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CHAPTER I 

INTRODUCTION 

Grain sorghum is one of the leading cash crops produced 

in Texas. In 19 71, the High Plains accounted for 1.33 mil

lion hectares of grain sorghum of which 0.79 million hect

ares were irrigated (Texas Crop and Livestock Reporting 

Service, 1971). Improved irrigation and fertility practices 

have increased yields to 8000-9000 kilograms per hectare. 

High yields in conjunction with a market price of approxi

mately 5 cents per kilogram cause sorghum to be a major 

contributor to the state's economy. 

The principal outlet for grain produced on the High 

Plains is the rapidly expanding cattle feeding industry 

located in the area. The growth of the cattle feedlot in

dustry has prompted an increasing demand for grain sorghum. 

High Plains' sorghum producers are confronted with 

many problems. One of the recently developing problems is 

termed the small seed syndrome (SSS). The SSS was first 

observed in 196 3 and since has become more prevalent espe

cially under conditions of high irrigation and fertility. 

The problem has been responsible for yield reductions which 

vary from field to field and year to year. The exact cause 

of the problem has not yet been determined but is thought 

to result from a complex interaction involving physiological, 



environmental, pathological, and genetic components. All 

ranges of seed size have been observed. Harvesting, pro

cessing, and possible nutritional problems are also asso

ciated with the SSS. The efficiency of utilization of grain 
a 

sorghum feed by livestock is reduced considerably by the 

presence of whole grain in the feed mix resulting from the 

passage of small seed through the processing operation un-

crushed. 

This study was the first year of a proposed five year 

project concerned with an investigation of the SSS of grain 

sorghum. The primary objective of the study was to begin 

developing a physiological profile of the activities of the 

flag leaf and developing grain of four grain sorghum lines. 

Hopefully, the data collected from this study will be util

ized in future studies directed toward understanding the 

causes of the SSS of grain sorghum. 



CHAPTER II 

LITERATURE REVIEW 

Grain Sorghum Physiology 

Grain sorghum, because of its possession of the C^-

dicarboxylic acid pathway of photosynthesis (Downton and 

Treguna, 1968; Chen, Brown, and Black, 1970; Downes, 1971), 

has the capacity to adapt to and withstand extremes of 

light, temperature, and drought. High water use efficiency 

and the absence of photorespiration contribute to its high 

productivity. 

El-Sharkawy, Loomis, and Williams (19 67) reported the 

mean net photosynthetic rate of Sorghum bicolor (L.) Moench 

-2 -1 cultivar 'Double Dwarf 38' to be 55 mg CO2 dm hr . The 

mean dark respiration rate was reported to be 1.6 mg CO^ 

-2 -1 dm hr . Clegg, Eastin, and Biggs (1968) reported that 

the net photosynthetic rate of entire sorghum plants reached 

a maximum at approximately 12:30 pm and again at 4:30 pm 

(CDT). Grain sorghum under natural conditions requires a 

temperature of 30 to 40 C to attain maximum photosynthetic 

rates. Plants with the C^ pathway apparently do not light 

saturate and as a consequence photosynthetic rates increase 

with increasing light intensity. 

The photosynthetic rates of grain sorghum are defi

nitely influenced by the interaction of temperature and 



light intensity (Taylor and Rowley, 1971). Exposure of 

sorghum plants to low temperature (10 C) and high light 

intensity (215 w-m ) for two days essentially incapaci

tated the photosynthetic mechanism. Conditions of low tem

perature (10 C) and intermediate light intensity (170 w-m"^) 

for a duration of three days greatly reduced the photosyn

thetic recovery rates at 25 C. Sorghum plants exposed to 

low temperature (10 C) and low light intensity (50 w-m"^) 

fully regained their photosynthetic capacity after only one 

day at 25 C. 

Sorghum posseses a high degree of drought resistance. 

Kramer (1969) attributes sorghum's drought resistance 

capacity to its highly branched, deep, spreading root system. 

Sanchez-Diaz and Kramer (1971) studied the changes in the 

leaf water potential and associated stomatal behavior in 

corn and sorghum during water stress and recovery. In well 

irrigated sorghum, stomates on the adaxial surface were more 

sensitive to environmental conditions than those on the 

abaxial side. However, adaxial and abaxial surface stomates 

appeared to close simultaneously with water stress. 

Sullivan et al. (196 8) found that sorghum stomates re

mained fully open at a leaf water potential of -15 bars and 

did not start closing until the potential decreased to 

-17.5 bars. Sorghum stomates were found to be very sensi

tive to light intensity, becoming partially or completely 



closed under conditions of slight shade. When examined on 

a per unit living leaf area basis, the rate of net photosyn

thesis of a water stressed plant remained comparable to that 

of a non-stressed plant until a severe stress (-19.6 bars) 

was attained (Carlson et al., 19 69). Phosphoenolpyruvate 

carboxylase activity was not affected by a severe water 

stress; however, chloroplasts appeared to be somewhat 

damaged. 

Inflorescence Development 

Lommasson and Lee (1970) reported that floral apex 

initiation occurs about 30 days after planting. Anthesis 

then occurs some 40 to 42 days after the initiation of the 

floral apex. Clegg et al. (1970) reported that there was 

a consistent number of growing degree hours required to 

reach 50% bloom. Nitrogen applications to the soil during 

panicle development have resulted in an increased seed num

ber per head (Anderson et al., 1971). Pepper and Prine 

(1972) found that periods of low light intensity during 

panicle development reduced the number of seed per head. 

