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ABSTRACT

THE EFFECT OF ACCUMULATION AND REMOBILIZATION OF
CARBON ASSIMILATE AND NITROGEN ON ABSCISSION,
SEED DEVELOPMENT, AND YIELD OF COMMON BEAN
(PHASEOLUS VULGARIS L.) WITH DIFFERING
ARCHITECTURAL FORMS

By

Juan Antonio |zquierdo Fernandez

Physiological efficiency in regards to partitioning and remobilization

is needed for improving the yields of bean (Phaseolus vulgaris L.)

cultivars. Strains with a new architectural form, "architype," are
higher yielding than accepted cultivars they are replacing. A study on
C-assimilate partitioning, remobilization of carbohydrates and nitrogen,
and abscission was undertaken to relate cultivars with differing plant
architecture to seed filling parameters, and abscission, and to elucidate
whether the yield advantage of the "architype" can be explained by
efficiency in C-partitioning. Sugars, starch, and nitrogen were deter-
mined on plant tissues in two years. In 1979, three strains, and in_1980,
nine strains were evaluated at different reproductive stages, at East
Lansing, Michigan. Four architectural forms were studied. They were
CIAT | "small bush" cultivars 'Seafarer,' 'Sanilac,' and 'Tuscola;' CIAT |
"tall erect bush" breeding line C-14; CIAT Il "classic II" cultivars 'Black
Turtle Soup' and 'Nep-2;' and CIAT Il "architype" breeding lines 61380,
61356 and 61618. Seed filling parameters were determined from cubic
regressions. Abscission was evaluated by abscission collection receptacles.
Ethylene evolved from reproductive structures was monitored.

Yield differences among the entries correlated with the length of the

seed filling period. Dry matter remobilization from stems and pod walls,



Juan Antonio |zquierdo Fernandez
the most important sources of remobilizable reserves, was negatively |
associated with duration of the seed filling. Stem carbohydrates and
nitrogen increased at mid-seed filling independently of entry. The Highly
significant interaction of entry x physiological stage for carbohydrates
and nitrogen in stems and pod walls was due to differential late remobilization
to the seeds. "Small bush" remobilized TNC from the stems after mid-seed
filling. The "architype" remobilized carbohydrates but the "classic 11"

did not. A modified harvest index and the harvest nitrogen index were
correlated with yield.

Fifty percent of the theoretical yield is lost by abscission and 61 percent
of the total abscission was accounted by small pod dropping. Ethylene
evolved from flowers of Sanilac and 61618 was associated with high rate
of abscission. Competitive storage of TNC and Nitrogen in stems stimu-
lated abscission in "small bush." Foliar abscission accounted for 70 percent
of the foliar losses, and 80 percent of the foliar nitrogen was remobilized
before abscission.

Starch status determined by IKI-starch score method allows for only
gross separation among storing and non-storing entries. Yield superiority
in the architype is based on extended filling period, high partitioning
and remobilization of carbohydrates and nitrogen, large sink, and lower
abscission rate. Remobilization could be the yield stabilizing mechanism.
Selection for efficient partitioning and remobilization must be incorporated

into breeding programs for yield improvement.



Note: This dissertation is presented as a series of five papers written
in the style and format required by Crop Science and, the
Journal of the American Society for Horticultural Science.
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INTRODUCTION
Over 45 percent of the world production of dry edible beans

(Phaseolus v&igpris L.) is consumed in Latin America. Nevertheless,

low yields of this crop are limiting the traditional role beans play as
a staple food in the diets of poor and middle-income consumers of this
region of the world.

Although bean yields of over 4000 kg.ha_1 have been reported from
experimental plots growing at the Centro Internacional de Agricultura
Tropical (CIAT) in Colombia, the average bean yield in Latin America
remains near 800 kg.ha-1 (Temple and Song, 1980). A large reduction
in the gap between yields experienced by farmers and yields possible
must occur if the future of this crop is to succeed in meeting the nutri-
tional needs of a burgeoning population.

Although increasing yield is imperative, this objective must be
integrated with the genetic improvement of adaptation and resistance
to stresses brought about by diseases, insects, and physical causes.
The improvement of agronomic characters coupled with yield improvement
could maximize the responses of the bean plant to available resources
characteristic of subsistence production methods (Graham, 1978).

Plant breeders have had limited success in making important yield
breakthroughs in dry beans. A few cultivars have been released recently
that have improved disease resistance which allow greater yield potential
to be expressed. In recent years breeders have been approaching the

low yield problem by considering the development of plant ideotypes
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(Donald, 1968). In dry beans an ideotype for production under mono-
culture has been proposed by Adams (1973). He speculated that produc-
tivity increases in dry beans could be obtained if an efficient allocation
of assimilates into the economical sink of improved cultivars were
developed by breeding. The bean ideotype was originally defined as a
determinant plant with reduced number of branches, and an upright
and narrow canopy with increased number of pod bearing nodes. Recently
a new architectural form has been developed at the Michigan Agricultural
Experiment Station (Adams, 1981) that approaches to a satisfactory degree
the original ideotype and that has showed higher yields than standard
cultivars.

The selection of cultivars with more effective partitioning of nitrogen
and carbon assimilate from photosynthesis to the seed than older cultivars
was thought to be the key factor for the improvement of yield in other

grain crops, namely, rice (Oryza sativa L., Yoshida, 1972), peanuts

(Arachis hypogea L., Duncan et al., 1972), and soybean (Glycine max

Merr., Jeppsom et al., 1973).

Photosynthate partitioning is an important component of the yield
equation and has been shown to be under genetic control in cereals
(Donald and Hamblin, 1976), soybeans (Jeppsom et al., 1978) and
sugarbeets (Snyder and Carison, 1978). In beans, although variability
for photosynthate partitioning has not been elucidated, Adams et al.
(1978) showed genetic variation for starch accumulation during reproduc-
tive development. It has been postulated that genotypic variation in
carbohydrate and nitrogen remobilization during periods of environmental
stress when photosynthesis is adversely affected, may be related to

maintenance of a high rate of seed filling and may buffer and stabilize
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yields. Little is known concerning genetic variation of seed filling
parameters (rate and duration) in this crop and the relationship of
these parameters to patterns of assimilate partitioning among genotypes.

Reproductive abscission has been measured in cultivars of dry beans
(lzquierdo and Hosfield, 1981) and could be important in reducing the
yields. The availability of carbohydrate and nitrogen as well as hormones
were suggested by Subhadrabandhu (1976) as regulating abscission and
were important factors in influencing yield adjustment.

The primary objective of the present work was to study the relation-
ship between photosynthate partitioning and remobilization and the seed
filling process in P. vulgaris L. as well as controlling the level of
reproductive and vegetative abscission. Specific objectives were to:

1) evaluate the effect of plant architecture on partitioning and seed
filling, 2) elucidate the effect of total nonstructural carbohydrate and
nitrogen status of the bean plant had on reproductive and vegetative
abscission, and 3) characterize the relationship between remobilization

and yield among contrasting plant architectures.



CHAPTER 1
APPLICABILITY OF IKI-STARCH SCORES AND CONTENT

OF TOTAL SOLUBLE SOLIDS FOR EVALUATING
CARBOHYDRATE PARTITIONING IN BEANS

ABSTRACT
In order to facilitate selection studies of carbon assimilate par-

titioning in strains of beans (Phaseolus vulgaris L.), a rapid and

accurate means of estimating nonstructural carbohydrates is needed.
The IKI-starch score technique and total soluble solids (TSS) content
are two methods that could be used to evaluate a large number of cul-
tivars and breeding lines. The purpose of this study was to assess the
value of the two methods for carbohydrate partitioning studies by
correlating subjective data with in vivo quantities of starch and sugars
as determined in the laboratory. Correlations between IK|-starch scores
and TSS content and quantitatively determined starch and water soluble
sugars by HPLC were in moderate but not high agreement. Significant
coefficients between in vivo starch and IKI-starch scores were obtained
in roots (r=0.51), stems (r=0.61) and petioles (r=0.77). Total sugar
determined by HPLC was significantly correlated (r=0.42) with TSS only
in root tissue, while sucrose content was significantly correlated with
TSS in roots (r=0.41) and stems (r=0.44). Glucose was found to be
significantly correlated with TSS in petioles (r=0.74). Despite these
findings, the IKI-starch score procedure was useful in discerning

variability among three dry bean cultivars for their patterns of carbohydrate
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partitioning during the reproductive growth period. The cultivars
Black Turtle Soup and Nep-2 began remobilizing starch at late
seed-filling while remobilization in the cultivar Tuscola was apparently
trigoered by the onset of seed-filling. Since the petioles store starch
and the IKl-starch scores of this tissue correlated with in vivo starch
more closely than scores from roots, stems and pod walls, fhe petiole
is a useful organ for evaluating carbohydrate partitioning. Moreover,
IKl-starch score evaluation in petioles is non-destructive in the sense

that the whole plant need not be sacrificed.

Additional index words: Phaseolus vulgaris L., dry beans,

seed-filling, High Performance Liquid Chromatography, quantitative

sugar analysis, quantitative starch analysis.

INTRODUCTION
Most plants store, in one form or another, carbohydrate reserves
which may or may not be used at later stages of development (1). In
corn (Zea mays L.), the stalk can serve as a temporary storage site for
sugars and other soluble solids before the ear becomes a dominant sink
(4, 7). Adams et al. (1) reported genotypic differences for stored

starch in stems and roots of dry edible beans (Phaseolus vulgaris L.).

These researchers .(l) suggested that starch remobilization from stem
or root may be important to seed-filling and may buffer yield in bean
plants against adverse circumstances of growth such as, for example,
in a stress environment.

To facilitate selection and genetic studies of carbohydrate partitioning
in dry beans, a rapid and accurate means of measuring water soluble

carbohydrates (TNC) is needed. Several suitable analytical procedures
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relying on colorimetric mensuration have been developed for carbo-
hydrate analysis (sugars and starch) in a number of crops (9, 16, 17)
and could be modified for beans. However, these methods are largely
unsuited for analyzing a large number of samples. Experience has
shown that the techniques require considerable skill, are time consuming
and sensitive to slight variation in conditions.

Recently, individual sugars and starch have been separated and
quantified from tissues of dry beans by High Performance Liquid
Chromatography (HPLC) (11). Although HPLC provides for rapid and
excellent quantitative determinations of sugars, it has certain practical
and methodological limitations. The chief disadvantages of using HPLC
for routine analyses are high initial cost of instrumentation, and main-
tenance costs associated with periodic replacement of degenerated
columns.

Previously, carbohydrate partitioning in beans was studied (1)
using the principle that addition of triiodic ion to starch yields a
brilliant blue complex (12, 13) due to the strong affinity amylose has
for iodine. The method consisted of treating freshly cut tissue with
several drops of an iodine-potassium iodide indicator solution (I1Kl)
and visually ranking the color development (IKl-starch score) against
facsimiles sketched on a color chart. Although the IKI-starch score
method was rapid and varying degrees of color development were observed
among cultivars in stems and roots, no evaluation of the method's
accuracy was made comparing the subjectively determined scores with
quantitative analysis of starch from the same materials. To support the
basis for their work, Adams et al. (1) relied on a correlation (r=0.85, 18df)

between IKl-starch scores and in vivo starch determined in a separate

study (3).
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Water soluble sugars (WSS), one of the components of TNC, can be
estimated collectively in plant tissues from the total soluble solids con-
tent (TSS). Refractometer determinations of TSS have been used
routinely by researchers as an indication of dry matter and sugar con-
tent in a number of crops (5, 6, 7, 14, 15). In carrots, correlation
coefficients of 0.79 and 0.84 between TSS content and WSS justify
using these terms interchangeably (6). Campbell and Hume (5) took
refractometer readings above and below the ear on 1072 corn internode
samples representing a wide range of genotypes and plant densities.

The correlation coefficient in this study was 0. 54 and highly significant.
When refractometer readings were corrected for tissue moisture content
the correlation was improved considerably (r=0.93).

Methods for studying carbohydrate partitioning among strains of
common bean needs to be rapid, reproducible, accurate, and inexpensive.
The present study was conducted to evaluate the IKI-starch score tech-
nique and refractometric determined TSS content as acceptable methods.
Specific objectives were to: 1) determine TNC status of stems, roots,
petioles, and pod walls during the reproductive growth period, 2) correlate
IKI-starch scores and TSS content from the respective tissues with values
obtained from quantitative determinations by HPLC, and 3) evaluate the
utility of using IKIl-starch scores and TSS content for comparing bean

genotypes.

MATERIALS AND METHODS
Three dry bean cultivars, 'Tuscola' (TUSC; determinate), 'Nep-2'
(N-2; semi-determinate), and 'Black Turtle Soup' (BTS; semi-indeter-

minate) were used in the experiment. Since the cultivars differed in
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growth habit, flowering pattern, and yield, it was assumed, a priori,
they might also differ in carbohydrate partitioning.

The cultivars were grown in three-row plots in a nursery at East
Lansing, Michigan in 1979. Rows were 50 cm apart with plants spaced
6 cm apart. Four replications were used. Plants were harvested for
carbohydrate evaluations during the reproductive growth period.
Sampling began at first flowering which was chosen as that date when
50 percent of the plants in a plot had at least one open flower (50 per-
cent F). Sampling continued approximately every four days (DA 50
percent F) to physiological maturity (PM) and involved a total of 12
sampling dates. Physiological maturity was taken as the date zt which
approximately 90 percent of all pods had changed color visually from
normal green to pale yellow or brown.

At each sampling date, five random but representative plants were
removed from the middle row of the plot. Just prior to removing plants,
approximately a one-meter segment was marked at random in each replica-
tion and plants were taken from this part of the row. This procedure
was followed to eliminate any competitive effects on the next sampling
date that might be caused by removing plants. Each plant wés
immediately dissected into roots, stems, and petioles. Pod wall tissue
was sampled and evaluated beginning at sampling No. 5 (16 DA 50 percent F)
and continuing until sampling No. 11 (40 DA 50 percent F). This period
corresponded to the time when pods had elongated to a point they could
be reasonably evaluated until they had senesced to the point where
readings obtained could no longer be considered valid. Roots and stems

were sectioned according to Adams et al. (1) and petioles and pods were
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taken from plants at the same nodal position as the stem cut was made.
Pods were cut transversely at the middle-third region.

Immediately after sectioning, three or four drops of an IKI indicator
solution, made by dissolving 0.3 g iodine and 1.5 g potassium iodide in
100 ml water, were applied to the freshly cut section of each tissue.

The amount of starch was rated on a 5-point subjective scale; 1 (least)
to 5 (most). A color photograph containing a series of | KI-stained cross
sections of each respective tissue evaluated and taken from bean strains
with varying amounts of stored starch was used for scoring (Figure 1).

The WSS content of each tissue was estimated from TSS measured
using a Kikuchi, 0 to 25 percent Brix, temperature corrected, hand held
refractometer. The refractometer was calibrated using sucrose standard
solutions ranging from 0.01 to 10.0 percent. The standard curve obtained
showed a linear response of the TSS readings (Y) over the sucrose range
(X) evaluated. The equation for a linear fit to 24 data points was
Y = -0.368 + 1.083X and the correlation coefficient (r) between the values
was 0.998 and highly significant.

The TSS content was determined on parts of tissue immediately
behind or in front of the cut where IKI-starch was evaluated. One or
two drops of juice were expressed from each tissue with a pliers and
placed directly on the prism surface. |

Immediately following the IKl-starch score and TSS evaluation,
remnants of each respective tissue from each cultivar were bulked and
frozen at 0-3°C for several days and dried. Drying was effected by
using either a convection oven (100°C for one hour and 65°C for 72
hours) or freeze dryer (Virtis, Freeze Mobile Il Model). After drying,

tissue was ground in a Wiley mill to pass through a 40 mesh screen,
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collected in glass bottles, capped, and stored at -10°C until analyzed.
Ground tissues from two replications and seven sampling dates were
extracted for laboratory determinations of WSS and starch. Heat
drying and freeze drying at -60°C for 48 hours had no significant
effect on the levels of WSS and starch determined by HPLC. Lack of
significant differences between the two methods of drying agrees with
results reported by Smith (16).

The extraction of WSS from tissue was completed using essentially
the method of Black and Bagley (2) for defatted soybean meal except we
washed the residue remaining after centrifugation (pellet) once. This
procedure saved approximately one hour per sample during extraction
and did not significantly affect the results. Sugars were separated
from the extracts by HPLC by the procedure of Lester et al. (11).
Starch content was determined on each tissue by analyzing a 200 mg
sample of the dried pellet fraction and following a modification of the
procedure of Dekker and Richards (8). A soluble starch solution was
prepared by suspending 200 mg of oven-dried pellet in five ml of a
0.5N sodium hydroxide solution for one hour. Starch solubilization
proceeded by constantly agitating the suspension for one hour in a
water bath maintained at 35°C. After solubilization, the solution was
neutralized by adding approximately five ml of a 0.5N acetic acid
solution. The solubilized starch was exhaustively hydrolyzed to glucose
using an enzyme cocktail made by combining one ml of amyloglucosidase
(obtained from Rhizopus spp. mold), 0.5 ml a-amylase (Type 11-A), and
0.2 ml R-amylase (Type 1-B). The enzymes were obtained from the Sigma

Chemical Company, St. Louis, Missouri. Incubation of the enzymes in the
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starch solution was carried out for 30 minutes by shaking in a water
bath maintained at 30°C and for 30 minutes at 55°C. The glucose
liberated from starch digestion was determined quantitatively by
HPLC (11).

