. 

Source df Mean squares 

First order terms 

Second order terms 

Lack of fit 

Error 

Total 

Red light interruption 

2 

3 

3 

27 

35 

Far-red light interruption 

First order terms 

Second order terms 

Lack of fit 

Error 

Total 

2 

3 

3 

27 

35 

White light interruption 

First order terms 

Second order terms 

Lack of fit 

Error 

Total 

2 

3 

3 

27 

35 

29.01** 

5.59ns 

8.53ns 

3.38 

73.95** 

8.65* 

1.62ns 

2 . 1 6  

39.18** 

6.02ns 

4.32ns 

4.16 

*Significant at .05 level. 

**Significant at .01 level, 

ns Not significant. 



APPENDIX B 

REGRESSION AND CORRELATION COEFFICIENTS FOR HEIGHT VS 
CROWN BUDS, HEIGHT VS STEMS, AND CROWN BUDS VS 

STEMS OF LAHONTAN AND SONORA PLANTS 
RECEIVING VARIOUS LIGHT 
INTERRUPTION TREATMENTS 
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Table 34. Correlation coefficients for height and crown 
buds, height and stems, and crown buds and 
stems of Lahontan (L) and Sonora (S) alfalfa 
plants given no light interruption or two 80-
minute red, far-red, or white light interrup
tions for 12, 24, and 36 nights. 

Number of Factors correlated 
Light nights of 
treat- interrup- Height and Height and Crown buds 
ment tion crown buds stems and stems 

(L) (s) (L) (s) (L) (s) 

12 -.598 - .078 -.375 -.146 .163 .218 
No light 
inter 24 -.391 .002 .003 -.171 .147 .704 
ruption 

36 -.564 -.114 -.004 -.466 .154 .745 

12 - .510 .088 - .543 .005 .136 -.027 

Red 24 -.257 .388 .072 .207 -.171 .110 

36 -.203 .465 .542 .575 .615 .208 

12 -.407 .473 .165 -.175 -.023 .000 

Far-red 24 .373 .152 .062 .613 .271 .289 

36 -.327 .396 .324 .586 .546 .761 

12 . 128 -.257 -.198 -.268 .017 .236 

White 24 .191 .000 .024 -.444 .605 .370 

36 .084 -.345 .172 -.456 -.205 .769 
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Table 35. Correlation coefficients for height and crown 
buds, height and stems, and crown buds and 
stems of Lahontan (L) and Sonora (S) alfalfa 
plants given no light interruption, 24 hours 
of continuous white light, or one four-hour red 
or far-red light interruption each dark period 
for 12, 24, and 36 nights. 

Number of Factors correlated 
Light nights of 
treat interrup Height and Height and Crown buds 
ment tion crown buds stems and stems 

(L) (s) (L) (s) (L) (s) 

12 .755 - .018 .552 -.251 .836 .518 
No light 
inter 24 .730 - .091 .367 -.358 .824 .534 
ruption 

36 .767 -.225 .999 -.410 .324 .700 

12 .056 .096 .240 -.042 .486 .231 

Red 24 .165 .005 .232 -.158 .714 .388 

36 - .077 .099 -.234 -.243 .769 .482 

12 -.279 .012 -.062 -.053 .344 .473 

Far-red 24 -.150 .258 .194 .355 .555 .595 

36 .259 .668 .392 .547 .495 .810 

24 hours 12 .012 -.013 -.131 .138 -.639 -.131 
of con
tinuous 24 .059 .133 -.324 .007 .559 .449 
white 
light 36 .010 - .084 -.358 .562 .587 .369 
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Table 36. Regression coefficients for height and crown 
buds, height and stems, and crown buds and 
stems of Lahontan (L) and Sonora (S) alfalfa 
plants given no light interruption or two 80-
minute red, far-red, or white light interrup
tions for 12, 24, and 36 nights. 

Number of 
Light nights of 
treat interrup Height and Height and Crown buds 
ment tion . crown buds stems and stems 

(L) (s) (L) (s) (L) (s) 

12 -.205 .042 -.108 -.030 .136 .082 
No light 
inter 24 -.065 .001 .000 -.020 .117 .394 
ruption 

36 -.186 -.042 -.001 -.104 .125 .451 

12 -.122 .022 -.112 .001 .116 -.016 

Red 24 - .049 .070 .009 .030 -.116 .086 

36 -.031 .081 .089 .103 .658 .214 

12 -.230 .092 .052 -.022 -.013 .000 

Far-red 24 .102 .027 .018 .085 .282 .224 

36 -.145 .611 .108 .076 .412 .643 

12 .035 -.060 • -.057 -.047 .018 .178 

24 -.026 .000 .005 .000 .889 .000 

36 .010 -.116 .033 -.111 -.327 .556 
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Table 37. Regression coefficients for height and crown 
buds, height and stems, and crown buds and 
stems of Lahontan (L) and Sonora (S) alfalfa 
plants given no light interruption, 24 hours of 
continuous white light, or one four-hour red or 
far-red light interruption each dark period for 
12, 24, and 36 nights. 

Number of 
Light nights of 
treat interrup Height and Height and Crown buds 
ment tion crown buds stems and stems 

(L) (s) (L) (s) (L) (s) 

12 .233 -.009 .089 -.065 .438 .278 
No light 
inter 24 .279 -.028 .149 -.068 .874 .325 
ruption 

36 .244 -.071 .000 -.065 .292 .350 

12 .015 .029 .046 -.008 .345 .142 

Red 24 .031 .001 .041 -.016 .672 .277 

36 -.024 .018 -.057 -.026 .597 .291 

12 -.098 .002 -.015 -.006 .245 .281 

Far-red 24 -.046 .067 .032 .057 .292 .373 

36 -.949 .106 .119 .065 .412 .607 

24 hours 12 - .032 -.002 -.038 .016 .692 - . 084 
of con
tinuous 24 .011 - .017 -.071 .001 .652 .366 
white 
light 36 .003 -.015 -.114 .053 .528 . 194 
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