This was attributed to a lack of sufficient photosynthate 

necessary for the proper development of the primerdia. Ac

cording to Whiteman and Wilson (1965), water stress during 

this period of development resulted in a delay of flowering 

but there was no apparent reduction in the potential seed 



number. However, Clegg (1971) found that plants subjected 

to a severe water stress during panicle initiation produced 

heads with girdled areas (no seed set). The plant stand 

density has also been found to affect the potential seed 

number per head (Castleberry, Eastin, and Clegg, 1972). 

The extent of light interception will affect the photosyn

thetic rates which determine the amount of photosynthate 

produced and the subsequent quantity of photosynthate avail

able for panicle development. It is apparent from these 

results that while the potential seed number may be a 

genetically fixed entity, the actual'seed number produced 

is determined by the environmental conditions existing 

during panicle development. 

Seed Development 

Eastin, Hultquist, and Sullivan (1972) have reported 

that grain yield is a function of time and the degree of 

metabolic efficiency involved during grain development, 

provided that seed number or size is not limited. The 

grain filling period which is variety dependent and may 

vary from 30 to 50 days, has been determined largely as a 

function of dry weight accumulation (Pauli, Stickler, and 

Lawless, 1964; Collier, 1963; Kersting, Pauli, and Stickler, 

1961a). Grain weight is essentially a function of the 

assimilation rate and the length of the assimilation period. 



Quinby (1972), working with sorghum parents and hy

brids, reported that the grain filling period may range from 

30 to 40 days. The data indicated that the hybrids mature 

faster than the parent lines. The seed weights of the hy

brids were significantly reduced in comparison to the male 

parents and in some cases were reduced below that of both 

parents. The reason for the lighter seed weights in the 

hybrids is not apparent, but the possibility exists that 

the amount of photosynthate available was inadequate to 

properly fill the larger number of seed set per panicle in 

the hybrid lines. Quinby (1972) also indicated that hybrid 

vigor did not increase photosynthetic efficiency. 

Results from leaf removal studies indicate that seed 

number per panicle is greatly influenced by the amount of 

leaf area available for photosynthesis during panicle devel

opment. Stickler and Pauli (19 61) found that leaf removal 

resulted in decreases in the following yield components; 

seeds per head, heads per unit area, and seed weight. Of 

these yield components, the number of seed per head was 

affected most by the removal of leaves. Removal of the 

upper 1/2 of leaves resulted in a greater yield reduction 

than the removal of the lower 1/2 of leaves. This differ

ential in yield reduction can probably be attributed to the 

greater photosynthetic efficiency of the upper younger 

leaves. Tufail, Clegg, and Eastin (1970) found that removal 
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of 50% of the leaf area resulted in only slight decreases 

in overall yield and seed weight. Removal of 50% of the 

head in conjunction with no leaf removal resulted in the 

largest increase in seed weight. Eastin and Sullivan (1969) 

have found that the flag leaf, because of its ideal posi

tion with respect to light interception and its unique vas

cularization properties, contributes more to the developing 

grain than any other single leaf. 

Any environmental or metabolic abnormality that inter

feres with photosynthesis or translocation will influence 

seed weight. Low light intensity during the grain filling 

period (3 weeks after 50% bloom) greatly reduced seed 

weight but did not influence seed number (Pepper and Prine, 

1972) . Seed weight may also be reduced by water stress 

during the grain filling period. Wardlaw (1967, 1969) re

ported that the translocation of photosynthate out of the 

leaf was severely affected by water stress whereas trans

location via the phloem was only slightly affected. 

The morphological and associated chemical changes in 

developing sorghum caryopses have been reported by Sanders 

(1955). Hubbard, Hall, and Earle (1950) have reported on 

the chemical composition of the principal components of 

the sorghum seed. The starch content was found to increase 

until the cessation of dry weight accumulation and then 

decline until harvest (Kersting et al., 1961b). In 1958 



and 1959, they reported that the maximum starch concentra

tions were 53 and 6 8% of the total dry matter, respectively. 

The total soluble sugar concentration was relatively high 

(approximately 10%) for the first 5 to 10 days following 

anthesis and then declined to a concentration of about 2% 

and remained constant thereafter. The major portion of 

the total soluble sugars was composed of nonreducing 

sugars. 

Worker and Ruckman (196 8), after determining the crude 

protein content of 6 varieties and 35 hybrids in the South

western Desert, found a positive correlation between pro

tein content and seed size. Yield and protein content were 

found to be negatively correlated. The temperature effects 

on protein, although significant, were quite variable. 

Cooler temperatures (less than 26.5 C) after anthesis re

sulted in an increased protein content. 

Small Seed Syndrome 

The problem was first noted in the Lubbock, Texas area 

in 1963, but has since been reported in New Mexico, Oklahoma, 

Arizona, Kansas, and California. Even though tlie small seed 

syndrome is increasing in intensity, there has been only a 

very limited amount of research directed toward the determi

nation of the exact cause of the problem. The greatest 

losses from small seed, which may amount to 40% reductions 
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in grain yield, commonly occur in well irrigated, high 

yielding sorghum fields (Edmunds, 1971). Small seed may be 

localized on the bottom, top, or central area of the head 

or scattered throughout the panicle. The reduction in seed 

size is highly variable; however, a 50% reduction in seed 

diameter is most commonly found (Frederiksen, 19 67). 



CHAPTER III 

MATERIALS AND METHODS 

Plant Material 

Four grain sorghum lines: Martin, RS671 (hybrid), 

SC599-6, and SC56-9 were planted May 30, 1972 at the Texas 

A&M University Agricultural Research and Extension Center, 

Lubbock, Texas. The seed, furnished by Dr. D. Rosenow and 

Dr. J. Johnson (Grain Sorghum Plant Breeders, Texas A&M 

University Agricultural Research and Extension Center, 

Lubbock, Texas), were treated with Captan and Chlordane. 