Plot means were calculated for the three methods of carbohydrate
determinations. Analyses of variance were performed on data for each
cultivar and sampling date both separately and combined. Means were
separated using the Duncan Multiple Range Test (DMRT) procedure.
Simple correlation coefficients were calculated between |KI-starch scores

and TSS content and starch and WSS determined quantitatively by HPLC.

RESULTS AND DISCUSSION

The IKI-starch score of a tissue and its corresponding starch con-
tent determined quantitatively by HPLC showed agreement as indicated
by significant or highly significant correlations (Table 1). However,
the coefficient values were not of sufficient magnitude to allow the sub-
stitution of IK|-starch scores for actual quantitative levels of starch in
bean tissue. At best, the IKl-starch scores must be used in a semi-quan-
titative sense only. No improvement in the correlations could be made by
normalizing the IKI-starch score data by transformation (Table 1).
However, recalculation of the coefficients after data points with signifi-
cant residuals (+20) were eliminated from the regression equation greatly
improved the correlations for stem and petioles (Table 2). Further
inspection of Tables 1 and 2 shows that |IKl-starch scores from petioles
reflected the most accurate (r=0.77 and 0.85) and root scores the least
accurate (r=0.51 and 0. 49) estimates of starch content, respectively.

Although not in agreement with the stem and root correlation (r=0. 85)
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used by Adams et al. (1) as supporting evidence for their work,
correlations obtained from the present study are supported by findings
from a separate experiment conducted in 1980 (data not shown). In
the 1980 study, correlations were determined on nine dry bean strains
(including N-2, BTS, and TUSC) with four replications and four physio-
logical stages. Analyses of these data revealed significant correlations
for roots, stems, and petioles of 0.49, 0.66, and 0.65, respectively.
Recalculation of the correlations after eliminating data points with sig-
nificant residuals from the regression improved the respective 1980 deter-
mined coefficients to 0.53, 0.72, and 0.79.

The lack of good agreement in the present study between subjective
measurements and starch quantitatively determined in the laboratory
could be due to misclassification of IKI-starch scores falling into the
intermediate classes brought about by a lack of consistency in ascribing
a particular score to a particular pattern and intensity of color develop-
ment. The LSD values presented in Figure la, b, d support the suggestion
that some misclassification of data occurred.

It is tempting to speculate, however, that the lack of correspondence
between |K| values and in vivo starch may have been due to differences
in starch quality among cultivars. Starch in plants may consist of both
amylose and amylopectin; the ratio of one form to the other may vary
among cultivars. Should stored starch consisting of significant amounts
of amylopectin (weakly detectable with I K| solution) be peculiar to a
cultivar, IKI-starch score readings would be lower when compared to a
cultivar with the same level of total starch but with starch stored pri-

marily in the form of amylose.
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Further work is needed to corroborate this suggestion but supporting
evidence comes from the fact that of the 24 significant residuals noted
for roots, stems, and petioles, when these tissues were considered
simultaneously, the cultivar BTS accounted for more than half (Table 2).
Furthermore, 11 residuals were attributable to both BTS and N-2 in
data corresponding to 40 DA 50 percent F and PM samplings. Starch was
present in both cultivars at these periods but not appreciably discernible
using the IK| starch indicator solution.

The second method of examining carbohydrate partitioning in beans
was to plot TSS percentage in roots, stems, and petioles of the three
cultivars throughout the reproductive growth period. Correlation
coefficients (Table 1) indicated that TSS percentage and total WSS as
determined by HPLC were significantly related only in root tissue.
However, TSS and sucrose content were correlated in roots and stems,
although the coefficients were not large. In the petioles, TSS was
correlated with glucose content. It was interesting but not surprising
to find glucose as the predominant WSS in petioles. The petiole is an
organ adjacent to a major photosynthetic source (leaf) ; hence, the
glucose found probably reflected photosynthate produced shortly before
(current) sampling occurred. Although the glucose detected conceivably
could have arisen from sucrose hydrolysis by invertase, it was unlikely
because samples were frozen almost immediately after sap was expressed
for TSS determination. Moreover, fructose was not detected in sugar
separation by HPLC. I[f sucrose hydrolysis had occurred, both fructose
and glucose would have been detected.

Table 3 shows that quantitatively determined starch (measured as

glucose) and WSS were determined by HPLC with a high degree of accuracy.
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Significant differences detected for sampling dates (DA 50 percent F)
and cultivars agreed with similar differences detected (data not shown)
for IKl-starch score and TSS. Only one significant interaction was noted
(DA 50 percent F x cultivar) but does not detract from the usefulness of
HPLC for quantitative analysis of carbohydrates in bean tissues. Varia-
bility among field replications was low compared to the experimental

error and good reproducibility was obtained between duplicate injections
of samples on the HPLC.

The IKI-starch score method has been used as an indicator of the
presence or absence of starch in tissues of common bean and to identify
strains that remobilize starch during the reproductive growth period
(1, 10). Despite the shortcomings of the procedure, we support its use
to evaluate starch reserves in different storage sites of the plant pro-
vided the investigator establishes a reference for his material by making
quantitative determinations of starch on the same tissues. In other
words, the IKl-starch scores representing the highest and lowest cate-
gories determined on a particular hedonic scale should correlate to a
high degree with the highest and lowest levels, respectively of starch
content in vivo. Once a reference is established, the main concern to
the investigator would be to accurately classify the IKl-starch scores
falling into intermediate categories. Comparing IKI-starch scores with a
quantitatively determined reference for starch quantity could also
improve the method's usefulness as a quantitative tool. Since the rela-
tionship between IKl-starch score and a quantitatively determined starch
reference will vary depending on genotype and environment, the inves-

tigator should establish a reference as circumstances warrant.
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Once the investigator is satisfied as to the utility of the IKl-starch
score method under his set of conditions, he might wish to know when
to begin sampling plants for starch accumulation. On the basis of the
present study, the IKl-starch score procedure was useful in discerning
differences among cultivars for reserve carbohydrate during the
seed-filling period (Figure 2). The beginning of seed fill was determined
on a seed fresh weight basis in a separate experiment as 17, 20, and
26 DA 50 percent F, for BTS, TUSC, and N-2, respectively. Based on
IKI-starch scores the cultivars N-2 and BTS apparently began remobilizing
starch in roots during late seed-filling which corresponded to approximately
30 DA 50 percent F (Figure 2a). The IKI-starch score pattern in roots
and pod walls of TUSC (Figure 2a, d) indicated that remobilization in
these tissues was triggered by the onset of seed-filling. Beginning
seed-filling also appeared to initiate starch remobilization in petioles
of N-2 and BTS while sharp remobilization occurred in this tissue at
mid seed-filling for TUSC (Figure 2c). Appreciable starch remobilization
was noticeable at late seed-filling for stem tissue of the three cultivars
(Figure 2b).

Although Table 3 indicates that TSS percentage is significantly
correlated in several tissues with either total WSS or sucrose content,
the magnitude of the coefficients do not justify using TSS percentage
and sugars interchangeably. Correlation coefficients between TSS con-
tent and sugar content in crops where refractometer readings are used
routinely are generally greater than 0.75 (5, 6, 15, 16). We suggest,
however, that at specific points in the life cycle cultivar differences for
carbon assimilation could be ascertained by reading TSS percentages of

the petioles. In addition, refractometer readings taken at the petiole



16
coupled with IKl-starch scores of the same tissue could provide the
researcher with insight as to carbon assimilate partitioning. It should
be pointed out that the IKl-starch score and TSS percentage evaluation
of a petiole provides a non-destructive measurement in the sense that
the whole plant can be sub-sampled at several nodes and need not be

sacrificed. Saving the plant is not possible when evaluations take place

on roots and stems.



5.

10.

11.

12.

REFERENCES

Adams, M.W.; J.V. Wiersman; and J. Salazar. 1978. Difference
in starch accumulation among dry bean cultivars. Crop Sci. 18:
155-157.

Black, L.T.; and E.P. Bagley. 1978. Determination of oligosaccha-
rides in soybean by high pressure liquid chromatography. J. Amer.
Oil Chem. Soc. 55:226-232.

Bouslama, M. 1977. Accumulation and partitioning of carbohydrates
in two cultivars of navy beans (Phaseolus vulgaris L.) as influenced
by grafting and source-sink manipulation. M.S. Thesis, Dept. of
Crop and Soil Sciences, Michigan State University.

Campbell, C.M. 1964. Influence of seed formation of corn on the
accumulation of vegetative dry matter and stalk strength. Crop
Sci. 4:31-34.

Campbell, D.K.; and D.J. Hume. 1970. Evaluation of a rapid
technique for measuring soluble solid in corn stalks. Crop Sci.
10:625-626.

Carlton, B.C.; and C.E. Peterson. 1963. Breeding carrots for
sugar and dry matter content. Proc. Amer. Soc. Hort. Sci. 82:
332-340.

Daynard, T.B.; J.W. Tanner; and D.J. Hume. 1969. Contribution
of stalk soluble carbohydrate to grain yield. Crop Sci. 9:831-834.

Dekker, R.F.H.; and G.N. Richards. 1971. Determination of starch
in plant material. J. Sci. Food Agric. 22:441-444,

Gaines, T.P. 1971. Chemical methods of tobacco plant analysis.
University of Georgia. Res. Report No. 97, Tifton, GA.

lzquierdo, J.A.; G.L. Hosfield; M.W. Adams; and G. Lester. 1980.
Pod/seed development in relation to carbohydrate profile change in
field grown genotypes of P. vulgaris. Agron. Abstr., p. 84.

Lester, G.; J.A. lzquierdo; and G.L. Hosfield. 1980. An HPLC
method for the quantitative determination of nonstructural carbo-
hydrates in tissues of common beans. Agron. Abstr., p. 87.

McCready, R.M.; and W.Z. Hassid. 1943. The separation and quanti-

tative estimation of amylose and amylopectin in potato starch. J. Amer.
Chem. Soc. 65:1154-1157.

17



13.

14.

15.

16.

17.

18

McCready, R.M.; and W.Z. Hassid. 1970. Starch and dextrin.

In: M.J. Joslyn. Ed. Methods in food analysis. Academic Press,
New York.

Porter, D.R.; and C.S. Bison. 1934. Total soluble solids and
sugars in watermelons. Proc. Amer. Soc. Hort. Sci. 32:596-599.

Riddle, P.J.; and J.H. MacGillivray. 1966. Relation of dry matter
to soluble solids in carrots and peppers. Proc. Amer. Soc. Hort.

" Sci. 89:381-385.

Smith, D. 1969. Removing and analysing total nonstructural
carbohydrate from plant tissue. University of Wisconsin. Res.
Report No. 41, Madison, Wisconsin.

Thivend, P.; C. Mercier; and A. Guilbot. 1966. Determination of
starch with glucoamylase. Methods in Carbohydrate Chem. 6:100-105.



19

Table 1. Simple correlation coefficients between IKI-starch scores
and total soluble solids (TSS) with starch and water soluble
sugars (WSS) determined quantitatively by HPLC in three
tissues of beans

Correlation coefficient

Correlation+ Root Stem Petiole
Starch (mg/g) and IKl-starch scores .51% .61% STTH*
Starch (mg/g) and log IKI-starch score .u8* . 59** .69**
Total sugar (mg/g) and TSS cU42* .11 -.06
Total sugar (mg/g) and log TSS .43* .1 -.15
Sucrose (mg/g) and TSS L41* . 4y* .10
Sucrose (mg/g) and log TSS Lu2* .36 .07
Glucose (mg/g) and TSS .28 .31 . TY**
Glucose (mg/g) and log TSS .18 .22 .68%*
Sucrose (mg/g) and total sugar (mg/g) . 8Y** . 85%* .08
Glucose (mg/g) and total sugar (mg/g) . 42* .23 . 76%**
Starch (mg/g) and sucrose (mg/g) .29 -.16 .10
Starch (mg/g) and glucose (mg/g) 17 -.1 -.02

*® k%

* Significant at the 0.05and 0.01 level of probability, respectively.
Data averaged over three cultivars (BTS, N-2, and TUSC) and seven
sampling dates during the reproductive growth period. Degrees of
freedom = 21 for each tissue.

1‘Carbohydrates expressed on a dry weight basis.



20

Table 2. Correlations in roots, stems, and petioles between |Kl-starch
scores and in vivo starch determined by HPLC of three dry
bean cultivars after deletion of data points with significant
residuals from the regression equation

No. of data points with
significant (+20)residuals

Cultivar
No. of Correlation
Tissue Observations Coefficient BTS TUSC N-2 Total
Root 73 0.49* 5 4 2 11
Stem 77 0.69** 3 1 3 7
Petiole 78 0.85%* 5 1 0 6

x k%
*  Significant at the 0.05 and 0.01 level of probability, respectively.
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Table 3. Mean squares from the analysis of variance of quantitatively
determined TNC (mg/g) by HPLC from root tissue of three
dry bean cultivars.

Carbohydrate
Source d.f. Total sugar Sucrose Glucose Starch
Replications 1 11.09 19.3 59.9 13.8
Days after 50% flowering
(DA 50%F) 6 4,071%* 1,978** 563* 313**
Error a 6 271 133 68 13.2
Genotype (G) 2 1,162* 1,238*%* 21.9 702*%*
DA 50%F x G 12 340.6 384 328** 185
Error b 14 285 156 81.9 115
Injection (1) 1 71.3 16.0 3.2 1.9
DA 50%F x | 6 39.3 24,7 6.8 25.4
Gx 1 2 81.2 58.1 35.4 27.8
DA 50%F x G x | 12 126 53.9 17.5 25,2
Error c 21 61.9 25.1 32.2 24.9

Total 83 -- -- -- --

* hk
* Significant at the 0.05 and 0.01 level of probability, respectively.
Data taken from two replications and seven sampling dates.
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Figure 1. Photograph showing hedonic scale of color development from
low (1-score) to high (5-score) used to classify roots, stems,
petioles, and pod walls of beans for IKI|-starch score



23

\..».. o

TIVM dOd 3J10ILad  W3ls 1ooYd

3400S

HOHV.L1S-DiI



24

Figure 2. Pattern of IKl-starch scores found in four tissues (a = root,
b = stem, c = petiole, and d = pod wall) of three dry bean
cultivars (Nep-2, BTS, and Tuscola) during the reproductive
growth period in 1979
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CHAPTER 2
RELATIONSHIP OF SEED FILLING AND DRY MATTER

REMOBILIZATION TO YIELD DIFFERENCES AMONG
BEAN PLANTS WITH DIFFERING ARCHITECTURES

ABSTRACT

The development of a new dry bean (Phaseolus vulgaris L.) cultivar

with increased yield must be viewed in context with a more efficient
allocation of assimilates to the developing seed than in presently grown
varieties. The purpose of this paper is to evaluate the physiological
parameters affecting seed filling and their relationship to yield through
the remobilization of dry matter from temporary storage sites among dry
bean entries with differing plant morphology. Significant differences
in yield among the entries were more associated with the length of the
seed filling period than with the rate of growth. A new architectural
form: architype and the cultivars Nep-2 and Black Turtle Soup (Growth
Habit 11) extended more than two-fold the duration of the filling period
when compared with standard bush cultivars grown extensively in
northern states in the United States. Dry matter remobilization from
stem and pod walls, the most important sources of remobilizable dry
matter, was negatively and significantly correlated with the duration

of the seed fill. A very high dry matter remobilization factor (RF)
characterized the standard bush form which filled the seed at the highest
rates during the shortest period. A high dependence in remobilization

for this architectural form is proposed as the mechanism for obtaining

26



27
relative low yields. On the other hand, the high yield potential of
the architype lines 61380 and 61356 was characterized by a long filling
period and associated high dry matter remobilization.

Additional index words: Phaseolus vulgaris L., linear filling rate,

linear filling period, remobilization factor, architype, growth habit.

INTRODUCTION
Low crop productivity is limiting the traditional role of dry edible

beans (Phaseolus vulgaris L.) as a staple food in the diet of a rapidly

expanding population of Latin America. This region consumes 45 percent
of the world production (6). Increased productivity must be viewed in
context with the genetic improvement for resistance to agronomic con-
straints, stabilization of yield and to maximize responses to environmental
resources available for this crop (18).

It has been postulated that productivity increases in dry beans
could be obtained if allocation of assimilates into the seeds (economical
sink) of new cultivars was more efficient than in older cultivars (4).

The selection of cultivars with more effective partitioning of nitrogen
and products of current photosynthesis to the seed was thought to be
the key factor for the improvement of yield in other grain crops, namely

rice (Oryza sativa L., 37), peanut (Arachis hypogaea L., 12), and

soybean (Glycine max L., Merril, 21).

There is evidence which suggests that partitioning in dry beans is
under genetic control. Differences in starch accumulation among several
dry bean cultivars were detected (3). Timing of starch reallocation in
relation to the initiation of grain filling has been studied by lzquierdo

et al. (22) who showed differences in the responses among
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several tissues. From this work the stems and pod walls were shown
to be important sites for the temporary storage of nonstructural carbo-
hydrates. Moreover, there was variability among the cultivars in their
ability to accumulate and reallocate starch from vascular tissues. Evi-
dence suggests that storage of reserve carbohydrate during the repro-
ductive growth period may play a role in the rate and duration of seed
filling and to buffer strains during periods of stress. However, the
significance of the accumulation and reallocation of starch and their
effects on yield by some bean strains during the reproductive period
remain to be established for this crop. .