A cone planter was used to plant four rows each 206.05 

meters long and 1.03 meters wide. The inside two rows con

sisted of 4 replications of the 4 sorghum lines giving a 

total of 16 randomized plots (each 25.60 m long) from which 

samples were taken. The outside two border rows were 

planted in RS671. A sufficient number of seed were planted 

to ensure a good stand. Seedlings emerged well and a good 

stand was obtained in all except the Martin plots. Spot 

replanting of the Martin plots was required. Seedlings 

were hand thinned July 2 (approximately 4 weeks after 

emergence) to a density of 4 plants per 31 cm. The plants 

were cultivated 20 days after planting and again 10 days 

prior to the initiation of the boot stage. Soil moisture 

tensiometers were installed at five strategic locations 

11 
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(at a depth of 31 cm) within the plots to determine the 

appropriate time for irrigation. Plots were irrigated when 

the soil moisture potential decreased to -0.4 bars. Because 

of rainfall during the summer, the plots were irrigated only 

twice. The first irrigation was to ensure sufficient mois

ture for proper germination and emergence of the replanted 

Martin plots. The second irrigation was applied August 1. 

CO2 Exchange Study 

— 2 —1 Light intensity (cal cm day ) and temperature (daily 

minimum and maximum) data was provided by Dr. 0. Newton 

(Meterologist, Texas A&M University Agricultural Research 

and Extension Center, Liibbock, Texas). The CO2 exchange 

study consisted of determining photosynthetic and respira

tory rates of the flag leaf of the grain sorghum lines at 

each of the following stages of development: boot, bloom, 

milk, soft dough and hard dough. The stages of development 

were determined by visual observation of the upper 1/3 of 

the head. The 50% bloom date represents the time when 50% 

of the plants in a replication had started blooming. The 

50% physiological maturity date was considered to be that 

date when the grain (in the upper 1/3 of the head) in 50% 

of the heads within a replication had attained physiologi

cal maturity. Physiological maturity was visually deter

mined by dark layer formation (Eastin et al., 1972). To 
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determine 50% bloom and 50% physiological maturity dates 

as accurately as possible, visual observations and head 

counts were made every other day. The results of the CO2 

exchange study are on the basis of four replications. 

CO2 Exchange System 

A water jacketed, cylindrical, plexiglas chamber 

(12.18 cm diameter x 20.51 cm height) having a volume of 
3 

approximately 2286 cm was utilized for photosynthetic and 

respiratory rate determinations. A circular plexiglas top 

was tightened down against a neoprene "O" ring, mounted on 

the top of the chamber, to provide an air tight seal. Water 

from a controlled temperature water bath was circulated 

through the water jacket to maintain the air temperature of 

the inner chamber at 30 C. The inner chamber temperature 

was monitored using a thermistor positioned 1.28 cm above 

the surface of the plant material being analyzed. In order 

to maintain proper air circulation within the chamber, a 

diaphram type air pump was connected directly to the air 

inlet and outlet of the chamber. The air was constantly 

recycled through the chamber and pump. 

Variations in the CO2 concentration within the chamber 

were monitored by a Maihak Unor 2 single beam infrared CO2 

analyzer equipped with a millivolt recorder. The CO2 

analyzer, which had a pumping capacity of approximately 
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450 cm min , was tapped into each side of the air pump. 

All connections were made with tygon tubing. 

The light source for photosynthetic rate determinations 

was a General Electric Model QF 500 A iodine vapor flood

light. The total light intensity (0.35-1.15 y) and the 

photosynthetically active light intensity (0.35-0.75 y), 

as determined with 2 pyranometers, at a distance of 22.77 

cm from the source and through 0.97 cm of plexiglas and 

— 2 — 1 

6.41 cm of water, were 1.20 and 0.84 cal cm min , re

spectively. The pyranometer utilized to measure the photo

synthetically active light intensity was equipped with a 

green filter. Light guality, determined by a photometer 

at the same distance from the source and through the same 

conditions was found to be as follows: blue (400-500 n m ) — 

-2 -1 -2 -1 
30 yw cm nm ; red (600-700 n m ) — 94 yw cm nm ; and 

-2 -1 
far red (700-800 n m ) — 98 yw cm nm 

Procedure 

Flag leaves were removed from plants in the appropri

ate stage of development and immediately taken into the 

lab for analysis. Once in the lab, a leaf section (approxi

mately 0.40 dm^ in area) was excised from the distal half 

of the lamina. Excision was conducted underwater to pre

vent the disruption of water relations within the leaf 

section. The leaf section was then blotted dry and placed 
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in a tray so designed that both cut edges of the leaf sec

tion could be emersed in water while the middle portion of 

the section remained dry and open to air circulation. Upon 

completion of analysis, the leaf area was determined on a 

proportion-interception basis and total chlorophyll was 

determined utilizing Arnon's (19 49) method. 

Apparent photosynthetic rates were determined by: 

(1) measuring the time required for the CO^ concentration 

within the chamber to decline from 300 to 2 50 ppm and then 

(2) making the necessary calculations. The equation 

PV = nRT, was employed to determine the volume occupied by 

one mole of air at the existing temperature (30 + 1 C) and 

pressure. Subsequent calculations were made to determine 

the mg CO^ in 10 ppm COp contained within the chamber. The 

-2 -1 
rates were then expressed as mg CO2 fixed dm hr and per 

mg chlorophyll hr 

Respiration rates, in order to be comparable to night 

temperatures, were determined at 21 + 1 C. The rates were 

determined in the dark by measuring the time required to 

increase the CO2 concentration within the chamber from 200 

to 250 ppm. Calculations (the necessary temperature adjust

ments being accounted for) were made and the rates were 

^ ^ - 2 , - 1 expressed as mg CO2 evolved dm nr 
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Carbohydrate Study 

The study consisted of a carbohydrate analysis of the 

flag leaf and developing grain. The analyses v/ere confined 

to a determination of the acid and water soluble carbohy

drate fractions. The results of the study are based on the 

analysis of four replications. 

Samples 

Carbohydrate analyses were conducted on flag leaf and 

head samples collected every four days from the boot stage 

through physiological maturity of the grain. Samples were 

collected in the field and taken immediately into the lab 

for fresh weight determinations. The samples were then 

placed in plastic bags and frozen until initiation of the 

lab analysis. 

The frozen samples were oven dried for 2 4 hours at 

75 C. Dry weights of flag leaf and head samples were then 

obtained. Head samples were hand threshed and dry weights 

of 100 kernels were determined. Fresh weight/dry weight 

ratios were also calculated. Dried samples were ground 

using a Wiley mill equipped with a 20 mesh screen. The 

panicle branches with set grain comprised the head samples. 

Soluble and Insoluble 
Carbohydrates 

Soluble sugars were extracted from 200 mg samples by 

adding 50 ml of deionized water and shaking for 4 hours. 
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The v/ater extraction was followed by a colorimetric analysis 

utilizing the anthrone procedure (Sunderwirth, Olson, and 

Johnson, 19 64) for the determination of total water soluble 

sugars. The acid extraction utilized for insoluble carbohy

drate determinations involved hydrolyzing 150 mg samples 

with 5N H2S0^. Erlenmeyer flasks containing the sample and 

added acid were placed in a water-bath-shaker at a tempera

ture of 90 to 100 C for a minimum of one hour. The samples 

were then removed, filtered through cheesecloth, and brought 

to volume. Dilutions were made when necessary. The 

anthrone procedure was again utilized for the colorimetric 

determination of the total glucose content. The starch 

content was considered to be the difference between acid 

soluble carbohydrates and total water soluble sugars. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Dry Weight Accumulation 

Generally, dry weight accumulation increased progres

sively from 8 days after bloom through physiological matu

rity of the caryopsis (Fig. 1). The dry weights (mg/100 

kernels) of Martin at 8, 12, and 16 days after 50% bloom 

were considerably higher than the dry weights of the other 

lines. Data presented later in the thesis concerning the 

acid soluble carbohydrate and starch content (mg/100 kernels) 

of Martin during this period of development, provides sup

portive evidence for the greater dry weights. With the 

exception of two points (20 and 4 4 days after 50% bloom), 

the capacity for dry weight accumulation of Martin appeared 

to be greater than that of the other lines throughout grain 

development. 

Dry weight accumulation appeared to be directly re

lated to light intensity in two of the varieties. A sharp 

reduction in the rate of dry weight accumulation was exhib

ited in RS671 at the low light intensity period occurring 

24 days after 50% bloom. The same low light intensity 

period occurred 20 days after 50% bloom in Martin and a 

similar reduction in dry weight accumulation was observed. 

The photosynthetic processes are evidently slowed by the 

18 
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low levels of light intensity to the extent that the amount 

of photosynthate translocated to the developing grain is 

not sufficient to maintain the rate of dry weight 

accumulation. 

Increases in dry weight accumulation with corresponding 

increases in light intensity were also observed. At higher 

light intensities, the photosynthetic processes were appar

ently stimulated and more photosynthate was produced and 

translocated to the developing kernels, and as a consequence, 

the rate of dry weight accumulation increased. 

Dry weight accumulation would be expected to become 

constant or decrease slightly once physiological maturity 

of the kernel was attained. This characteristic leveling-

off of the rate of dry weight accumulation was observed in 

SC599-6 and Martin. The slight decrease in dry weight can 

be attributed to the continuance of respiration after the 

caryopsis had attained physiological maturity. With the 

attainment of physiological maturity, death of the con

ducting elements in the hilar layer would prevent photo

synthate translocation into the developing kernels, 

therefore respiratory utilization of stored carbohydrates 

and subsequent reductions in dry weights would result. 

Dry weights continued to increase in RS6 71 and SC56-9 

through 40 days after 50% bloom. One possible explanation 

for this continuing increase is that the samples taken for 
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determining dry weight accumulation had not yet attained 

physiological maturity. Misevaluation of the dark layer 

formation could account for the continuance of photosyn

thate translocation into the caryopses. 

Of the four lines, RS671 was observed (visual observa

tion only) to have the greatest quantity of small seed. 

An analysis of variance followed by Duncan's new multiple 

range test (Li, 19 64) showed that the number of seed per 

head in RS671 was significantly higher than the other 

lines (Table 1). There are two possible explanations for 

the larger number of seed set per panicle in RS671: (1) 

the hybrid character of RS671, and/or (2) favorable envi

ronmental conditions during panicle initiation and develop

ment. The interaction of the low light intensity stress 

period with the large number of seed per head could have 

been responsible for small seed formation. The stress 

period evidently reduced photosynthesis to such an extent 

that the plant was incapable of properly filling all of its 

seed. 

The proportion of small seed found in SC599-6 and 

Martin appeared to be considerably less than that in RS6 71 

(visual observation only). The low light intensity periods 

occurring 16 and 20 days after 50% bloom in SC599-6 and 

Martin respectively, resulted in decreased dry weight accu

mulation in both lines. These low light intensity periods 
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could have stressed the plants sufficiently to prevent 

proper filling of the grain. The number of seed set per 

panicle may play an important role in determining the 

severity of small seed formation. The fewer seed set per 

panicle by these lines, in comparison to RS671, could have 

been a contributing factor in the resultant lesser degree 

of small seed formation. 