In search for crop plants with superior yields, plant breeders
have studied the physiology of the grain filling rate and duration.
In general, results in rice (25), soybean (26), corn (Zea mays L.,

10, 13, 24), barley (Hordeum vulgare L., 31), wheat (Triticum

aestivum L., 28, 32) and cowpea [Vigna unguiculata L. (Walp.), 36]

indicated that genetic differences existed among cultivars and breeding
lines for both the rate and duration of grain filling. Several studies
(10, 13, 26, 28, 33, 35, 37) in grain crops showed that the duration of
grain filling was more closely related to yield than the filling rate.
However, Nass and Reiser (28), Egli and Legget (14) and Jones et al.
(25) concluded that the length of the grain filling period was not
important in determining the yield, and more precisely, filling rate,
was more accountable for differences in final weight than filling duration
in rice (25) and in wheat (32).

In dry beans as well as for other legumes, the yield of seed is
taken as the product of the number of seeds per unit area and the seed

size. Since no mechanical impediment occurs in beans to limit seed
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growth as in rice (25), seed size simply is the rate of seed dry matter
accumulation integrated over time.

Seed filling in common bean is sustained largely by current photo-
synthesis and possibly the remobilization of stored assimilates (8).
Keeping these facts in mind, the present study was conducted to
determine: i) the parameters that characterize the physiology of seed
filling; ii) the effect of rate and duration of the grain filling on yield,

and iii) the variability among dry bean growth habits.

MATERIALS AND METHODS

Genetic Materials and Plant Architecture

Nine strains of dry beans were used as entries in this study. The
entries represented four distinct architectural forms (Figure 1) and
two growth habits type | and Il according to the classification of the
International Center for Tropical Agriculture, Cali, Colombia (6).
The architectural forms were selected on the basis of their differences
in time to maturity, reproductive growth pattern, and yield.

Within CIAT type | (determinate bush), entries with form A and B
architectures could be identified. Form A is a small bush plant con-
taining more than four branches and characterized by a short and non-erect
canopy. Form A plants lodge at maturity (Figure 1a). Examples of entries
belonging to form A were the cultivars ' Seafarer, ' ' Sanilac,' and
'Tuscola.' These entries also belong to the navy commercial class and
represent a large proportion of the dry beans grown in the USA (2).
Strains belonging to architectural form B are erect bush plants, approaching
75 cm in height and resisting lodging at maturity. The navy bean breeding

line, C-14, used in this study is a characteristic form B (Figure 1b).
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The type Il growth habit (indeterminate, semi-vine) contained
architectural forms C and D. Form C, "classic type Il," is characterized
by semi-erect plants which lodge at maturity. The cultivars 'Black
Turtle Soup' (BTS) and the white seeded 'Nep-2' are examples of the
form C (Figure 1c). Nearly all black dry edible beans growing in the
USA are of the Black Turtle type (2). Plants fitting the description
of form D are characterized by a narrow profile, tall (75 cm), erect, and
supported by two to four strong branches vertically oriented and separated
from one another by an acute angle (15-25°). Plants with this architecture
are non-lodging at maturity and are referred to as architypes (Figure 1d).
The black seeded breeding lines 61380 and 61356 and the white seeded

breeding line 61618 are considered architypes.

Planting and Final Harvesting Procedures

The nine entries were grown in 1980 at East Lansing, Michigan.
Seed was precision drilled into eight row plots with a tractor mounted
air planter. Rows were 10 m in length and spaced 47 cm apart. Within
row spacing was 7-8 cm giving between 14 and 16 plant per meter of row.
Plots were arranged in a randomized complete block with four replications.
Standard practices for herbicide and fertilizer application were used.

In late September, mature plants were removed by hand from two,
2-m sections of row (1.88 mz) of individual plots and threshed by hand.
Just prior to threshing, data were recorded on individual plants for the
total number of pods produced and the number of shriveled pods com-
prising the total number. In addition, seed number per pod was deter-
mined from a 50 pod sample, and one hundred seed weight was calculated

as the average of two, 100-seed samples. After threshing, seeds were
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analyzed for moisture content and weighed for yield (g) per plot.
Yields were adjusted to 16 percent moisture content.

When taking the 50 pod sample, only non-shriveled pods were used.
In determining the number of seeds from this sample, seeds were separated
into plump or otherwise normally appearing seed and shriveled or aborted
seed. The total number of plump seeds per unit land area (1.88 mz) was
calculated according to the following equation: [ (total number of pods/mz)
-(percent of shriveled pods) x (total number of seeds/pod) - (percent of

aborted seeds)].

Seed Fill ing Parameters

For this phase of the study, the second and seventh rows of each
eight row plot were subdivided into séven segments each 1 m long. Five
plants separated each segment and acted as a guard. These procedures
permitted the entry growing in each segment to be bordered on either
side and at each end by itself. The 14 to 16 plants growing within each
of the seven segments of each row were considered the experimental units
and all sampling was done on plants comprising these units.

The experimental units were observed closely each day to determine
the date of anthesis (A) defined here as the date when the first open
flower was noticed in a plot. After flowering began, observations were
made to determine the date when 50 percent of the plants in a plot
(experimental unit) had at least one open flower (50 percent F). When
50 percent F was reached for a plot, sampling began. The procedure
followed was to take five plants at random from one of the 1-m segments
and remove all pods formed at the fourth, fifth, and sixth nodes of the
main stem. Pods were measured for length (ml;l) and opened with a

razor blade to remove seeds. The seeds and empty pods were dried in a
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forced air oven at 100°C for one hour followed by 70°C for 36 hours.
Sampling was performed between 0800 and 0900 on each sampling date
and once a segment (experimental unit) was sampled, it was no longer
used and another of the remaining segments was chosen at random for
the next sampling date. Sampling was carried out every four days
until physiological maturity (PM) occurred. Physiological maturity was
taken as the date at which approximately 90 percent of all pods had
changed color perceptively from normal green to pale yellow or brown.
After they were dried, the weights for pods (g) and seeds (mg)
were determined. The data for pod length, pod dry weight, and seed
dry weight were plotted concomitantly against the number of days after
50 percent F (DA 50 percent F) at which the respective samples were
taken. When exponential increments in the mean pod length and the
mean seed weight were reached, the period of middle-pod elongation (MPE)
and middle-seed filling (MSF) were established for each of the nine entries.
The seed filling parameters--rate and duration--were calculated by
fitting the data to a third degree polynomial using the least squares
regression technique with time (t) as days after 50 percent F as the
independent variable (x). The polynomial model used was of the form,
y = Bo + le + Bzx2 + B3x3. The definition of y was dependent on the
variable calculated and was defined as the mean pod length (mm - pod'l) ,
or mean pod dry weight (g - pod ') or mean seed dry weight (mg - seed '),
respectively. The partial regression coefficients were: Bo = the y intercept,
and 8., Bz 83 were equal to the constants for each order of the three
terms used in the polynomial equation.
The linear seed filling rate (LFR) was calculated using the linear

regression coefficient determined from the line of best fit to the data
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points during the linear phase of seed growth. First estimates of the
limits of the duration of the linear phase were obtained by super-imposing
a straight line over the linear phase of the curve corresponding to the
cubic polynomial. After this was done, and by using linear regression,
the regression coefficient (rate) defined as b = mg - seed"1 . day-l, the
coefficient of determination (Rz) , and the F-statistic of the first degree
polynomial were calculated for the linear period.

In order to reduce subjectivity in choosing the limits of the linear
phase, a method proposed by Sofield et al. (32) was used to obtain this
parameter. First, data points in the middle region of the linear phase
of seed growth were selected, .a least squares fit determined, and a deter-
mination coefficient calculated (32). This middle region was then pro-
gressively extended by taking additional points, first at one end of the
period and then the other, and adding them one by one while refitting
the curve and recalculating the determination coefficient. This procedure
was continued until the inclusion of a new data point had no effect on
changing the magnitude of the F-value from the regression analysis of
variance. Once this occurred, the data point included was discarded
and the penultimate data point used to establish the growth rate. The
linear filling period was then estimated by extrapolation of the line of
best fit to its intersection with the ordinate (DA 50 percent F).

An estimate of the maximum seed weight (Max W) was calculated by
setting the first derivative of the cubic function f'(t), used to estimate
the seed filling parameters (y = Bo + le1 + .. .), to zero and obtaining
the corresponding root that maximized the cubic equation. Extrapolation
of Max W to its intersection with the x-axis (DA 50 percent F) gave an

estimation of the total filling duration (TFD). The mean seed filling rate
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(FR) was then estimated by the Max W/TFD ratio. The maximum filling
rate (MFR) was estimated by equating the second derivative f''(t) to
zero and obtaining the value of t that maximized f'(t). The effective
seed filling period was estimated by dividing the observed seed size

at PM by the LFR (10, 36).

Dry Matter Partitioning

To study the partitioning of dry matter in various organs of the
bean plant, a 1-m segment of plants was removed from one of the four
center rows of each eight row plot at each of the four physiological
stages (A, MPE, MSF, and PM). Five random plants were used as
sub-samples and separated into tap roots, stems (including the raceme
peduncles). petioles and leaf blades. Roots and stems were sectioned
according to Adams et al. (3). Petioles were taken from the point of
attachment to the stem to the point where the leaf branched into trifoliates.
The leaf blades consisted of the trifoliate lamella. At MSF, pods were
prominent and were sampled here and at PM. When pods were sampled,
all of these structures were removed from plants (leaving the pedicel
attached to the racemes). Pods were opened longitudinally separating
them into pod wall tissues (PW) and seeds (G). All plant parts were
frozen at -19°C until tney were heat dried accoraing to procedures
described above. After drying, plant parts were weighed and the data
averaged over the five plant sub-sample. Since the sub-sample was
considered to be representative of the plants growing in the one meter
from which they were removed and the one meter segment was representa-
tive of the plot, data were expressed as g . m-z. From the data a dry

matter remobilization factor (DRF) was calculated. The DRF is similar to
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the proportioning factor described by Gallagher (16). The DRF is
defined as changes in dry weight of a plant component divided by
changes in dry weight of either pods or seeds (16). When it is assumed
that no losses of carbon are occurring because of respiration and

abscission, the theoretical maximum expression of DRF is -1.

RESULTS

The highest yields noted were produced by the architypes and yield
differences over the small bush form were significant. These results
are in agreement with data from statewide performance trials (1, 34).
The yield advantage noted for the architypes (70 percent over the small
bush type) were principally due to a larger number of seeds per pod and
a larger seed size (Table 1). On the other hand, the small bush cultivars
Seafarer,. Sanilac and Tuscola, produced a larger number of total pods
per square meter which was due to an increased sink production (flowers
. m-z). However, the superiority in pod set of the three navy cultivars
was negatively affected by a higher percentage of pod shriveling and
seed abortion than in the other architectural forms. In this regard when
the seed yields were adjusted to account only for normal seeds, the yield
superiority of the architypes had greatly increased (Table 1). The sig-
nificant yield difference noted for the architypes over BTS (classic Il)
was due to heavier seeds. The breeding line, C-14 (tall erect bush),
produced a higher yield than the average of the small bush cultivars but
this difference was non-significant. Except for pod shrivel and the
adjusted seed number per square meter, all yield data had low coefficients
of variability (CV) (Table 1) indicating a satisfactory degree of experi-

mental consistency.
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Data points for seed dry weight of the nine entries were well fitted
by the cubic model with the smallest R2 calculated showing a good fit
(0.908) to the polynomial equation used (Table 2). The same model pro-
duced highly significant regressions and the smallest R2 equal to 0.952
for data on seed fresh weight sampled every four days for the cultivars
Nep-2, BTS and Tuscola, grown in 1979. Jones et al. (24) suggested
that a cubic polynomial was useful in estimating seed filling parameters
in rice. Moreover, since data in the present studies were taken at only
four day intervals after 50 percent F, the time at which seeds reached
their maximum weight could not be determined precisely.

Entries differed for the predicted linear filling rate (LFR) and
linear filling period (LFP), respectively. Architypes had a longer LFP
with a lower LFR, while the small bush types had a shorter LFP and a
higher LFR. Plants of both classic type Il and the tall erect type | had
intermediate values. A test of the homogeneity of the linear regression
coefficients (=LFR) was not significant within the architectural types
(architype and small bush) but was highly significant between them
(data not shown).

Predicting seed weight using a cubic polynomial can either overestimate
or underestimate the seed weight at PM. The predicted seed size (Table 2)
at the end of the linear growth phase explained 37.7 to 72.1 percent of
the observed seed size at maturity. Max W overestimated observed size
by nine percent. This was probably due to estimation of Max W from data
taken from pods at the fourth and sixth nodes while the final seed weight
at harvest came from a random threshed and bulked sample of seed over
the entire plant. Evidently, the fourth and sixth node pods produced

seeds with a more uniform weight than in pods harvested over the entire
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plant. However, the correlation between Max W and actual seed weight
was 0.882 and highly significant. This supports the usefulness of a
cubic polynomial model for estimating Max W in spite of the four day
spaced sampling method. Table 3 shows that the seed filling rate para-
meters (LFR, Max FR and FR) were negatively and in most case nonsig-
nificantly related to yield or to the components of yield. Only LFR was
significantly and negatively correlated with a yield component (seed
number per pod). On the other hand, Table 4 shows that the filling
duration parameters (TFP, EFP and LFP) were positively correlated to
yield and the yield components seed size, seeds/pod and seeds/rnz.
Non-shriveled pod/m2 was negatively but nonsignificantly correlated with
yield, although sink number (seed/mz) was positively correlated with
yield after correction for pod shriveling and seed abortion (Table 4).
Seed size was positively correlated with yield and negatively with pod/mz.

Table 5 shows the data pooled over genotypes for dry weight of
roots, stems, petioles, leaf blades, pod walls, and seed at the A, MPE,
MSF and PM stages of development. The analysis of variance revealed
(data not shown) that the interaction of genotype x stage was significant
for all the plant components except for pod wall. The interaction was
due to the fact that the dry weights of the organs of the small bush and
tall erect bush cultivars were significantly decreased at PM while classic |1
and architype maintained higher weights than those of the bush forms,
possibly indicating losses due to remobilization to seed at late seed filling
in the navies. Significant dry matter losses were observed in the stem,
petiole and leaf blade from MSF to PM (Table 5). Over'80 percent of the
losses in the dry weight of petiole and leaf blades were due to foliar

abscission determined using the abscission collection receptacle (ACR)
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described by lzquierdo and Hosfield (21). In view of this finding, the
remobilization of dry matter to seed from petioles and leaf blade appear
to be non-important.

Losses in dry matter were observed in the pod wall and in the stems.
This suggests that pod walls and stems both may be important as storage
sites for photosynthate which can be remobilized to seeds during late
reproductive growth. The calculated remobilization factor (DRF) for-
pod walls indicated an equal or superior remobilization than from the
stems. The DRF in the root was positive, indicating no net remobilization
occurred from this organ (Table 5).

Changes in dry weight in stems and pod walls were associated with
genotypes (Tables 6 and 7). A negative change in stem dry weight was
found in 61356 and BTS at MSF, however, 61356 continued to remobilize
dry matter from the stem until PM. All entries showed a negative change
in stem dry weights at PM. Seafarer and Sanilac were the highest

remobilizers, reallocating 56.1 and 45.3 g.m_2

of dry matter from stems
during the mid-seed filling to physiological maturity, respectively, Nep-2
did not show changes in stem dry weights and had the lowest remobilization
factor (RF=0.2 percent). However, 61356 (architype) and Seafarer had
a stem DRF of 36.5 and 26.1 percent respectively (Table 6).

The lack of remobilization of dry matter to seed was associated in
the case of Nep-2 with a positive RF of pod wall to seed (Table 7).
The breeding line 61356 and Sanilac produced RF's of 61.6 and 53.5 per-
cent, respectively. By MSF, most of the entries continued allocating dry
matter into the stems as revealed by the stem to pod remobilization factor

(Table 7) but, during late seed filling remobilization was directed from

stems to pods in all entries. The highest pod wall dry matter to seed
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remobilization factor was calculated for Sanilac. Although this navy
bean cultivar had a higher rate of seed filling than Nep-2 (Figure 2),
Nep-2 was compensated for its apparent yield disadvantage by a three-fold
longer LFP than Sanilac. Nep-2 had a 60 percent less rapid LFR but pro-
duced significantly more yield than Sanilac.

Figure 3 shows the scattering of the entries for the RF from pod
walls and stems in relation to the LFP. A highly significant negative

correlation (r=3 764, n=36) was found.

DISCUSSION

Implicit in our sampling is the assumption that growth analysis and
estimates of seed filling parameters represent pod populations sampled
at the same physiological age. There is a normal overlapping of seed
filling rates due to a normal overlap of pod sizes and ages due to the
interval of flowering. Under these conditions one must exercise a degree
of caution to insure sample homogeneity. In our case, since pod samples
were collected between the fourth and sixth nodes of plants, pods are
assumed to represent the middle-canopy population of pods with respect
to both chronological and physiological age. In contrast to our sampling
method, Egli and Legget (14) and Wien and Ackah (36) tagged pods of
field growing soybean and cowpea plants respectively. Pod tagging led
to homogeneous samples, as day to day variation in pod development was
virtually eliminated (14, 36). However, in our case pod tagging resuited
ina negafive response of pod and seed growth. Tagging bean pods pro-
duced pods that had an appearance similar to if they had been "strangled."
Apparently, the pressure created by a tag to the peduncle of the pod

affected the mobilization of assimilate and possibly nutrients and water
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into seeds. These observations agree with other pod tagging work from
this laboratory (lzquierdo, 1981, unpublished).

The results of the study herein shows that variation in filling rate
and filling duration existed among the nine entries with the architypes
and classic |1 having lower filling rates and longer filling durations
(periods) than the small bush forms (Table 2). It should be noted that
the filling duration parameters for an entry were more related to yield
than the filling rate (Table 3). This finding is in agreement with results
reported for other grain crops (10, 15, 21, 36).