TABLE 1 

A COMPARISON OF THE AVERAGE DRY WEIGHT PER 100 
KERNELS AT 50% PHYSIOLOGICAL MATURITY AND 

THE AVERAGE NUMBER OF SEED PER HEAD 
IN THE FOUR GRAIN SORGHUM LINES^ 

Line g/100 Kernels No. Seeds/Head 

Martin 2.74 a 1386 a 

RS671 2.33 c 2218 b 

SC599-6 2.16 c 1508 a 

SC56-9 2.54 b 1344 a 

Mean values were calculated from a minimum of four 
replications. Means followed by the same letter are not 
significantly different at P = 0.05 according to Duncan's 
new multiple range test (Li, 1964). 

The problem of small seed was not observed in SC56-9. 

The rate of dry weight accumulation was seemingly unaffected 

by the low light intensity period occurring 2 8 days after 

50% bloom. The reduction in dry weight accumulation occur

ring 40 days after 50% bloom may represent a response to 

the low light intensity on that day or the normal decline 
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in dry weight following the attainment of physiological 

maturity. If the low light intensity was responsible for 

the decline in dry weight accumulation, photosynthetic 

rates were evidently reduced. However, the reduction in 

photosynthetic rates apparently occurred so late in the 

process of seed development that seed size was not signifi

cantly affected. 

The results obtained for dry weight accumulation indi

cated that there was a relationship between small seed 

formation and low levels of light intensity. The number of 

seed per panicle must also be considered as an important 

contributor to small seed development. 

The fresh weight/dry weight ratios (Fig. 2) lend sup

port to the determined rates of dry weight accumulation in 

that the high ratios correspond to points of decreased dry 

weight accumulation. Increases in the fresh weight/dry 

weight ratios are evidently the result of respiratory uti

lization of the dry matter of the grain in response to a 

decreased rate of photosynthesis. Periods of low light in

tensity may have reduced photosynthesis to the extent that 

the amount of photosynthate translocated to the developing 

kernels was insufficient to satisfy the respiratory require

ments of the grain and as a consequence stored material was 

utilized. The moisture percentages at 50% physiological 

maturity were determined to be as follows: Martin, 36.31% 
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RS671, 42.20%; SC599-6, 40.12%; and SC56-9, 39.76%. 

Kersting et al. (1961a) reported the moisture percentages 

of physiologically mature grain sorghum caryopses to be 23 

and 31% in 1958 and 1959, respectively. One possible ex

planation for the higher moisture percentages in this study 

compared to those of Kersting et al. (1961a) could have 

been the misevaluation of the black layer formation result

ing in incorrect dates for the attainment of 50% physio

logical maturity. 

Carbohydrate Study 

Head Samples 

Soluble Carbohydrates.—The concentration of total 

water soluble sugars found in the grain from 50% bloom 

through physiological maturity lends further support to 

what has been reported in the literature. The characteris

tic peak in total sugars occurring 12 to 16 days after 

anthesis, as reported by Kersting et al. (1961b) was found 

in Martin, RS671, and SC56-9 (Fig. 3). In SC599-6, the 

total sugar concentration at 8 days after bloom was rela

tively high (6 to 7% of the dry weight) and remained con

stant for the next 8 days. The concentration of total 

sugars declined and remained relatively constant at 1 to 2% 

of the dry weight for all lines from 16 days after 50% 

bloom throughout grain development. 
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Insoluble Carbohydrates.—On a concentration basis, 

the acid soluble carbohydrates (ASC) varied from about 16 

to 66% of the dry weight, while starch ranged from 12 to 

65%. The ASC and starch concentrations of Martin and 

SC599-6 increased to 32 days after 50% bloom and then de

creased slightly. With the exception of one low point (2 4 

days after 50% bloom) , the ASC and starch concentrations 

of RS671 increased until 36 days after 50% bloom, leveled-

off and then decreased slightly. In SC56-9, the ASC and 

starch concentrations did not decrease after reaching 

physiological maturity but remained relatively constant. 

The pattern of changes in the starch content were very 

closely correlated with the changes in the acid soluble 

carbohydrate content (Fig. 4). The changes in the ASC con

tent (mg/100 kernels) followed the changes in dry weight 

accumulation. This point was readily evidenced in RS671 

by the sharp reduction in the ASC content 2 4 days after 50% 

bloom corresponding to the loss of dry weight. After the 

attainment of physiological maturity, the ASC and starch 

content became relatively constant in Martin, decreased in 

SC599-6, and increased slightly in RS671 and SC56-9. 

Fluctuations in the ASC and starch content prior to 

physiological maturity appeared to be the result of changes 

in the environmental conditions. The decreases in ASC and 

starch content after physiological maturity are attributed 
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to the continuation of respiration after the translocation 

of photosynthate into the kernels had ceased. 

Flag Leaf Samples 

Soluble Carbohydrates.—With the exception of SC599-6, 

the concentration of water soluble sugars in the flag leaf 

ranged from a high of 8% to a low of about 2% (Fig. 5). 

The total sugar concentration in SC599-6 was slightly 

higher, the range being from 15 to 4%. The concentration 

of total sugars appeared to be correlated with changes in 

the total incident radiation and temperature; however, the 

results were inconsistent. 

Insoluble Carbohydrates.—Generally, the ASC concen

tration varied from a low of about 12% to a high of 18%. 

The only exception was SC56-9 in which the ASC concentra

tion was slightly lower, ranging from a low of 8% to a high 

of 15%. The fluctuations in the ASC concentration were 

evidently in response to variations in climatic conditions. 