Seeds compete with each other within the pod for available assimilate,
nutrients, and water. Also developmental competition within a phytomeric
unit (4) involving a synchrony of adjustment between source and sink was
shown to occur in P. vulgaris (33). Oliker et al. (29) applied the adjust-
ment (33) to seed growth analysis in relation to metabolic processes in
beans. The negative correlation between MFR and FR and the significant
negative correlation between LFR and number of seeds/pod (Table 3)
agree with their work (33, 29).

Extending the duration of seed filling should provide more available
photosynthate, water, and nutrients to the seed which in turn will
produce heavier seeds per pod. Under this physiological regime and in
the absence of or low expression of yield component compensation higher
yields should be achieved. This idea has been proposed as breeding
strategy for increasing soybean productivity (17). In our case, the
architypes with their large seeds (architypes lines 61380 and 61356) pro-
duced the highest yields (Table 1) although the correlation between

100-seed weight and number of normal seed per pod was only 0.35 (Table 4).
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This low, but positive, correlation between these two yield components
is not in agreement with results by Adams (5) who showed yield component
compensation in P. vulgaris L. The architypes with their high number of
seed/pod and heavy seeds could apparently overcome the limitations
imposed by the usual negative correlations between yield components (5).
Bennett et al. (7) proposed an ideotype as a model to overcome yield
component compensation and increase yield. Their concept was one that
showed a sharp reduction in branching yet keeping a high number of pro-
ductive nodes per branch. In addition, this plant would have a narrow
profile (1). The architypes approached Adams' ideal (1, 4, 7).

Final seed yields were more associated with the entries themselves
than with architectural forms. For example, Nep-2, Seafarer and 61356
were no different in yield according to the Duncan Multiple Range test
although these entries differed in architectural form. On the other
hand, remobilization of dry matter from stem and pod walls clearly
separated classic |l from small and tall erect bush forms (Tables 6, 7,
Figure 2).

Apparently as breeders selected plants for the architype growth form,
they fortuitously selected for physiological aspects related to sink develop-
ment, or the architypes consisted of a genetically integrated genic complex
such that when the architecture is produced it is inseparable from those
aspects of their physiology leading to high yield.

Architypes ranged from low to high- DRF (Figure 3). A low stem
remobilization factor characterized the architype 61618 (Table 6) suggesting
a lack of reallocation of carbohydrates late in the growing season. A low
remobilization factor also suggests competition for dry matter accumulation

by storage sites (Table 7) during the early seed filling period with the
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stem to pods remobilization factor for all the strains. An extreme case
of competitive allocation into storage organs was demonstrated by Nep-2
(Tables 6 and 7) including a positive pod wall to seed remobilization
factor at late seed filling, indicative of a lack of remobilization of
assimilates from this temporary storage site.

Lower yields characteristic of the small bushes compared to the
architypes could have been due to a more rapid remobilization over a
shorter duration. This rapid and early remobilization could result in an
early and irreversible self-destruction that effectively terminated any
possibility of high yield. This becomes apparent when comparing
architypes with Nep-2 (classic I11). Both entries reallocated less dry
matter to the seed (Tables 6 and 7), but produced the highest yield
among the architectural forms through a combination of lower filling
rates and longer filling duration (Figure 2). The lack of reallocation
in some architypes 61618 and Nep-2, suggested a lack of a need to
remobilize stored carbohydrate because assimilate demand by the sink
(seeds) was being satisfied by currently produced photosynthesis. The
idea invoked by Adams (3) for dry beans that some plants reallocate
stored starch during time of stress to satisfy sink demand was not
apparent for the architypes or Nep-2. In this regard, reallocation was
not seen either because stresses were not of a magnitude during the
growing season to elicit a need for reallocation or because current photo-
synthesis was sufficient to satisfy sink demand.

Higher rates of photosynthesis in Seafarer (small bush) than in
Nep-2 (classic 1l) were observed by Burga (8) and agree with other
work (2@, 27, 30). An increase in rate of photosynthesis during pod

filling of dry beans (30) could indicate a feedback control of the sink



43 ‘
on the source (35). This can best be seen by observing the high LFR
of the small bush forms during their short filling period. On the other
hand, although it is not possible to discount completely the role of
photosynthesis as a major contributor to seed filling during the late
seed filling period, reallocation was apparently related to dry weight
change in the seed indicating an effective reallocation of carbohydrates
from stems and pod walls of small bush forms during seed filling.

The architype approaches the ideotype (4) of non-climbing (deter-
minate and semi-determinate) and non-vine producing forms in dry beans
for use under monoculture. These architectural forms overcome some of
the difficulties such as lodging and pod contamination by soil due to
fruiting nodes being close to the ground associated with architectural
forms A and C. In addition to a yield superiority compared with older
architectural forms, the architype 61618 has shown stability for yield
generally not associated with dry beans grown throughout Michigan, a
major dry bean production area in North America (Gadheri, 1981, personal
comm.). Increased stability could be due to an apparent effect brought
about by reallocation of C-assimilates but only under conditions of
stress. The architype 61618 associated a long filling period with low
remobilization and 61380 produced the highest yield by a long filling
and high RF (Figure 3). In achieving their superior yields compared
to other dry bean forms, the architypes appear to have combined a
longer filling period duration with a larger sink size. The longer filling
period was apparently associated with this architectural form's ability
to satisfy sink demand by prolonging the duration of photosynthesis.
Architypes retain photosynthetically active leaves much later in the

growing season than small bush and tall erect bush entries.
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The yield advantages of the architype not only appear to be related
to improvement in lodging resistance but modification of the morphology
mainly through branch reduction and narrowing the plant canopy has
resulted in a plant capable of being directly harvested by combining,
thus reducing seed losses associated with pulling, windrowing, and
then combining as is the present practice.

The evidence from the present work is sufficient to allow us to
speculate that an extended seed filling period and the ability to sustain
seed filling through remobilization of reserves from storage sites optimizes
and stabilizes yields in dry beans. Further research is needed under

stress conditions to corroborate this theory.



10.

1.

12.

REFERENCES

Adams, M.W. 1981. Update: new bean architype. Michigan Dry
Bean Digest 5:12-13.

Adams, M.W.; and J.J. Pipoly Ill. 1980. Biological structure,
classification and distribution of economic legumes. In: R.J. Summerfield,
and A.H. Bunting, eds. Advances in Legume Science. Royal Bot.
Garden, Kew, England.

Adams, M.W.; J.V. Wiersma; and J. Salazar. 1978. Differences in
starch accumulation among dry bean cultivars. Crop Sci. 18:155-157.

Adams, M.W. 1973. Plant architecture and physiological efficiency
in the field bean. Seminar on potentials of field bean and other food
legumes in Latin America. Centro Internacional de Agricultura
Tropical, Cali, Colombia, pp. 266-278.

Adams, M.W. 1967. Basis of yield compensation in crop plants with
special reference to the field bean, Phaseolus vulgaris.L. Crop Sci.
7:505-510.

Anon. 1967. Ann. Rpt. Centro Internacional de Agricultura Tropical,
Cali, Colombia.

Bennett, J.P.; M.W. Adams; and C. Burga. 1977. Pod yield component
variation and intercorrelation in Phaseolus vulgaris L. as affected by
planting density. Crop Sci. 17:73-75.

Burga, C. 1978. Canopy architecture, light distribution, and
photosynthesis of different dry bean (Phaseolus vulgaris L.) plant
types. Ph.D. Thesis. Michigan State Univ., East Lansing, MI.

Coyne, D.P. 1980. Modification of plant architecture and crop yield
by breeding. Hortscience 15:244-247.

Daynard, T.B.; J.W. Tanner; and W.G. Duncan. 1971. Duration of
the grain filling period and its relation to grain yield in corn (Zea
mays L.). Crop Sci. 11:45-u8.

Donald, C.M. 1973. The breeding of crop ideotypes. Euphytica
17:385-403.

Duncan, W.G.; D.E. McCloud; R.L. McGraw; and K.J. Boote. 1978.

Physiological aspect of peanut yield improvement. Crop Sci. 18:
1015-1020.

45



13.

Iu.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

46

Duncan, W.G. 1980. Maize. In: L.T. Evans, ed. Crop
Physiology: some case histories. Cambridge Univ. Press, Cambridge,
England.

Egli, D.B.; and J.E. Legget. 1976. Rate of dry matter accumulation
in soybean seeds with varying source-sink ratios. Agron. J. 68:371-374.

Frey, N.M. 1981. Dry matter accumulation in kernel of maize. Crop
Sci. 21:118-122.

Gallagher, J.N.; P.V. Biscoe; and R.K. Scott. 1975. Barley and
its environment. V. Stability of grain weight. J. Applied Ecology
12:319-337.

Gay, S.; D.E. Egli; and D.A. Reicosky. 1980. Physiological aspect
of yield improvement in soybeans. Agron. J. 72:387-391.

Graham, P.H. 1978. Some problems and potentials of field beans
(Phaseolus vulgaris L.) in Latin America. Field Crop Research 1:
295-317.

Hanway, J.J.; and C.R. Weber. 1971. Dry matter accumulation in
eight soybean (Glycine max L.) varieties. Agron. J. 63:227-230.

lzhar, S.; and D.H. Wallace. 1967. Studies of the physiological
basis for yield differences: Ill. Genetic variation in photosynthetic
efficiency of Phaseolus vulgaris L. Crop Sci. 7:457-460.

lzquierdo, J.A.; and G.L. Hosfield. 1981. A collection receptacle
for field abscission studies in common bean. Crop Sci. 21(4) :(in press).

lzquierdo, J.A.; G.L. Hosfield; M.W. Adams; and G. Lester. 1980.
Pod/seed development in relation to carbohydrate profile change in
field grown genotypes of beans (Phaseolus vulgaris L.). Agron.
Abstracts, p. 84.

Jeppson, R.G.; R.R. Johnson; and H.H. Hadley. 1978. Variation in
mobilization of plant nitrogen to the grain in nodulating and non-
nodulating soybean genotypes. Crop Sci. 18:1058-1062.

Johnson, D.R.; and J.W. Tanner. 1972. Calculation of the rate and
duration of grain filling in corn (Zea mays L.). Crop Sci. 12:485-486.

Jones, D.B.; M.L. Peterson; and S. Geng. 1979. Association
between grain filling rate and duration and yield components in
rice. Crop Sci. 19:641-644.

Kaplan, S.L.; and H.R. Koller. 1974. Variation among soybean
cultivars in seed growth rate during the linear phase of seed
growth. Crop Sci. 14:613-614.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

47

Kueneman, E.A.; D.H. Wallace; and P.M. Ludford. 1979. Photo-
synthetic measurements of field grown dry bean and their relation
to selection for yield. J. Amer. Soc. Hort. Sci. 104:480-482.

Nass, H.G.; and B. Reiser. 1975. Grain filling period and grain
yield relationship in spring wheat. Can. J. Plant Sci. 55:673-678.

Oliker, M.; A. Poljakoff-Mayber; and A.M. Maher. 1978. Changes
in weight, nitrogen accumulation, respiration and photosynthesis
during growth and development of seed and pods of Phaseolus
vulgaris. Amer. J. Bot. 65:366-371.

Peet, M.M.; A. Bravo; D.H. Wallace; and J.L. Ozbun. 1977.
Photosynthesis, stomatal resistance and enzyme activities in relation
to yield of field-grown dry bean varieties. Crop Sci. 17:287-293.

Rasmusson, D.C.; |I. McLean; and T.L. Tew. 1979. Vegetative and
grain filling periods of growth in barley. Crop Sci. 19:5-9.

Sofield, 1.; L.T. Evans; M.G. Cook; and |.F. Wardlaw. 1972.
Factors influencing the rate and duration of grain filling in wheat.
Aust. J. Plant Physiol. 4:785-797.

Tanaka, A.; and K. Fujita. 1979. Growth, photosynthesis and
yield components in relation to grain yield of the field bean. J. Fac.
Agr. Hokkaido 59:145-237.

Varner, G.V. 1981. Michigan dry edible production research
advisory board, preliminary data 1980. Michigan Dry Bean Digest
5:27-29.

Wardlaw, 1.F. 1980. Translocation and source-sink relationship.
In: P.S. Carlson, ed. The biology of crop productivity. Academic
Press, New York, USA.

Wien, H.C.; and E.E. Ackah. 1978. Pod development period in
cowpeas: varietal differences as related to seed characters and
environmental effects. Crop Sci. 18:791-794.

Yoshida, S. 1972. Physiological aspects of grain yield. Ann. Rev.
Plant Physiol. 23:437-484.



ue

*|9A3] u3d43d aAly ‘31s3) abueua idiynw s,ueounqg Aq suwnjod uj uoljeaedas ueapy

£
*paas pajaoqe juadaad - Tuoa.vwwm |ejoy = T_uoa.vwom o>_uuw.tm+
10L2 9°91 ehol 9 S°h t°9 797 [ ¥4 8¢EE ueay

P2 99€C q 8°91 q Lkl dqe L°9 g8°C O29¢€°9 QLT PpPIge 8-t 9p S6C #L-D
ysng 32349 |jeL

op 7912 pPI £°Sl1 gq SISt 29 S°S qe g’ h 28°S Q79T qe |0t qe 9./¢ ejoosn |

9 €781 P 6°hl q 9zsi J€°S e g8°6 26°S ge [8T e f°0¢ eZlh Jejiues

P2q 69ST qe G°L| q 91hl D4°S qe g‘q 52.°G q 8ST oge 0°LZ pOge SSE FEFI-T1-CTS
ysnq |jews

q Sh8T P2 €°S1 290l Q9ge h'9 Qqeo's qeg'9 e 9ze 976 oqe 8¢ t-daN

P2q 68ST q 8°91l qe g8sgl eg8°9 Qqeg‘y e Z°L qe 0.7 9p 8°Sl 9pI2q €TE slig
11 disse|D

q 6h62 q Ss°9l qe 9¢/1l qe [°9 qe g'E Qe Q°L q SST 9pd §°8L 9pPd ElE 81919

qe 9/0¢€ e s°gl qeehl Qqez'9 qQh't dqe #°9 q 6€C 9pd 9°91 9 98¢ 9S€19

e LLSE e |°gl qe 87L1 Qe L9 qez°s Qe 0L QqhHsSZ P29 8°6l ;9P 0t 08€1L9
% adAnyouy

63 6 "ON "ON % "ON "ON % "ON
Isiow $91 Sp33d}S 001 w*°pads |3A13)}3 paIss |ejol w P3J2A14YS _ w°|ejo) UleJ}S pue w.Joj
- - - 1e4N3I2NIYDAY
‘PIBIA 40 yBrag pajJoqy P3JaAlaYys )
-UoN
_pod-pasag spod

l

0861 Ul umoub sajajua ueaq Aap aulu
3o pIatA pue sjuauodwod pjath ‘spod pajaAlays jo abejuaduad ‘spod pajaAlays-uou pue |ejol ‘| 3d|qel



49

*1sanaey e Jybam paas,

6 °8S 8 €S L°66 6°S81 6 St St 9Ll oL’k 9L°8 ueayy

696°0 1°9h h°0h L°9¢L 0°061 L St 9t L6°01 [4 0 ] 08°9 tl-D
ysnq 17342 |je|

SS6°0 L°LS w°1s L6 1°681 8 €l h 81°T1 €L°h 10°01 ejoosn |

996 ‘0 L'LE S "9¢ £€°9S 8°€S1 ] i 4] 80°tl 49°¢t 68 °6 Jejueg

L£6°0 0°0S h°hh S°L8 6°961 S ot €h 0S L1 0S4 €L°6 J9.4ejeag
’ ysnq |jews

186°0 9°99 6 °6S 1°zol 8°Ss8l 14 81 9% 1S°8 L0k L1°8 z-daN

806 "0 T°99 €£°09 st I 1:3% 4} Ll Ly ti-ol h6 't 09°L sig
11 Jisse|d

S96 °0 0°S9 h°99 Lot 1°291 (4} 8l St 86°8 19°¢ ol1°L 81919

€96 °0 1 6°S9 L EEL 9°70 93 Si St 91Tl 9 'k T0°ol 9cE 19

he6 "0 L°89 S °6S S htl 6°80C 1 91 9% et 0S 'k LS°6 08€19
adAyyoay

i _pa3s ‘bu sAep —_ _u>n_u.— _paas ‘Bw—o
-_ Guyijr4 seauy Buy4 6un4 (m xew) (a47) (q43) (a41) (u41) (d4) (¥dw) uens pue waog
o) anp azyg Jeau|] 0} anp aeaul Ag wnwixey  Jeaul] 9A[109)33  |ej0) Jeau) ueayy wnwixew jeandayday
+P3Aa3sqQ Jo § M Xew jo §

9215 pass padpasd

potsad buyiyy ——

——ajey bBuyny —

21gNd e 0) Pal}|j BIEP WO.Ij PIIRIND|ED SIUIIIN}J30D UCIIR|IL40D JdNW 4§13y} pue ‘Saz|s pue suojjelnp ‘sajes Bujy pass padpaad

saeAj}nd ueaq Aup umoab pjayy auju jo Aaua yoes uoj |apow [ejwouijod

‘z ?qey



shhl® x119° ¥SO0L " *xT16 " L poliad buljiig Jesulq

e «h09° 16S * ¥869° *x0€6 ° S60° polaad Buljig aA1I09y3
0zS* £9€° S9¢° #vELL" e - poliad buljjid |erol

€ne - €95 ° 8hh - ¥STL - 8€0* ajey buljig sesun

S6h 66€ ° hSz - 190 - LTE" - a1ey Bulyjig ueay

950 780" The - 18- 890 ° a1ey buliy wnwixep

PIBIA wb1am 7 W'Po9S ,_Pod "Pa?s 7-W'Pod sJajowe.ed bulj|i4 pass

paas 001

PIIA jO juauodwo)

0861 Ul umoub sujeays ueaq Aup auiu jo pjatA pue
‘sjuauodwod pjajA pue saajaowesed Guijjij peas uaaM}aq SIUIIDNYJS00 UOiIe|aI40D BjdwiS € 3d|qel



51

»xCEL® *xELE" xxh69° x*09h ° - »xTL9° 0SL°- xx66S° - »x9h9°- A—umr_.mv: PIBIA

SET°- GSE"° »¥8LS " - L6T°  »x£S9°-  007°- xx66L°- (6) wybiam paas-go1

»x8h9° SS0° xxSIL°  xxLlEL° xxS08°- SEO° (*oN) N:E.vawm

SS0° ¥¥SLL" ZEO"- ##8ZL'- #49M9°-  ("ON) | _pod-pass |eulioN

LT -  EES°  #ISE" #xhIB8° (2) T_ooo_._ooom payioqy

060° ¥x0SL°- %x966 °- (*oN) | _pod-paas

+h6E "- xx9€9° A.onNuE._uoa P3ISAIAYS -UON

»x9Gh° (%) 19A14Yys pod

6 *ON ‘ON ] "ON "ON % ‘ON Jnsiadroeaey)d

1ybram an.kum | -pod —nuoo_.voom -pod ,_w-pod pAlays Nas._uoa
p39s-001 ‘pIls paysoqy ‘PI3S  pIdAlays  pod lelol
|ew.aoN -UON

o13si4a)oedey)

0861 ul umoub sujesys ueaq Aup auju jo pjaik pue
uoljuoqe paas pue ‘sjudauodwod pialA ‘soiisiadjdedeyd pod HGuowe sjuaIdI}200 uolIR|DA40D BdwS f dqe)



52

*13A9] Juadaad aAjy ‘1s3) abueus ajdinw s,ueoung Aq smou uj uoijeaedas :mws__

L00"+ 98¢ 6°67 06 °€ e 4E ‘8z £9°9 e £5°6Z 61°9 q u1°91 100y
Lhy-- T T4 q 29°951 91°sZ e £4°781 06 "€€ q €8°0S1 TNt 2 60°€9 wayg
08°Z 20L12 $9°S e £0°1Lh 19°6 e £8°Zn 8s°Z1 q 6L°I€ sjonad
S0°01 qu8-LL 85 "0Z qe LZ°6bl 1€°Th e 07881 £8°9S +qe 70°8hl ape|g jeaT
S81°- a6l e 08°ZS1 CTALT e 97061 - - - - liem pod
CT A e 06 "4EE Lz-8L q 0S "ZEL - - - - paas
96 °29 e 6l L8h LY q €5 b€ 6€°8 > gE°LE - - pod
% N-E.m % ~|E.m % N-E.m 3 N-E.m
401084 (Wd) (4SW) (3dw) (v) uebuQ uelg
uopnezijiqoway Ayamew “jorsAyq Buiy peas-piw uojjebuoja pod-piw s{sayiuy

sabeyg

yimoub aagonpoadas Gujanp sabeys anoj je suienys
ueaq Aup suju 10j (JY) s010e) uopezjqowas pue ‘Yy6iam Aup jueid €10} 3y} jo 3beyuadaad sjey) pue Jybem Aup uebuo yueld s 3lqel



53

(€E-w)g (€k)
v/ v,

6°€Z = WYbBjam was yuadsad AD ‘G LS = uoj)deusdjuy abeys x ujeays 1ybBlam wals 4oy S0° A4S

onLz 0- 80 bl 48°0€- £€°981 241 69°7 €T 00°€ESI  L9°h8 1€ 051 £9°S9 ut-2
ysnq 10349 ||le|

£201°0- 9s 'z Leeze- TN ATS 01°951 we L% °06 88°8L1  0E°hh 99°L01 SE°€9 ejoxsnyg

il 0- 1209 e *Sh- 6L°9n€ Tzesl 26°16 s '98 LS°82T  €5°89 9 "9€1 1189 sejues

019Z°0- 06 h1Z 0L °95- L0°ulb SL T61 6S S0l L1°661 98°847  Sh°99 Lz enl 18°9L 13.e)e38
ysnq |jews

7200°0- 70°€81 ho- 70°€8€ TR T4 1z°0- 0000 SS°HOZ  SL°SWL  9L°hOT 0065 7 -daN

£590°0 - 6€°LIZ IATE LT 6hE 86 '8Z1 8t 8- 88°1€1 LT Enl IS"€01  SL°ISI AT si8
Il AsseD

LEEO"0- 19°867 £€6°6- 80°L9% L 86 82 95 °TLL 91°481  tL°98 L1°8S1 L 81919

759€ °0 - LS°18 18°6Z- Tz 0€L 9L 40l L8°€1- $9°8hi LS°BEL  T8°H6 CTRCIT 19°€S 95€19

9z11°0- 6L°S0Z 81°€Z- 80°9Z€ SL°6£1 Sh°L 8z ozl €6°€E91  66°€6 8t °SS1 6t°19 08€19
adAyyouy

w-*6
Nl
140120) (£-4) (€-4) bE LI (z-€) €5 €5 (1-z) Tsm s ujeals pue w.ioj
uoliezyjiqoway 6y sv sy s 1e4ND3NYOIY
(Ayamew jeaibojoisAyd) (6w poos-piw) (uopjebuoja pod-piw) (sisayiuy)
) £ z |

sabeys aa|jonpoaday

wswdoeAap sAndNpoadsa cy) jo sabejs anoj je sueAnnd ueaq Aup

auju jo (4y) J01de) uopezjjiqowas sallew Aup (B) paas 0y (s)ways pue (v) abueyd yybjam Aap ‘(M) Wybam Aup pess pue wals -9 sjqey



54

Table 7. Remobilization factors from stem to pods (RFst—pd) and pod

wall to seeds (Rpr_g) calculated at early and late seed
filling for nine dry bean strains grown in 1980

Seed fillingt
Early Late
Strain (RFst-pd) (RFst—pd) (Rpr-g)
61380 +.037 -.106 -. 146
61356 -.059 -.929 -.616
61618 +.083 -.042 -.193
BTS +.026 -.073 -.108
Nep-2 -.0006 -.002 +.271
Seafarer +.222 -.317 -. 165
Sanilac +.241 . -.373 -.535
Tuscola +.247 -.139 -.276
C-14 +.018 -.269 -.27

1\Early seed filling = mid-pod elongation to mid-seed filling; late seed
filling = mid-seed filling to physiological maturity.
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Figure 1. Architectural plant forms; a) small bush, b) tall erect bush,
c) classic 11, and d) architype. Photographs were taken
viewing down the row after all leaves were completely
abscised from the plants
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Figure 2.
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Seed growth curves showing predicted linear filling parameters
and actual data points, stem and seed dry weights, and stem
to seed remobilization factors for two dry bean cultivars
sampled at four physiological stages during reproductive
development. The parameters, LFR, LFP, A, MPE, MSF,

PM and As/Ag are linear filling rate (mg.seed-1.day-1),
linear filling period (days), anthesis, mid-pod elongation,

mid-seed filling and stem to seed remobilization factor,

respectively. Arrows indicate maximum values for pod length
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Figure 3. Dry matter remobilization factor for stems and pod walls and
their relationship to the duration (length) of the linear seed
filling of nine dry bean entries characterized by four architec-
tural forms; O = small bush, ® = tall erect bush, ® = classic Il,
and @ = architype.

tData point excluded from the correlation analysis.

**Significant to the one percent level.
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CHAPTER 3
ACCUMULATION, PARTITION AND REMOBILIZATION OF
CARBOHYDRATE AND NITROGEN DURING THE GRAIN

FILLING OF DRY BEAN (Phaseolus vulgaris L.)
CULTIVARS

ABSTRACT

An efficient allocation of products of photo-assimilation is postulated
as necessary to increase and stabilize yield in new dry bean (Phaseolus
vulgaris L.) cultivars. The level, partition (harvest index) and late
seed filling remobilization for water soluble sugars, starch, total non-
structural carbohydrates and nitrogen were evaluated for different
tissues among nine dry bean entries differing in plant morphology.
Differences in sugars, starch, TNC and N were associated with cultivars
and physiological stage. Significant increases in the Ie\}el of TNC due
to accumulation of starch in stems was found at the middle seed filling
stage independently of cultivars. Nitrogen levels followed the same
pattern. A highly significant stage x cultivar interaction was produced
for the amount of starch in stems, roots and pod walls due to different
remobilization to the seeds. The small bush architectural form remobilized
higher amounts of TNC from the stem after the mid-seed filling stage than
the other architectural forms (architype, classic Il, and tall erect bush).
Architypes remobilized starch and TNC. Classic Il entries, Nep-2 and
Black Turtle Soup maintained a high amount of accumulated starch and
nitrogen in stems at physiological maturity. The interactions of stage x

cultivars for the TNC and N content of the pod wall were significant. In
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this organ the classic Il form did not remobilize TNC and N as did the
architype forms. Although the harvest index (Hl) did not correlate
with yield, a modified HI (mHI) and the harvest nitrogen index (HNI)
provided significant correlations (r=0.83** and 0.81**) with yield,
respectively. High mHI, HNI and harvest starch index (HSI) charac-
terized the architype lines pn;oducing the highest yields. On the other
hand, remobilization of carbohydrates during late seed filling from all
storage sites was greater form small bush than for classic |l entries.

The results suggest that in order to maximize yield, partitioning
and remobilization efficiency must be considered in a breeding program

in addition to selection for increased sink capacity.

Additional index words: water soluble sugars, starch, total non-

structural carbohydrate, yield, modified harvest index, remobilization

factor, plant architecture, architype.

INTRODUCTION

Increasing the availability of assimilates for grain development in
dry beans (P. vulgaris) can best be accomplished by increasing whole
plant assimilate accumulation and/or by increasing the proportion of
stored assimilates that can be reallocated to the developing seeds.
Breeding for yield and yield stability has been attempted by exploiting
these physiological mechanisms through the use of the harvest index (HI)
as a selection tool.

The harvest index is the ratio of grain (seed) weight to total above
ground plant dry weight and is commonly used as an index of the amount

of assimilate allocated to the economical sink of a plant. Donald (8) used
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the HI as a selection criterion in cereals for increasing their yields.
Harvest index can be viewed as a globalization of the partition mechanism,
and the partitioning of photosynthates in terms of Duncan et al. (9) is
a day-to-day process of the allocation of carbohydrates to grains that
is assumed to be highly depandent on current photosynthesis curing
actual grain filling. Should current photo-assimilation be impeded by
diseases, pests or climatic stresses, the reallocation of stored reserves
could serve as a possible source for seed filling and, hence, stabilize
yield.

The ability of a plant to allocate a high proportion of fixed carbon
and nitrogen into the seed is an important component of the yield equation
and has been shown to be under genetic control in cereals (8), soybeans
(15), sugarbeets (22), and dry beans (26). Genetic differences in the
accumulation and depletion of stem reserves have been reported among
bean cultivars by Adams et al. (1). Although an increase of allocation
of assimilates allocated to the seed has been considered as a selection
criterion (high harvest index), the level of available or redistributable
carbohydrates, accumulated in stem and leaves has been associated with
the yield capacity of improved and high yielding new mungbean varieties
(17). Physiological superiority expressed by a high partition of
assimilates to the seed in peanuts (9), and in soybeans (12), respectively,
has been suggested as the reason for the improved seed yields of newly
released cultivars in these two legume crops. In corn, an improved
'Lancaster' population produced more dry matter, translocated dry
matter to developing kernels at a faster rate and for a longer period of

time than did tescrosses of the unimproved population (6). Apparent



64

efficiency of the leaf area in grain production of spring and winter
wheats was measured by Watson (28) as the grain dry weight/leaf area
duration ratio. This investigator concluded that the index of partition
was higher for new and improved cultivars than for the standard ones.
In the same order, cultivar differences in the grain/straw + glumes
ratio among old and new wheat cultivars were associated with yield
differences (2). The contribution of assimilates formed before anthesis
and stored in barley stems may play an important role in grain filling
and was calculated to be equal to 30 percent of the total seed weight (3).
The stored carbohydrate could be remobilized into the seed or consumed
by respiration, thus the loss of carbohydrate from the vegetative parts
during grain filling gives only the maximum estimate of the contribution
of the stored carbohydrate to the grain. This loss ranged from 0 to
70 percent in a number of crop species reviewed by Yoshida (29).

Although allocation of assimilate to seed has been modified by breeding
in both cereals and grain legumes, this could have occurred equally as
well as an indirect consequence of selecting for higher yield and other
agronomic traits, including plant architecture (2,6,9,28). These achieve-
ments were obtained through long-term selection for yield within breeding
populations aimed at maximizing yield by improving yield-related traits
including yield components, plant morphology and disease and pest
resistance. However, in most of the cases yield improvement was made
without a clear understanding of which traits changed and to what
physiological basis changes were related.

In dry beans, changes in plant morphology affecting the canopy
architecture and leading to narrow-profile strains has been associated
with improvements in seed yield due to an increase in seed number without

a reduction in the weight of seed (lzquierdo, J.A., unpublished data,
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1981). This modification of a yield component to produce an increase
in yield as a result of increasing sink size could possibly be related to
a better physiological efficiency in the partitioning of assimilates. The
objective of this research was to study the pattern and the level of
carbohydrate and nitrogen remobilization from storage sites during late
seed filling. Specifically, an attempt was made to test the hypothesis
that seed yield associated with architectural forms is associated with

partitioning and remobilization of carbohydrates and nitrogen.

MATERIALS AND METHODS

Nine dry bean cultivars and breeding lines with determinate and
indeterminate growth habit [Type | and |1, according to the classification
of the International Center for Tropical Agriculture (CIAT)], and
contrasting plant architectures were planted at East Lansing, Michigan
in 1980. The materials used were: 'Seafarer,' 'Sanilac,' 'Tuscola,'
'Nep-2,' C-14 and 61618, all white seeded, and the black seeded 'Black
Turtle Soup' (BTS), 61380 and 61356. A randomized complete block
design with four replications was used. Plots were eight rows,each 10 m
in length and spaced 47 cm apart. Seed was precision drilled with a
tractor mounted air planter and the within row spacing was 7-8 cm
between plants. Standard fertility and herbicide management practices
were used.

Yield was determined from samples taken at maturity from two, 2-m
sections of row (1.88m2) . Seed moisture at harvest was determined and
yields were adjusted to 16 percent moisture equivalent. Four physiological
stages (PS) during reproductive development were established. These

were: anthesis (A), middle pod elongation (MPE), middle seed filling (MSF),
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and physiological maturity (PM). Sampling was conducted at each
sampling period using procedures to dissect the plant described else-
where (lzquierdo et al., 1981, unpublished data). At each (PS) a
1-m segment of row was removed from one of the four center rows and
five random plants were subsampled and dissected into tap roots (R)
by excising the plants at the ground level mark, stem (S) including
the raceme peduncles, petioles (P) from the stem to the insertion point
with a trifoliated leaf, and leaf blade (B) consisting of the trifoliated
lamelae. At MSF and PM all pods (without peduncles) were harvested
and divided into pod wall (PW) and seeds (G). The plant parts were
immediately frozen at -10°C until drying in a forced air circulating oven
at 100°C for one hour and 70°C for 36 hours. Dry weights for all
plant components were obtained. Leaves, including petioles that had
abscised, were collected every four days from an approximately 0.6 m2
area using an abscission collection receptacle (ACR) (14). After collec-

tion dry weights of the fallen organs were determined and recorded.

Sugar and Starch Analysis

Soluble carbohydrates were determined by extracting water soluble
sugars (WSS) according to the method of Black (4). Sugars were
separated from the extract by HPLC by the procedure of Lester et al.
(18). Starch was determined after solubilization in sodium hydroxide
and hydrolysis to glucose. The glucose liberated from the starch diges-
tion was determined quantitatively by the use of a Glucostat reagent kit
and reference to HPLC glucose analysis. Total nonstructural carbohy-
drates (TNC) taken as starch + WSS as well as starch, WSS, and N was
expressed as g.m_2 for each plant component at the four different physio-

logical stages of each cultivar. N analysis was done for the abscissed materials.
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Nitrogen Analysis

Percentage of N was estimated by near-infrared reflectance (NIR)
measurements on dry tissue samples using an infrared spectrophotometer
(Neotec Corporation, Spectro computer model 41). Calibration of the
instrument was done according to Rotolo (21) using reference samples
with known N percentage determined by micro-Kjeldahl analysis. The
minimum multiple correlation coefficient for N percent at four different
wavelengths was found to be equal to 0.923**, n=26, for petiole tissue
and the maximum, 0.983**, n=19, for seed. K's constants were cal-
culated for each tissue by least square regression. The correlation
coefficient among Neotec N percent-estimates and Kjeldahl N percent-values

for each tissue are shown in Table 1.