The sharp decline in the ASC concentration found at 24, 28, 

20, and 32 days after bloom in Martin, RS671, SC599-6, and 

SC56-9 respectively, occurred September 5. All of the lines 

also exhibited a reduced ASC concentration on the second 

sampling date prior to and after September 5. After the 

grain had attained physiological maturity, there was a 

definite increase in the ASC concentration in SC599-6 and 

SC56-9, while Martin and RS671 exhibited a decrease. 
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The starch concentration varied from a low of 4% to a 

high of 12% in all lines except SC56-9. The starch concen

tration of SC56-9 was somewhat lower ranging from 4 to 10%. 

With the exception of 2 low points, occurring 12 and 32 

days after 50% bloom, the starch concentration of SC56-9 

was relatively constant. The percentage of starch in 

RS671 and Martin followed the same pattern as the ASC. In 

SC599-6 and SC56-9, changes in the starch concentration 

paralleled the changes in the ASC concentration beginning 

28 days after 50% bloom. Prior to the 28th day, changes 

in the starch concentration were almost completely opposite 

those of the ASC concentration. The fluctuations in the 

starch concentration prior to physiological maturity of the 

grain were again attributed to changes in the climatic 

conditions. 

CO^ Exchange Study 

Photosynthetic and respiratory rates of the flag leaf 

were determined at the following stages of development: 

boot, bloom, milk, soft dough, and hard dough. The flag 

leaf was selected for study because of its significant con

tributions to the developing grain. The basic idea behind 

the rate determinations was to develop a correlation between 

photosynthesis, respiration, environmental factors and hope

fully small seed formation. 
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Net Photosynthesis 

The net photosynthetic rates obtained were approxi

mately 20% of those reported by El-Sharkawy et al. (1967). 

The problem was not believed to be the result of faulty 

equipment or failure of the system utilized, because photo

synthetic rates obtained for detached cotton leaves were 

comparable to those reported by El-Sharkawy and Hesketh 

(1964). The problem encountered seemed to be associated 

with using detached leaves for rate determinations. Water 

relations within the detached sorghum leaf may have been 

disrupted to such an extent that stomatal closure occurred. 

However, stomata were not completely closed because rates 

of CO2 fixation were obtained. The wide variation between 

replications indicated that the degree of stomatal closure 

was inconsistent. Hultquist (J. Hultquist, personal commu

nication. University of Nebraska-Lincoln) determined photo

synthetic rates and diffusive resistances of grain sorghum 

during the grain filling period and found that the rates 

were low but remained constant regardless of the leaf water 

potential. Assuming that his data is correct, disrupted 

water relations due to excision should not have caused the 

extremely low rates. Since grain sorghum, a C^ plant, 

rapidly translocates photosynthate out of the leaf, the 

severing of the conducting system could have caused an 
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accumulation of photosynthate and resulted in end-product 

inhibition of photosynthesis. 

Leaf Area Basis.—The net photosynthetic rates of the 

sorghum lines during the boot and bloom stages remained 

relatively high then declined during the milk stage of 

development (Fig. 6). In Martin and SC599-6, the photo

synthetic rates continued to decrease during the soft dough 

stage whereas rates of RS671 and SC56-9 increased. The 

greatest net photosynthetic rate of RS671 was attained dur

ing the soft dough stage. From the soft to hard dough 

stage, the photosynthetic rates declined in all of the 

sorghum lines with the exception of SC599-6 which exhibited 

an increased rate. 

The only line which did not develop small seed, SC56-9, 

appeared to have the greatest net photosynthetic rates. 

While RS671, the line which exhibited the greatest quantity 

of small seed, had the lowest photosynthetic rates during 

the first three stages of development. These low rates 

could have contributed to the formation of small seed. 

Chlorophyll Basis.—Net photosynthetic rates expressed 

on a chlorophyll basis appeared to differ somewhat in com

parison to rates expressed on a leaf area basis. With the 

exception of SC56-9, the photosynthetic rates of the sorghum 

lines decreased from the boot to the milk stage (Fig. 7). 

The photosynthetic rates of SC56-9 increased at the bloom 
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stage, decreased during the milk stage, and then remained 

relatively constant through the hard dough stage. Martin 

exhibited a gradual but continual decline in photosynthetic 

rates throughout the stages of development. The photosyn

thetic rates of RS671 and SC599-6 continued to decrease 

with the exception of increased rates at the soft and hard 

dough stages respectively. On a chlorophyll basis, the 

photosynthetic rates of SC56-9 again appeared to be somewhat 

greater than that of RS671. 

Chlorophyll Content 

Large variations in the chlorophyll content were ob

served during the developmental stages (Fig. 8). With the 

exception of SC56-9, the chlorophyll content of the sorghum 

lines increased from the boot to the bloom stage and then 

declined during the milk stage. The chlorophyll content of 

SC56-9 followed an almost complete reversal of the other 

lines, the concentration decreased during the bloom stage 

and then increased during the milk stage. The soft dough 

stage' was characterized by an increased chlorophyll concen

tration in all of the sorghum lines. During the transition 

from the soft to the hard dough stage, the chlorophyll con

tent of SC599-6 and SC56-9 declined, while the content of 

RS671 and Martin increased. 
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Respiration 

Respiration rates (Fig. 9) were somewhat higher than 

those reported in the literature (El-Sharkawy et al., 1967). 

Two plateaus, between boot and bloom and milk and soft 

dough stages, interrupted the declining respiratory rates 

of SC599-6. A very gradual but continual decline in respi

ratory rates was exhibited by SC56-9. Martin and RS671 

were found to have increased rates of dark respiration only 

at the soft dough and milk stages respectively. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

The physiology of the flag leaf and developing grain 

of four grain sorghum lines was examined. This study was 

the first year of a five year project concerned with an 

investigation of the small seed problem in grain sorghum. 