Partitioning and Remobilization Parameters

Carbohydrate partitioning, efficiency and remobilization parameters
for dry matter (DM), starch, WSS, TNC, and N were defined as follows:
Harvest index (HI) = seed (DM or assimilate) yield/biological (DM or
assimilate) yield (7,8, 20); Modified harvest index (mHIl) = seed (DM or
assimilate) yield/total cumulative biological (DM or assimilate) yield (16).
Total cumulative biological yield was calculated as biological yield for
DM or any assimilate + DM or assimilate yield of abscised organs. The
remobilization factor (RF) of stored reserves was modified from the pro-
portion factor proposed by Gallagher (10). Then, RF = RP/G x 100,
where RF is defined as the absolute change in the redistributable pool
during late seed filling (MSF - PM), and G is the incremental change in
DM or assimilate content of the seeds. The redistributable pool was

estimated by adding the DM or assimilate content of roots, stem, petiole,
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leaves and pod wall to MSF. The RF of starch, WSS and TNC did not
include leaves and petioles. The DM and N content of fallen leaves and
petioles was included for the calculation of the RFN, HNI, and modified

crop harvest index.

Plant Forms

Plant architecture group comparisons were established for the
physiological traits. Architectural groups were as follows: a) small
bush: which included the cultivars 'Seafarer,' 'Samilac,' and 'Tuscola;'
b) Tall erect bush: the breeding line C-14; c) classic Il: comprised of
the cultivars 'Nep-2' and 'Black Turtle Soup;' and d) the architypes:
breeding lines 61380, 61356 and 61618 with modified canopy architecture
(13). All data were analyzed statistically using the ANOVA, least squares

regression and correlation analysis.

RESULTS

Differences in starch, WSS and N among the various plant parts
during reproductive development were related to the specific physiological
role of each part. The source (L) was lower in TNC than the other parts
but high in N and therefore had the lowest TNC/N ratio (Table 2).

The seeds (sink) contained about 40 percent starch and four percent
WSS. These values agreed with proximate analysis determinations for
dry seeds of P. vulgaris L. (25). The pod wall also served as a sink
organ during early pod development and acted as a temporary storage
site for TNC and N. Pods accumulated up to 24 percent TNC and 2.4
percent N. The stems and petioles accumulated TNC up to an average of

18 percent. Roots with 15 percent TNC content showed the highest TNC/N
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mean ratio, which was presumably due to the low N content of the roots.
In 1979, a small bush cultivar (Tuscola) and two classic 11 cultivars,
Nep-2 and BTS, accumulated an average of 11.3, 14.1 and 22.1 percent
of TNC in the roots, stems and petioles, respectively, during the
reproductive development. The difference between years was due to
the fact that less starch was allocated into roots and stems in 1979
(data not shown).

Significant differences were found for starch, WSS, TNC, N and
TNC/N ratio between reproductive stages for most of the plant parts
evaluated (Table 3). The entry (genotype) effects that were observed
for TNC of the plant parts (except leaf) were statistically significant.
Differences among entries for TNC of the stem were significant although
WSS in the stem were not affected by the genotype.

Accumulation and remobilization of stem starch produced most of the
variation and probably caused the significant differences noted for stem
TNC. Leaf blades and petiole N content were not affected by genotype.
Starch accumulation increased from anthesis and was maximum at the
mid-seed filling stage (Table 4) in root, stem, petiole and pod wall.
Starch was remobilized significantly by physiological maturity and sig-
nificant changes were found for WSS in the stem but not in the root
although the patterns of change were similar. The WSS were depleted
from stems, petioles, leaf blades and pod walls by PM. Within the vege-
tative plant parts, N values peaked at MPE for roots and leaf blades and
at MSF for stems and petioles. Significant changes of TNC and N in pod
walls at PM were observed indicating remobilization had occurred. At

the same time, significant increases of about 2.9, 5.1 and 2.5 fold occurred
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for starch, WSS and N, respectively, in the seed. This finding indicated
‘that allocation of assimilate during the late seed filling was strong.

Table 5 shows data for entries arranged by growth habits and archi-
tecture. When averaged over the entire period of reproductive develop-
ment, the roots of architype plants accumulated the highest amounts of
starch, WSS and N. Among the architype breeding lines, 61380 and 61618
accumulated significantly higher amounts of starch than 61356 and 61618
was able to maintain its starch storing ability until physiological maturity.
In the present work, 61618 stored more starch than Nep-2, which has
been reported to accumulate significant amounts of starch during the
growing season. The classic Il and architype plants allocated more
starch to the stem than did the small and tall erect bush types. Architypes
stored less starch in the stem than classic |1 , but the difference was not
significant at MSF. When genotypes were compared individually, Nep-2
stored a significantly larger amount of starch in stem tissue than did the
other entries, except for 61618. The water soluble sugar content of the
stems was not significantly affected by architectural groups. However,
WSS in roots of the architypes were significantly higher than in the
small bush plants. Stems of classic Il plants accumulated higher levels
of carbohydrates (TNC) than stems of architype plants and both architec-
tural groups stored significantly higher amounts of TNC in the stem than
small and tall erect bush plants. Non-significant differences were found
among genotypes for leaf starch, WSS, TNC, N or TNC/N ratio (data not
shown). However, the leaves of classic 1l plants were higher in starch
and N accumulation than architype leaves for the entire period of repro-

ductive development.
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The mean squares for the developmental stage x entry interaction of
the analysis of variance are shown for all plant components and assimilates
studied (Table 6). No significant interactions were observed for petiole
and leaf blade for any of the assimilates. However, a significant inter-
action for stem starch accumulation was found (Figure 1). No changes
in starch accumulation were observed in stems of classic Il entries.
Small bush and architype stem plants when compared with classic |1, |
remobilized significant amounts of starch at PM. Tall erect bush plants
did not accumulate significant amounts of starch in stems at MSF when
the allocation of starch was maximum for the other architectural groups.
Non-significant differences for stem starch per unit area were found
among the architype, classic Il and small bush plants at MSF. Figure 2
shows the significant developmental stage x entry interaction for stem
TNC (mg.g—ld. wt.) observed in 1979 among cultivars representative of
the small bush type (Tuscola) and Classic Il (Nep-2 and BTS) architec-
tural groups. The quantities of stem carbohydrate allocation were in
good agreement for both years.

A highly significant stage x entry interaction was associated with
pod wall TNC and N. In viewing this interaction graphically (Figure 3),
remobilization of both TNC and N from pod walls during late seed filling
.occurred simultaneously. Pod walls of the classic |1 plants shows no
mobilization of starch at PM. This finding was especially noticeable
for Nep-2 and contrasted with the significant remobilization of the other
groups.

Assimilate partitioning expressed as the harvest index (Hl) was
weakly but significantly correlated with yield (r=0.47*%, Figure 4). The

effect of the Hl could be better viewed when significant differences in
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the amount of foliar abscission was considered. The percentage of N
in the abscised materials and the total N losses due to abscission also
differed significantly among entries (data not shown). When biological
yield was adjusted for losses due to abscission, the mHI showed a much
higher correlation with yield (r=0.83**) (Figure 4). The harvest
nitrogen index was correlated well with yield (r=0.81**) and both indices,
Hl. and HNI correlated well with each other (r=0.78%).

The remobilization factor (RF) for starch, WSS, and N are shown
in Table 7. The cultivars, Seafarer, Sanilac, and Tuscola had the
highest RF's among all entries for starch, WSS and N. Nep-2 and BTS'
produced the lowest RF's. Changes in N allocation and remobilization
for plant components of Tuscola (the highest NRF among entries) and
Nep-2 with the lowest NRF are shown in the Figure 5. The SRF was
negatively correlated with yield (r=-0.62*) (Figure 6). However, when
data of 61380 (architype) were not considered, the correlation coefficient
was r=-0.75*. The breeding line 61380 produced the highest yield
(3577 kg/ha) and was characterized by a SRF of 32.2. The line 61618
showed a SRF between the range of its two parents, Nep-2 and BTS,
suggesting genetic control, while architypes 61380 and 61356 with
higher SRF produced higher and significantly higher yields than their
two parents, respectively.

Changes in several physiological traits were observed to be associated
with an increase in seed yield for classic Il and architype groups over
the bush types. These groups had longer filling periods and a slower
rate with a significantly higher yield (Table 8). Apparently the higher

potential accumulation of redistributable assimilates at MSF in the small
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bush group does not lead to a significant increase in yield over erect
bush type. On the other hand, C-14 with a low redistributable TNC
and N, produced a non-significant although higher yield than the small
bush entries.

Harvest index did not show any appreciable difference. The mHI
was lower than Hl due to an increased Biological Yield (accounted for
by foliar abscission). Differences in the mHlI were associated in the
architype group with higher yield. In the same order, HSI, H WSS |
and HNI were significantly higher than in the classic Il genotypes. The
remobilization factor for N, starch, and WSS showed values over 100 per-
cent in the bush forms and this may indicate complete reallocation, losses
due to respiration, and losses due to abscission in the case of SRF and
WSS RF's in which reallocation from stem, root and pod wall but not
petiole and leaves were included. Lower RF's values were obtained for
the classic Il and architype groups, but architype remobilized significantly

higher stored N and WSS than classic Il entries.

DISCUSSION

The accumulation of carbohydrate N in different storage tissues
indicated that the allocation of assimilates to roots and stems was not
terminated by the initiation of seed filling. Since the highest values
for stem and root starch occurred at MSF, the work reported herein
supported the idea of a diversion from storing in the allocation mechanism.
Stem carbohydrate reserves have been shown to be involved in late seed
filling in P. vulgaris (24). Adams et al. (1) found phenotypic variation
for stored starch in stems of 23 cultivars using an [IKl-starch indicator

technique. The accumulation values reported in our work are in agreement
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with Martinez (19) and Waters (27). Data for stem starch allocation
in our work expressed as mg.g | d.wt. or per unit of area (g.m %)
showed a strong physiological stage x entry interaction involving
starch accumulation and remobilization (Figures 1 and 2) and agreed
with the significant stage x genotype interaction reported by Adams
et al. (1).

Since the physiological aspects of photosynthesis and C-assimilate
partitioning are integrated in time and space, resources of plants
having a particular plant morphology could be affected differently.

For example, morphology determines the number of fruiting branches
available for photosynthate produced. On the other hand, length of
seed filling influences seed size. When one only measures economic
yield, one considers only a single, economically important output from
the total physiological system. From the plant breeder's point of view
in breeding for improved C-assimilate partitioning, the parameters most
‘easily measured are Biological Yield and HI. Biological Yield rarely

has been shown to be correlated with yield due primarily to inefficient
partitioning (29). Thus, measurements of Hl can help to identify and
define the translocation capacity, and, thereby, help identify varieties
with a high partitioning potential. The ultimate partitioning of dry
matter between reproductive and vegetative plant parts is indicated by
the Hi. A mHI has been associated with increased seed yield among
plant densities for a determinate cultivar of dry beans (16) and in soybean,
harvest indices and harvest nitrogen indices were positively correlated
with yield (15). These results provide evidence that certain strains are

more efficient than others in mobilizing both dry matter and N to the seed.
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Similarly, there is evidence for the existence of the same relationship
among strains of dry beans pertaining to contrasting architectural
groups (Figure 4). Our range for the HNI (0.61-0.86) agreed with
values for this parameter found by Jeppson (15).

A larger number of seeds .m-2 and greater seed weight produced by
the architype 61380 were associated with greater yield of this line compared
to most strains of white and black beans (lzquierdo et al., 1981, unpub-
lished data). Modification in plant architecture does not necessarily have
to lead to increased efficiency in translocation although yield advantages
of the improved varieties over old standard cultivars has been associated
with changes in physiological efficiency (6,9,12,17). In our case, the
morphological model characterized by the architypes has produced not only
a more desirable plant type from the agronomic standpoint (lodging resis-
tance, and ease of mechanical harvest) but has been associated with high
yields due to increased physiological efficiency involving filling duration,
partitioning and remobilization of assimilates. The remobilization factor
for late seed filling separated genotypes according to their growth habit
and the length of their filling periods (Table 7). A high RF was associated
with a short filling period while genotypes with delayed leaf fall (Nep-2
and 61618) had long filling periods and did not significantly remobilize
accumulated assimilates from the root, stems and pod walls. In these
cases and specifically for Nep-2 (classic I1), the storing process continued
until PM causing é negative RF value. This indicated a competitive alloca-

tion instead of remobilization.
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Recently, the hypothesis of stress tolerance due to remobilization
of reserves was tested (11) and is still under study.1 Maintenance of
the filling rate in a starch-storing cultivar was observed under stress
but yield was significantly reduced. The ability to withstand a stress
by assimilate remobilization is not necessarily linked to the storing
capacity. Partition and remobilization capacity are both needed.

Remobilization factors in this study were well correlated with each
other, with r's of 0.83, 0.85 and 0. 81 for starch-WSS, starch-N and
WSS-N, respectively, but negatively correlated (overall correlation)
with yield. The architype 61380 outyielded the other architype lines
although there were no differences in the filling parameters. The yield
advantage in this case could be attributable to the higher partitioning
and later remobilization observed for this entry compared to the others
studied. Removal of assimilates is related to sink capacity differences.
Streeter (23) reported that increasing fruit load in soybean plants by
increasing light intensity at early pod development depleted stem and
petiole TNC. On the other hand, another experiment (5) showed that
pod removal increased TNC in soybean tissues. The architype 61380
had a stronger metabolic sink than 61618 due to large seed size although
there were nddifferences in seed number per square meter. The
increased sink load could have been the "trigger" for the increased
partitioning and later remobilization in 61380 compared to 61618. On
the other hand, 61618 produced a high yield and was stable under

different environments (Ghaderi, 1981, unpublished data). The line

1Adams, M.W.; D.A. Reicosky; S. Garcia and J.A. lzquierdo. 1981.
Starch storage and stress resistance in dry beans. Agronomy Abstracts
(in press) in 1981 Annual Meetings, ASA-CSSA-SSSA, 29 November -

4 December, Atlanta, Georgia.
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61618 had higher partitioning than BTS and Nep-2 but lower than 61380
in our non-stress conditions. If late remobilization is triggered by
stress conditions it could be one of the mechanisms involved in yield
stability.

Since our experiments were conducted in the absence of apparent
stresses, no conclusions concerning remobilization and stability can be
made. On the other hand, these results do allow the suggestion that
in order to maximize yield, partitioning and remobilization efficiency
must be considered in a breeding program in addition to selection for
increased sink capacity. This suggestion is consistent with the fact
that bush type entries were characterized by a short but rapid filling
period, high partitioning and high remobilization. However, these
entries, as compared to the other types, are susceptible in different
degrees to photosynthetic leaf area reduction due to physical and
biological stresses. Once the photosynthetic mechanism became impaired
in bush type plants, seed filling was dependent on remobilization.
Furthermore, the sink demand was too great for remobilized assimilate
to sustain filling, hence, sink load was reduced due to abscission. The
modification in the plant architecture for bushi beans has not led to sig-
nificant yield increases. Despite this fact, C-14 with its Nep-2 genetic
background has no apparent physiological superiority over the small bush
cultivars in terms of remobilization; however, it showed a longer filling

period and a higher yield.
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Table 1. Correlation coefficient and regression equation for
Kjeldahl-N percent (y) Neotec-N percent readouts (x)

Tissue r n y

Leaf blade 0.988 31 y=0. 1044 + 0.9753x
Petiole 0.897 26 y=-0.00136 + 1.0035x
Stem 0. 964 31 y=-0.0409 + 1.014x
Root 0.885 29 y=0.00863 + 1.99601x
Pod wall 0.978 26 y=0.00022 + 1.00073x

Seed 0.981 25 y=0.001 + 1.0001x
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Table 2. Mean value (mg.g ld.wt.) and standard deviation for starch,
water soluble sugar (WSS), nitrogen (N) and total nonstructural
carbohydrate to nitrogen (TNC/N) ratio of nine dry bean
genotypes during the reproductive period

TNC
Plant
Component Starch WSS N TNC/N
mg . g | dry weight
Seed 392.1 + 64.7 37.4 £ 22,7 38.8 + 3.1 11.¢£ £ 2.1
Pod Wall 212.6 £ 93.3 35.3 + 22.3 24.1 £ 8.0 10.4 + 3.2
Leaf Blade 115.5 + 39.2 8.6 + 8.1 36.4 + 8.2 3.5+ 1.3
Petiole 148.2 + 36.5 34.8 + 4.7 17.2 £ 4,0 10.9 + 2.9
Stem 151.3 + 31.8 30.4 + 23.6 18.8 £ 5.5 10.4 * 3.6
Root 139.4 *+ 60.1 11.2 + 8.5 10.8 + 2.8 14,7 £ 7.0
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Table 3. Mean squares from ANOVA of starch, water soluble sugars
(WSS), total nonstructural carbohydrates (TNC), nitrogen
(N) and TNC/N ratio during four stages of the reproductive
development of nine dry bean genotypes
Source df Starch WSS TNC N TNC/N
Root
Stage 3 49, 1** 0.03 50.0** 0.01* 537.3%*
Error a 3 1.8 0.09 1.9 0.02 18.8
Entry 8 14, 4** 0.15* 17.3%* 0.05%* 48, 0**
Error b 32 0.9 0.05 1.1 0.001 11.6
Stem
Stage 3 1931.6** 110.5* 2443, 7** 16, 2%* 161, 7%*
Error a 3 27.9 22.0 9.8 0.3 2.2
Entry 8 159, 1** 4,2 191.6* 0.9* 22, 2%*
Error b 32 33.6 7.9 63.5 0.3 2.9
Petiole
Stage 3 69.2** 14, 6*%* 133, 2*%* 1. 1%% 17.2
Error a 3 1.5 0.3 2.8 0.05 6.4
Entry 8 10.2%* 0.5 14, 0** 0.1 12.2
Error b 32 3.0 0.3 4.0 0.06 8.1
Leaf
Stage 3 1423, 7** 13, 1** 1683. 4** 162, 5** 8. 3%*
Error a 3 94.3 2.5 111.8 2.1 3.7
Entry 8 110.3 1.7 183.2 3.5 0.4
Error b 32 104.5 1.4 108.2 2.6 1.4
Pod Wall
Stage 1 7251.6*%* 531.4**  11368.8%** 78. 9* 41, 8**
Error a 1 1.3 1.0 1.8 0.1 1.1
Entry 8 816.6** 26. 7** 977. 4** 8.4** 13.1
Error b 16 50.5 2.4 75.9 0.9 8.3
Seed
Stage 1 81434, 1** 1470. 3* 108011, 9** 567. 5*%* 25, 1%*
Error a 1 10.2 6.0 4.4 1.4 0.01
Entry 8 3014, 7%* 29, 7** 3654, 2%* 26. 8** 7.8%
Error b 16 107.6 4.6 105.5 3.9 2.0
* %

level.

‘ *Mean squares significantly different at the 0.05 and 0.01 probability
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Table 4. Mean values for starch, water soluble sugars (WSS), nitrogen
(N) and total nonstructural carbohydrate (TNC) /N ratio for
nine dry bean genotypes at four reproductive stages

Reproductive Stage

Mid-Pod Mid-Seed Physiological

Anthesis Elongation Filling Matur ity
-2
g.m
Root
Starch 2.21 c+ 3.27 b 5.97 a 2.87 b
WSS 0.27 0.32 0.29 0.22
N 0.23 b 0.28 a 0.27 ab 0.24 ab
TNC/N 10.63 ¢ 12.49 bc 22.77 a 13.01 b
Stem
Starch 8.33 c 21.47 b 38.58 a 20.89 b
WSS 2.70 b 5.97 a 5.77 a 0.86 c
N 1.50 b 3.21 a 3.30 a 1.73 b
TNC/N 7.35 d 8.65 c 11.91 b 13.91 a
Petiole
Starch 5.14 b 7.03 a 6.67 a 2.72 ¢
WSS 1.95 a 2.08 a 1.18 b 0.12 ¢
N 0.68 a 0.76 a 0.81 a 0.26 b
TNC/N 10. 56 12.23 9.22 11.01
Leaf
Starch 16.86 b 22.24 a 18.89 ab 3.33 ¢
WSS 1.95 a 2.08 a 1.18 b 0.12 ¢
N 6.36 b 7.83 a 5.46 b 0.87 c
TNC/N 2.92 b 3.41 b 3.38 b 4.52 a
Pod Wall
Starch Tt - 52.30 a 23.92 b
WSS - - 10.53 a 2.84 b
N - - 5.60 a 2.64 b
TNC/N - - 11.49 a 9.39 b
Seed
Starch - - 49.30 b 144.42 a
WSS - - 3.10 b 15.88 a
N - - 5.16 b 13.10 a
TNC/N - - 10.97 b 11.97 a

1'Means followed by the same letter in rows do not differ significantly
by DMRT at the five percent probability level.

++Data not observed.
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Table 5. Dry bean architectural group mean value of starch, WSS, N
and TNC/N ratio on plant components over reproductive stages

TNC
Architectural
Group Starch WSS N TNC/N
g.m 2
Root
Small bush 2.25 0.14 0.18 13.17
Tall erect bush 3.13 0.30 0.26 12,87
Classic |1 3.7 0.29 0.29 14.02
Architype 5.14 0.40 0.31 17.36
LSD.05 ) 0.88 0. 25 0.06 3.62
Stem
Small bush 18.26 3.78 2.69 8.29
Tall erect bush 16.39 4.11 2.23 10.08
Classic Il 25.39 4.37 2.48 12.10
Architype 22.36 4.40 2.22 12.05
LSD.05 6.03 - 0.68 1.68
Petiole
Small bush 4.94 1.13 0.63 9.68
Tall erect bush 3.69 1.26 0.47 10. 71
Classic 11 6.32 1.7 0.68 12.25
Architype 5.64 1.30 0.63 11.37
LSD 1.93 0.79 - -

.05
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Table 7. Assimilate remobilization factor during late seed filling
for nine dry bean genotypes

TNC
Entry Starch WSS N
]
Nep-2 -30.4 32.1 44.3
61380 32.2 34.0 46.6
61356 27.6 70.8 91.7
61618 2.6 82.8 67.0
BTS 26.4 2.8 60.6
Seafarer 107.2 178.2 146. 2
Sanilac 135.5 192.7 144.2
Tuscola 82.4 121.2 171.7

C-14 24.6 130.2 84.5
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Figure 1. Stem starch allocation changes during the reproductive
development of standard and architecturally improved
dry bean cultivars
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Figure 2. Stem nonstructural carbohydrate (TNC=starch+sugars)
content at different stages of the reproductive development

for small bush and classic Il architectural forms dry bean
cultivars observed in 1979
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Figure 3. Pod wall nonstructural carbohydrate (TNC) and nitrogen (N)
allocation changes during late seed filling among architectural
forms of dry bean cultivars
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Modified harvest index and harvest nitrogen index
relationship to yield for dry bean cultivars with differing
plant architecture (®: architype; ®: classic Il; O: small
bush; and ®: tall erect bush)
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Figure 5. Nitrogen allocation and remobilization among plant components

of cultivars 'Tuscola' and 'Nep-2' during reproductive
development. Area in between dotted and solid lines and

indicated with the arrows is N losses by foliar abscission
(leaf blades + petioles)
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Figure 6. Yield and starch remobilization factor relationship between
dry bean genotypes with differing plant architecture
(®: architype; ®: classic Il; O: small bush; and
®: tall erect bush)
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CHAPTER 4

A COLLECTION RECEPTACLE FOR FIELD
ABSCISSION STUDIES IN COMMON BEAN!

ABSTRACT
A nontagging, nondestructive, continuous, and inexpensive method
was developed to evaluate abscission of reproductive organs in dry
beans (Phaseolus vulgaris L.) under field conditions. Abscission

collection receptacles (ACR) were built, using Saran. screen

(1.5 x 2.0 mm mesh) and 2.5 x 5.0 cm redwood stock. Receptacles were
placed in the field over a 1.25 m segment of row, and the floor was
carefully fitted around competitively growing plants at the two to three
true leaf stage. The method was tested on dry bean cultivars, 'Tuscola,'
'Nep-2,' and 'Black Turtle Soup,' selected because of their contrasting
growth and flowering habits. Reproductive organs were collected every
four days and taken to the laboratory where the data were quantified.
Samples required three minutes per ACR. Abscission could be broken
down into flower and pod drop components. Pod abscission accounted
for most of the shedding of reproductive organs. The abscission of pods
under 10 mm length accounted for 64 to 82 percent of all reproductive
structures abscised. The ACR was useful to study the seasonal patterns

of flowering, abscission, and pod retention of genotypes. Differences in

1Submitted for publication to Crop Science with G.L. Hosfield as
co-author, Crop Science 21(3) :(in press), 1981.
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these parameters were detected among the three cultivars studied in
this experiment. Low coefficients of variation associated with data
collection indicated a good degree of precision in the experiments. Com-
pared to unenclosed plants, the ACR had no significant effect on growth,

vigor, yield, and yield components of enclosed plants.

Additional index words: Phaseolus vulgaris L., Dry beans, Reproductive

organs, Flower and pod shedding, Field methodology.

INTRODUCTION
The abscission of reproductive organs during the flowering and
fruiting period in the grain legumes is often greater than 50 percent.

Binkley (1) studied six garden bean (Phaseolus vulgaris L.) cultivars

and showed shedding of flowers among genotypes ranging from 44.3 to
76.2 percent. In soybeans, Glycine max (L.) Merr., one study (10)
reported that levels of flower and pod abscission ranged between 43 and
81 percent in four cultivars, while Swen (7) found that between 70 to
87 percent of the reproductive potential of five cultivars was lost.

Similar observations have been made for cowpeas [Vigna unguiculata (L.)

Walp., 3]; broad beans [Vicia faba L., 2, 5], yellow lupine [Lupinus

lutaus L., 11], and peanuts [Arachis hypocaea L., 4].

Dry beans are an important food crop in the USA, but the decreasing
yields over the past two decades (9) have been of major concern. Several
lines of evidence suggest that if the shedding of reproductive parts in
beans could be prevented or decreased, the yields might be increased
(6, 8, 12). The possibility for improving yield in beans by controlling

abscission should stimulate interest in this area of research.
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This paper describes the construction and usefulness of a collection
method we developed to study abscission in dry beans. The technique
has great utility for field abscission studies. Randomization need not
be restricted as which might occur when cultivars contrasting in flower
color are always planted in adjacent rows to guarantee the separation
of abscised reproductive structures (10). In addition, the investigator
is not hampered by limitations on the number of replications or treat-
ments desired.

The method is designed to be used in field plots planted at commer-
cial population densities; the receptacle is inexpensive to build, and
allows one to collect data rapidly and with a good degree of precision.
Moreover, the gathering of reproductive parts is continuous and
sampling can be done at whatever daily interval (in our case every four

days) the investigator chooses, even during periods of inclement weather.

MATERIALS AND METHODS

Construction of a Receptacle

Our method involves the construction and field placement of an

abscission collection receptacle (ACR). An ACR is 1.25 x 0.50 x 0.50 m

in dimension, made from plastic Saran screen (1.5 x 2.0 mm mesh), and

cut as illustrated (Figure 1a). The plastic screen is attached to 2.5 x 5.0 cm
redwood (other wood stock or tubular materials of appropriate dimensions
are suitable). Two pieces of redwood stock cut 1.25m long serve as top
supports (Figure 1a). The Saran screen is nailed on each side as shown
(Figure 1a) under a piece of flat molding (1.25 cm wide) to the supports.
The ends of the ACR are reinforced by fastening the mesh under a piece

of molding to 2.5 x 5.0 cm corner braces 0.75 m long (Figure 1b). The
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end of each corner brace is cut into a V-shape to facilitate anchoring
the box in the soil (Figure 1b).

The bottom of the ACR has a longitudinal cut one cm wide and 1.20 m
long (the cut should be made to give approximately 2.5 cm of uncut
floor at each end) to facilitate fitting the mesh floor around the stems
of the plants contained within. Special care must be taken while anchoring
an ACR in the field plot row in order to secure the floor around each plant
but to avoid damage to neighboring plants. This can easily be accom-

plished if two persons work together to position the receptacle.

Field Evaluation

Three dry bean cultivars, 'Tuscola' (semi-vine), 'Nep-2' (bush),
and 'Black Turtle Soup' (BTS; semi-vine) were selected to test the ACR
technique because of their contrasting growth and flowering habits. Seed
was precision drilled with a modified air planter into 80 m rows spaced
0.5 m apart. Spacing within the row was six to seven cm between plants
(approximately 14 to 16 plants/m). Each cultivar was bordered on either
side by itself.

Four 1.25 m segments of row were marked off at random for Tuscola,
Nep-2, and BTS, respectively. An ACR was carefully placed over a
segment and the floor of the receptacle was carefully fitted around the
plants. Each ACR was further anchored into the soil by using pieces
of steel wire two mm thick and 25 cm long. These anchors were bent
into a U-shape and fastened to the bottom of the ACR and into the
middle of row between adjacent borders.

Abscission was evaluated every four days throughout the flowering

period by collecting all abscised reproductive structures from each ACR.
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The first collection date began four days after the first open flower

in the row was noticed. Abscised flowers and pods were collected
between 0900 and 1000 hours each collection date by carefully sweeping
the ACR floor with a fine bristled brush. After collection, the abscised
materials were carefully placed into glassine envelopes, sealed, and
taken to the laboratory where they were counted and/or measured using
a 10X bifocal magnifying lens.

When mature, all plants were harvested from each ACR, weighed,
and pods removed. Seed yield per 1.25 m row (g), pod number per
plant, seed number per pod, and 100 seed weight (g) were measured.
Data were also taken on biological yield (g) and harvest index (ratio).
Biological yield and harvest index are defined here as total above ground
plant dry weight, and the ration of seed yield to biological yield, respec-

tively.

RESULTS AND DISCUSSION

Significant differences were detected among cultivars for reproduc-
tive organ production and abscission (Table 1). The percentages of
flower abscission found agreed with those reported in other dry bean
studies (1, 6). In addition, using the ACR enabled us to distinguish
between abscission of flowers and pods throughout the flowering and
fruiting period. Pod drop accounted for 64 to 82 percent of the total
reproductive structures abscised, with the shedding of small pods less
than 10 mm in length accounting for most of this.

Many studies on abscission in beans and other grain legumes relied
on methodology that involved daily counting and tagging of flowers.

Binkley (1) counted and color-coded 16,000 bean flowers during his study.
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Counting and tagging practices are tedious and time consuming, and the
fatigue encountered can lead to a lack of precise data.

Sampling (including the collection and counting operations) of
each receptacle at each four day sampling period required about three
minutes. Hence, the total time needed to obtain data for all four replica-
tions of the three cultivars investigated in each sampling period was
about 45 minutes. The coefficient of variation (Table 1) for each trait
suggested that we obtained a good degree of error control in the measure-
ments.

Abscission studies in beans have had other shortcomings. Data
from greenhouse or growth chamber experiments often have limited
usefulness because of an insufficient number of plants tested per
genotype or restrictions on the number of treatments imposed. In addi-
tion, data from field abscission studies often are taken on plants growing
under spacings that are unrealistic and do not reflect an acceptable
population density. Field-grown plants should be free from biases
caused by lack of suitable interplant competition.

Van Schaik and Probst (10) designed a collection technique for
studying the shedding of reproductive pal“'ts in soybeans under field
conditions. Their method overcame many of the objections listed above.
Nevertheless, the utility of the procedure was limited because cultivars
with purple colored flowers had to be planted adjacent to rows containing
white flowered cultivars.

In addition to evaluating total abscission of a number of cultivars,
the ACR can be used to study seasonal patterns of flowering, abscission,
and pod retention. Figure 2 shows the results of evaluating flower and

pod abscission of Tuscola, Nep-2, and BTS throughout the postbloom
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period. Measurements were made on plants of each cultivar growing in
the field at densities similar to a commercially grown crop.

There were no statistically significant differences for biomass pro-
duced, seed yield, yield components, and harvest index of plants which
grew enclosed by an ACR and those growing in random 1.25 m segments
elsewhere in the plot (Table 2). This finding substantiated our hypo-
thesis that the ACR would have no significant effect on plant growth
which possibly could be caused by shading or mulching. In addition,
plants confined to the ACR showed no visible differences for height

or vigor when compared to plants growing free from enclosure (Figure 3).

CONCLUSIONS

The ACR method we described has a high degree of utility in field
abscission studies in beans. Nevertheless, two disadvantages are
associated with the method. First, an investigator may be interested in
following the development of specific flower buds from anthesis through
physiological maturity. This would require tagging or color coding
flowers of interest on plants within the receptacle. The second dis-
advantage is that there may be some restriction of air movement through
plants growing within an ACR. Restricted air movement through the
lower canopy of bean plants could possibly create an environment
favorable to development of leaf blights and white mold caused by

Sclerotinia sclerotiorum. Disease development associated with the ACR

would be more of a problem in humid climates than in the upper Great
Lakes area.

The information that can be obtained by the investigator on flower
and pod drop using the ACR method and the precision and flexibility
gained over other techniques reported in the literature for studying

abscission in dry beans far outweighs the disadvantages.
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Abscission collection receptacle (ACR) for abscission
studies. A. Top view of receptacle showing construction
before assembling sides and ends. B. Assembled and
anchored ACR with mesh floor fitted around enclosed plants

Figure 1.
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Figure 2,
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Abscission profiles of flowers (A) and pods (B) of three dry
bean cultivars throughout the post bloom period determined
using abscission collection receptacles. Each point is the
mean of four replications. The vertical bar delineating the
L.S.D. indicates the value for a significant difference
between three cultivar means within a single sampling date
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Figure 3. Field grown plants confined to an ACR and growing free
from enclosure
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CHAPTER 5

FLOWER, POD AND LEAF ABSCISSION OF DRY BEANS
(PHASEOLUS VULGARIS L.) AS RELATED TO ETHYLENE
PRODUCTION, NITROGEN CONTENT, AND
CARBOHYDRATE LEVEL

ABSTRACT

Reproductive abscission is limiting the yield of dry beans. High
yield has been reported in new architectural forms. Strong involvement
of assimilate availability and growth regulators have been suggested as
regulatory mechanisms of the abscission in dry bean and in other legume
crops. The vegetative and reproductive abscission of nine dry bean
entries with differing plant morphology were evaluated to establish
relationships between carbohydrates (water soluble sugars, starch, and
total nonstructural carbohydrate), nitrogen, and ethylene evolution from
reproductive organs. Pod abscission accounted for 61 percent of the
total abscission. Bush (determinate) entries produced higher rates of
flower and pod abscission than the classic Il and architype (indeterminate)
forms. The highest rate of ethylene production from flowers was observed
in the cultivar Sanilac and the breeding line 61618. This was associated
with the highest rate of total reproductive abscission. When compared
with the classic Il architectural form, the small bush entries had an
increased rate of abscission and a lower level of total nonstructural
carbohydrate in stems during the pod elongation stage. A total non-
structural carbohydrate to nitrogen ratio of about eight seemed to

stimulate abscission during the pod elongation stage. On the other hand,
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a total nonstructural carbohydrate to nitrogen ratio of 12 was associated
with decreased abscission. Foliar abscission accounted for 70 percent
of the leaf dry matter losses and 80 percent of the foliar nitrogen was
reallocated. A high potential for nitrogen remobilization was associated

with delayed leaf senescence in the classic Il and architype forms.