Rates of dry weight accumulation were determined and flag 

leaf and head samples were analyzed for their carbohydrate 

content. Photosynthetic and respiratory rates of the flag 

leaf were determined at each stage of grain development. 

There appeared to be a direct relationship between dry 

weight accumulation and light intensity. The dry weight 

accumulation data indicated that small seed formation may 

be the result of an interaction between low light intensity 

and the number of seed per panicle. Large numbers of seed 

per panicle in conjunction with periods of low light inten

sity appear to be conducive to small seed formation. The 

carbohydrate analysis further supported the work of Kersting 

et al. (1961b). 

Observed photosynthetic and respiratory rates did not 

correlate with those reported by El-Sharkawy et al. (1967). 

Two possible explanations for the extremely low net photo

synthetic rates include: (1) partial stomatal closure re

sulting from disrupted water relations within the detached 

40 
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leaf and (2) end product inhibition of photosynthesis re

sulting from excision and the subsequent accumulation of 

photosynthate. Respiratory rates obtained were slightly 

higher than those reported by El-Sharkawy et al. (1967). 

From the literature reviewed and the data collected, 

the following conclusions regarding the formation of small 

seed have been reached. It appears that environmental con

ditions, during panicle and grain development, are the 

major contributors to the SSS. 

Favorable environmental conditions, including suffi

cient light, moisture, and temperature, promote photosyn

thesis and therefore are responsible for increases in 

available photosynthate for proper panicle development. 

Proper panicle development would be expected to result in 

an increased number of seed per panicle. However, favorable 

environmental conditions do not always exist during panicle 

development and as a consequence there is often a reduction 

in the number of seed per panicle. The requirements for 

retardation of panicle development which ultimately results 

in a reduction in the number of seed per panicle must be 

concerned with the following: when the stress occurs, the 

magnitude of the stress, and the duration of the stress 

period. 

The conditions that exist during the grain filling 

period are just as important to small seed formation as are 
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the conditions during panicle development. Proper environ

mental conditions are essential for the maintenance of maxi

mum photosynthetic rates and continuance of photosynthate 

translocation into the developing kernels. With the 

occurrence of a large number of seed set per panicle, any 

slight stress (light, moisture, or temperature) may reduce 

photosynthesis to such an extent that the rate of dry weight 

accumulation is decreased and small seed are formed as a 

consequence. The question then arises as to the stress 

requirements necessary to reduce photosynthesis sufficiently 

to induce small seed formation. The stage of development 

when the stress occurs may prove to be very critical in the 

development of small seed. The degree of stress and the 

length of the stress period are also of prime importance 

in relation to the SSS. It appears that there are numerous 

interrelating factors which contribute to the SSS of grain 

sorghum. 



LITERATURE CITED 

Andersen, S., J. D. Eastin, R. A. Olson, D. M. Edwards, and 
J. W. Maranville. 1971. Subirrigation application of 
nitrogen fertilizer in sorghum. Research*" in the Phys
iology of Yield and Management of Sorghum in Relation 
to Genetic Improvement. Annual Report No. 5. Univer
sity of Nebraska. Lincoln, Nebraska. p. 162-167. 

Arnon, D. I. 1949. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24: 
1-15. 

Carlson, L. L., J. D. Eastin, C. Y. Sullivan, and E. J. 
Kinbacher. 1969. Carbon dioxide fixation in water 
stressed sorghum. Research in the Physiology of Yield 
and Management of Sorghum in Relation to Genetic Im
provement. Annual Report No. 3. University of Nebraska 
Lincoln, Nebraska. p. 58-83. 

Castleberry, R. M. , J. D. Eastin, and M. D. Clegg. 1972. 
The effects of thinning at specific growth stages on 
yield and yield components of sorghum. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 6. 
University of Nebraska. Lincoln, Nebraska. p. 23-39. 

Chen, T. M. , R. H. Brown, and C. C. Black. 1970. CO^ com
pensation concentration, rate of photosynthesis, and 
carbonic anhydrase activity of plants. Weed Sci. 18: 
399-403. 

Clegg, M. D. 1971. Observation of the effect of moisture 
stress on seed set. Research in the Physiology of 
Yield and Management of Sorghum in Relation to Genetic 
Improvement. Annual Report No. 5. University of 
Nebraska. Lincoln, Nebraska. p. 10 7-10 8. 

., J. D. Eastin, and W. Biggs. 1968. Field 
photosynthesis. Research in the Physiology of Yield 
and Management of Sorghum in Relation to Genetic Im
provement. Annual Report No. 2. University of 
Nebraska. Lincoln, Nebraska. p. 45-48. 

. , . , J. W. Maranville, and C. Y. Sullivan. 
r9T0. Maturity and crop efficiency. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 4. 
University of Nebraska. Lincoln, Nebraska. p. 101-
105. 

43 



44 

Collier, J. w. 1963. Caryopsis development in several 
gram sorghum varieties and hybrids. Crop Sci. 3: 
^ •!• ^ ^ ^ ^ • 

Downes, R. W. 1971. Adaptation of sorghum plants to light 
intensity: Its effect on gas exchange in response to 
changes in light, temperature, and CO^. p. 57-62. IN: 
M. D. Hatch, C. B. Osmond, and R. 0. Slayter. (eds.). 
PhfDtosynthesis and Photorespiration. Wiley Inter-
science. New York. 

Downton, W. J. S. and E. B. Treguna. 196 8. Carbon dioxide 
compensation - its relation to photosynthetic carboxyla-
tion reactions, systematics of the Gramineae, and leaf 
anatomy. Can. J. of Bot. 46:207-215. 

Eastin, J. D. and C. Y. Sullivan. 1969. Carbon dioxide 
exchange in sorghum heads and leaves. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 3. 
University of Nebraska. Lincoln, Nebraska. p. 103-110. 

. , J. D. Hultquist, and C. Y. Sullivan. 1972. Phys-
iologic maturity in grain sorghum. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 6. 
University of Nebraska. Lincoln, Nebraska. p. 187-197. 

Edmunds, L. K. 1971. Etiological studies on small seed 
malady of grain sorghum. Seventh Biennial Grain Sor
ghum Research and Utilization Conference. Grain Sor
ghum Producers Association. Lubbock, Texas. p. 6-7. 

El-Sharkawy, M. A. and J. D. Hesketh. 1964. Effects of 
temperature and water deficit on leaf photosynthetic 
rates of different species. Crop Sci. 4:514-518. 

., R. S. Loomis, and W. A. Williams. 1967. Appar-
ent" reassimilation of respiratory carbon dioxide by 
different plant species. Physiol. Plant. 20:171-186. 

Frederiksen, R. A. 1967. Small seed, a disease of sorghum? 
Fifth Biennial Grain Sorghum Research and Utilization 
Conference. Grain Sorghum Producers Association. 
Amarillo, Texas. p. 63. 

Hubbard, J. E., H. H. Hall, and F. R. Earle. 1950. Compo
sition of the component parts of the sorghum kernel. 
Cereal Chem. 27:415-420. 



45 

Kersting, J. F. A. W. Pauli, and F. C. Stickler. 1961a. 
Gram sorghum caryopsis development. I. Changes in 
dry weight, moisture percentage, and viability. Agron. 
J. 53:36-38. • 

^^^ • 1961b. Grain sorghum 
caryopsis development. II. Changes in chemical 
composition. Agron. J. 53:74-77. 

Kramer, P. J. 1969. Water stress and plant growth. p. 347-
390. IN: Plant and Soil Water Relationships: A 
Modern Synthesis. McGraw-Hill Book Co. New York. 

Li, J. C. R. 1964. Analysis of variance-one way classifi
cation, p. 167-205. New multiple range test. p. 270-
273. IN: Statistical Inference I. Edwards Brothers, 
Inc. Ann Arbor, Michigan. 

Lommasson, R. C. and K. W. Lee. 1970. Preliminary study 
of the apical meristem of sorghum. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 4. 
University of Nebraska. Lincoln, Nebraska. p. 68-72. 

Pauli, A. W., F. C. Stickler, and J. R. Lawless. 1964. 
Developmental phases of grain sorghum (Sorghum vulgare, 
Pers.) as influenced by variety, location and planting 
date. Crop Sci. 4:10-13. 

Pepper, G. E. and G- M. Prine. 1972. Low light intensity 
effects on grain sorghum at different stages of growth. 
Crop Sci. 12:590-593. 

Quinby, J. R. 1972. Grain filling period of sorghum parents 
and hybrids. Crop Sci. 12:690-691. 

Sanchez-Diaz, M. F. and P. J. Kramer. 1971. Behavior of 
corn and sorghum under water stress and during recovery. 
Plant Physiol. 48:613-616. 

Sanders, E. H. 1955. Developmental morphology of the kernel 
in grain sorghum. Cereal Chem. 32:12-25. 

Stickler, F. C. and A. W. Pauli. 1961. Leaf removal in 
grain sorghum. I. Effect of certain defoliation 
treatments on yield and components of yield. Agron. J. 
53:99-102. 



46 

Sullivan, C.Y., W. W. Biggs, J. D. Eastin, M. D. Clegg, 
and J. Maranville. 1968. Heat and drought stress 
studies of sorghum, millet, and corn. Research in the 
Physiology of Yield and Management of Sorghum in Rela
tion to Genetic Improvement. Annual Report No. 2. 
University of Nebraska. Lincoln, Nebraska. p. 14-31. 

Sunderwirth, S. G. , G. G. Olson, and G. Johnson. 1964. 
Paper chromatography-anthrone determination of sugars. 
J. Chromatog. 16:176-180. 

Taylor, A. 0. and J. A. Rowley. 1971. Plants under cli
matic stress. I. Low temperature, high light effects 
on photosynthesis. Plant Physiol. 47:713-718. 

Texas Crop and Livestock Reporting Service. 1971. Texas 
sorghum. Texas Field Crop Statistics. Texas Depart
ment of Agriculture and USDA. p. 14-20. 

Tufail, M., M. D. Clegg, and J. D. Eastin. 1970. Plant 
structure and yield. Research in the Physiology of 
Yield and Management of Sorghum in Relation to Genetic 
Improvement. Annual Report No. 4. University of 
Nebraska. Lincoln, Nebraska. p. 130-132. 

Wardlaw, I. F. 1967. The effect of water stress on trans
location in relation to photosynthesis and growth. I. 
Effect during grain development in wheat. Aust. J. 
Biol. Sci. 20:25-39. 

. 1969. The effect of water stress on transloca-
tion in relation to photosynthesis and growth. II. 
Effect during leaf development in Lolium temulentum L. 
Aust. J. Biol. Sci. 22:1-16. 

Whiteman, P. C. and G. L. Wilson. 1965. The effect of 
water stress on the reproductive development of Sor
ghum vulgare Pers. Queensland University Papers (Dept, 
oF^otany) . 4:233-239. 

Worker, G. F. Jr. and J. Ruckman. 196 8. Variations in 
protein levels in grain sorghum grown in the Southwest 
Desert. Agron. J. 60:485-488. 