Additional index words: abscission collection receptacle, water soluble

sugars, nonstructural carbohydrates, yield potential, yield losses.

INTRODUCTION
More than 50 percent of the reproductive structures produced on

plants of common bean (Phaseolus vulgaris L.) abscise. Hence, repro-

ductive abscission is thought to be a major factor in reducing the yield
potential of dry edible beans. lzquierdo and Hosfield (13) reported
shedding of reproductive structures of 48 percent, 66 percent, and 67
percent for the cultivars 'Tuscola,' 'Nep-2,' and 'Black Turtle Soup,'
respectively. These results were determined from field grown plants
using an abscission collection receptacle (ACR) (13) and agreed with
previous bean abscission work (8, 21). Control mechanisms of reproduc-
tive abscission in beans and in other legume crops have been postulated
to involve developmental competition within the raceme for C-assimilates.
Plant hormones, specifically endogenous ethylene, may also regulate
abscission. Pod retention in a dry bean crop determines the portion

of the yield potential achievable in any set of environmental conditions.
It is probable that yield could be increased by reducing reproductive
abscission. Yield advantages have been reported for some architectural
forms by Adams (2). However, little information is available which

describes the abscission levels in any dry bean cultivar. The role of
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carbohydrates in their regulation of abscission is unclear (22) and
ethylene has been postulated as the promotion factor in reproductive
abscission (11, 15).

This study was conducted to determine fruit production, abscission
level and rate of dry bean strains with different architectural forms.
Ethylene monitoring from flowers and pods was conducted to establish
differences in the rate of production of this growth regulator and its
possible relationship to levels of abscission. Total nonstructural carbo-
hydrates (TNC) and nitrogen (N) status were determined to relate
abscission levels to the general assimilate level for each architectural

form.

LITERATURE REVIEW
Fruit setting and pod retention is acropetal in legumes (19).
Abscission of flowers or small pods occurs on practically every raceme
of the plant. There is evidence that suggests that the basal and older
pods regulate the abscission of new flowers and small pods in several
species of grain legume. This has been substantiated in cowpea (Vigna

unguiculata L., 19), lupin (Lupinus luteus L., 26), lima bean (Phaseolus

lunatus L., 10), faba bean (Vicia faba L., 16), soybean (Glycine max L.

Merr., 30) and in common bean (P. vulgaris, 21, 22, 24). It has been

postulated that the regulation of abscission is due to the inability of
younger fruits as they develop to compete successfully with each other
or with vegetative tissue for assimilates (23, 30) and this situation is
aggravated when the level of available carbohydrates is low (22, 25).
Low water soluble sugars (WSS) and starch content of pod walls of

aborting bean pods was reported by Tanaka and Fujita (25) as an
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indication of a shortage of carbohydrates during pod wall growth
which led to pod abscission.

There is also evidence that suggests that abscission in legumes is
under hormonal control (5, 6, 22, 24). Ojehomon (19) examined
factors controlling abscission in cowpeas and concluded that the basal
racemes in the plant or the basal flowers of the inflorescence promoted
abscission in the more distal ones, not simply by sequestering the
assimilate from the subtending leaf, but probably through the action
of diffusible hormones. Based on the hypothesis that more mature pods
are more potent sinks within the raceme, Adedipe et al. (6) studied the
effect of benzyladenine on wC -assimilate import in pods of cowpeas. He
found that the mature pods were more competitive and suggested that
pod abscission could be due to a deficiency in endogenous cytokinins in
the younger pods which in turn resulted in an inability for C-assimilate
mobilization. Other work showed reduced abscission of young bean pods
when older fruits were removed (24). Tamas et al. (24) suggested that
the effect the mature pod had on the abscission of flowers and young
bean pods was due to differential levels of abscisic acid. Further work
was conducted by Subhadrabandhu (22), who found that bean populations
with high abscission potential also contained higher abscisic acid levels
in the pod than populations with low potential abscission. This finding
(22) supported Tamas et al.'s work (24).

The abscission of flowers and developing bean pods occurs at the
junction of the pedicel and peduncle and is delineated by a narrow con-
stricted zone of cells (28). In this zone, separation of cells is restricted

to four or five rows of parenchyma cells. No differences in structure of
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the abscission zone of flowers and pod were found when compared to
the foliar abscission zone (28). Solubilization of pectic substances,
increased calcium oxalate crystals and partial disintegration probably
of the middle lamela area characterized cell separation during abscission
(29). One of the striking features of reproductive abscission in dry
beans is the speed with which the observed structural changes in the
cell wall occur. Reproductive abscission occurs within 48 hours in
contrast with the foliar abscission which generally requires eight days
(28).

Increased cellulase activity during and prior to cell separation
requires ethylene for activation and secretion to the abscission layer
(1). Wright and Osborne (31) showed a specific and positional growth
response to ethylene in the cells of the abscission layer of Phaseolus
vulgaris L. This unique, non-auxin like, ethylene inductive growth was
described as cell enlargement and occurred only in one row of cells of
the abscission layer. These authors referred to this layer of cells as
the target cells for ethylene abscission promotion (20). Causative effect
of ethylene on abscission symptomatic growth has been attributed to
this growth regulator (20).

Endogenous ethylgne has been reported by many workers to be
closely associated with abscission in many plant species (1). It has been
reported to cause flower and pod shedding in broad bean (11) and repro-
ductive abscission in P. vulgaris (15). It was speculated that the
ethylene produced by the first flowers and pods could induce the
inhibition of carbohydrate mobilization during early development of the
younger developing pods (15). Variation between genotypes for ethylene
production from flowers and pods was associated with abscission patterns

(14, 15).
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Watkins and Cantliffe (27) concluded that competition for metabolites
by early developing cucumber fruits over later fruits or the production
of growth hormones by developing seed which inhibit further other
fruit development were the causes of the regulation in fruit set. Fur-
thermore, It has been reported that when auxin transport was inhibited
from the inside of the fruit ovary causing an increase in the auxin concen-
tration within the ovary tissue, fruit set was enhanced (7, 27). A critical
auxin level inside the ovary or a critical balance between inside levels
and that directly next to the ovary was postulated as the regulatory
mechanism for fruit set (27). A relation between auxin and ethyiene
metabolism was proposed after the finding that auxin (IAA) induced
endogenous ethylene production by stimulation of synthesis of ACC-syn-
thethase, an intermediary enzyme in the methionine to ethylene pathway
(32). The Molish theory of "exhaustion death" was discussed by Nooden
and Lindoo (18). Molish proposed that the diversion of nutrients to the
reproductive parts of the plant at the expense of the vegetative parts
was the cause of senescence. Nutrient diversion or senescence hormonal
signaling (18) are not believed to be purely passive mechanisms. They
involve interaction of growth regulators. Obtaining a legume plant that
can supply the needs of the developing fruits without dying in the process
could insure a greater chance for survival or inclusively greater yield

and yield stability.

MATERIALS AND METHODS

Genetic Materials and Plant Architecture

Nine strains of dry beans were used as entries in this study. The

entries represented four distinct architectural forms and two growth
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habits which are described in detail elsewhere.1 The architectural forms
were selected on the basis of differences in the length of time to maturity,

reproductive growth pattern, and yield.

Planting and Sampling Procedures

The nine entries were grown in the field in 1980 at East Lansing,
Michigan. Seed was precision drilled into eight row plots with a tractor
mounted air planter. Rows were 10 m in length and spaced 47 cm apart.
Within row spacing was seven to eight cm giving between 14 and 16 plants
per meter of row. Plots were arranged in a randomized complete block
with four replications. Standard practices for herbicide and fertilizer
application were used. In late September, mature plants were removed
by hand from two, 2-m sections of row (1.88 mz) of individual plots and
threshed by hand. Just prior to threshing, data on yield components
were recorded. Yield components consisted of number of pods per plant,
number of seeds per pod and weight of 100 seeds. After threshing,
seeds were analyzed for moisture content and weighed for yield (g) per
plot. Yields were adjusted to 16 percent moisture content. Determinations
of dry matter, water soluble sugars (WSS), starch, and nitrogen (N) were
made on stem and leaves at four different physiological stages (PS),
anthesis (A), mid-pod elongation (MPE), mid-seed filling (MSF), and
physiological maturity (PM). These stages are described elsewhere.l
Plants from 1-m of row were harvested from one of the center rows of
each plot at each of the above mentioned PS. The stem and leaves were
frozen at -19°C and dried in a forced air circulating oven at 100°C for one

hour and 70°C for 36 hours.

1Chapter' 2 (lzquierdo, J.A., 1981, unpublished).
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Sugars and Starch Analysis

The extraction of WSS was completed using essentially the method
of Black (9) for defatted soybean meal. Sugars were separated and
quantified using high performance liquid chromatography (HPLC)
according to the procedure of Lester et al. (17). Starch was determined
after first solubilizing it in sodium hydroxide and then hydrolizing to
glucose using enzymes (17). The glucose liberated by the starch digestion
was determined quantitatively by the use of a Glucostat reagent kit

and HPLC analysis.

Nitrogen Analysis

Percentage of nitrogen was estimated by near-infrared reflectance
(NIR) measurement on dry tissue samples using an infrared reflectance
spectro (Neotec Corporation, Model 41). The method of sample prepara-
tion and analysis are described elsewhere. 2

Vegetative and Reproductive Abscission
Data Collection

Abscission collection receptacles (ACR) described by |zquierdo and
Hosfield (13) were placed in one of the center rows of each replication.
Abscised materials, which included flowers, pods, petioles and leaf
blades were collected every four days after 50 percent flowering
(DA 50 percent F) had occurred for each entry. Collection of foliar
material was done by hand and flowers and pods were removed from the
floor of each ACR using a battery operated hand-held vacuum cleaner

manufactured for cleaning automobiles. The use of the vacuum cleaner

2Chapter 3 (lzquierdo, J.A. 1981, unpublished).
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reduced the sampling time compared to using a brush and was well-suited
to collecting abscised reproductive parts. All the collected materials
from each entry were kept separately in glassine envelopes until they
could be counted. Leaf blades and petioles were placed into paper bags
for drying as described above for dry matter determinations. Reproduc-
tive abscission was measured as described elsewhere (13) and the level
and rates of flower and pod abscission were calculated on a per square
meter and day basis. Total number of pods produced per ACR were
counted at maturity. The pods were hand threshed and the seed yield
determined. Data on yield components and seed yield from a 1.25-m row
segment of non-enclosed plants were observed to establish comparison
with the data from enclosed plants as were done previously (13). The
rate of foliar abscission was calculated on the same basis with the dry
weights of leaf blades and petioles. Nitrogen analysis as described above

was conducted on the foliar abscised material.

Ethylene Production Rate

Endogenous ethylene production from reproductive non-abscising
organs was measured. Fresh flowers, one day old flowers and small
pods (less than 35 mm in length) were detached from field grown plants
and placed into 20 cc Vacutainersg. The Vacutainers were fitted with
a rubber septum to permit the withdrawing of gas samples with a syringe.
A one cc sample of gas was taken from each Vacutainer after a period not
exceeding one hour (14, 15). The gas samples were injected in a
gas-liquid chromatograph (GLC) equipped with a flame ionization detector
(FID) and column appropriate for ethylene detection. Fresh weight of

the flowers and pods--ten per tube--were obtained after the gas sampling.
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Each field grown entry was sampled for ethylene production from repro-
ductive organs at A, MPE, and early seed filling. Ethylene samples
were always taken between 0800 and 0900 on the respective sampling
date. Care was taken to choose flowers and pods from healthy plants
and from the nodal positions corresponding to the middie canopy region
of each plant. No appreciable ethylene evolution occurred through
the rubber septum. This was substantiated using a control which con-
sisted of a vial and a rubber serum stopper. Induced-wound ethylene
evolution from excised segments of fruit peduncles was estimated to be
equal to 0. 15 nl.g"1 after one hour of accumulation. This value was

subtracted from the data of the ethylene produced by flowers and pods.

RESULTS

Significant differences among entries were detected for the total
number of flowers produced and reproductive structures abscised
(Table 1). Reproductive abscission was broken down into two components:
1) Shedding due to flowers; and 2) Shedding due to pods. Entries
characterizing the small bush architectural form produced significantly
higher numbers of flowers than the architypes and BTS (Classic Il).

Flower abscission accounted for an average of 39 percent of the total
abscission but only for 20 percent of the total number of reproductive
structures produced per ACR. The cultivars 'Sanilac,' and 'Tuscola’
and the breeding line 61618 abscised significantly higher numbers of
flowers per ACR than did the cultivars 'Seafarer,' 'Nep-2' and the
breeding lines 61380 and C-14. Differences in flower abscission were
not associated with any architectural form. Pod abscission accounted

for an average of 61 percent of the total abscission. Pod abscission
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(abscised pod/ACR) was significantly higher for Seafarer and Sanilac
than »the other entries (Table 1). On the other hand, the Tuscola,
also a small bush architectural form, abscised significantly less pods
than the Seafarer and Sanilac. This finding supports our earlier
work (13) showing low pod abscission for the cultivar Tuscola.

The architype 61380 abscised significantly fewer pods per ACR than
the classic |l cultivars Nep-2 and all the entries comprising both bush
forms (Table 1). Significant differences in total reproductive abscission
per ACR were observed. The architype and classic Il architectural forms
abscised significant fewer organs than did the cultivars with small bush
forms and non-significantly less than the tall erect bush breeding line
C-14. In spite of the above differences in abscission the number of
mature pods harvested per ACR did not follow the same pattern (Table 1).
The cultivar Sanilac produced significantly higher number of pods per
ACR than the breeding lines C-14, 61356 and 61618.

)

A significantly higher rate of flower abscission (flower.m 2.day”
was observed at 17 DA 50 percent F for the small bush architectural
forms than for the other three forms (Figure 1a). On the other hand,
the peak for flower abscission of classic Il plants occurred at 22 DA 50
percent F. The tall erect bush strain (C-14) showed the same abscission
pattern for flowers as did the small bush. The large number of flowers
abscising early in reproductive development (17 DA 50 percent F) agreed
with lzquierdo and Hosfield (13).

Two maximum peaks in the pod abscission rate were observed for

the small bush forms at 17 and 32 DA 50 percent F, respectively (Figure 1b).

In the former, the small bush abscission rate was significantly higher than
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for the other three architectural forms. When the second peak occurred,
only significant differences between the classic Il and tall erect bush
forms were found. Architypes showed a non-significant but higher

pod abscission at 37 DA 50 percent F than the other forms. At PM all
forms showed low rates of abscission (Figure 1b).

Significant differences among entries in their endogenous ethylene
production rate were found at the MPE stage of reproductive development
(Table 2). The differences, however, were not associated with any
particular architectural form. Sanilac and 61618 produced the highest
amount of ethylene per fresh weight and unit of time in flowers and pods
at MPE, however, the rate of production was only significantly higher
than the rate for Nep-2 and Seafarer. A very low rate of ethylene pro-
duction from small pods occurred at the beginning of the seed filling
period.

Figure 2 shows significant differences in the rate of foliar abscission
at 37 DA 50 percent F. The bush (small and tall erect) entries had a
higher but non-significant rate of leaf shedding at 32 DA 50 percent F
for the four architectural forms and they maintained significant differences
in the rate by 37 DA 50 percent F than classic Il (Figure 2). The archi-
types showed an approximately similar rate as classic |l entries at 37 DA
50 percent F. By PM all architectural forms abscised leaves at about the
same rate, 4.5 g (dry weight) . m 2. day-l, although the rate for the
small bush entries was non-significantly higher than the others.

Significant changes in leaf dry matter were observed during ontogeny
(Table 3). The architype 61356 lost a significantly higher amount of its

dry matter from MPE to PM than did BTS, Tuscola and C-14. On the other
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hand, losses in foliar nitrogen (change) did not follow the same pattern
as for losses in dry matter. Higher losses of foliar N were observed for
61380 (architype) compared to the classic Il and the bush architectural
entries (Table 3). The leaf dry matter abscission was affected little
by either strain or architectural form. Only Sanilac abscised signifi-
cantly higher dry matter than Seafarer (Table 3). On the other hand,
differences in loss of N due to abscission were significant. The archi-
types lost more due to abscission than the other forms, however, the
losses of 61380 and 61618 were significantly higher than of those of
Seafarer. The percentage of N lost by foliar abscission followed the
same pattern as the percentage of dry matter lost by abscission (Table 3).
On the average, foliar abscission of all entries accounted for 70 per-
cent of the losses in dry matter of vegetative tissue among entries but
only 21 percent of the losses in N. This finding tempts us to speculate
that N is remobilized from leaves prior to the separation and shedding
of leaves. Architype breeding line 61380 had a significantly higher
potential for reallocation of foliar N into developing seeds than the
breeding lines 61356, C-14 and Sanilac and Tuscola. Figure 3a shows
that in the small bush entries the maximum reproductive abscission (flowers
plus pods) occurred in a sequential fashion with time and was accompanied
by an increased accumulation of N and TNC in the stems. On the other
hand, a reduced abscission level was observed for the classic |l entries
(Figure 3b) and architypes (Figure 3c) while either accumulation of
assimilates had ceased by MPE or increased in a lower proportion for
small bush plants during the same period of development. The rate of
ethylene production was maximum by MPE in all architectural forms and

first occurred prior to the peak of reproductive abscission.
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Significant differences in seed yield were observed at maturity
(Table 4). The breeding line 61380 produced significantly higher
yields than 61618, C-14, BTS, Nep-2, Seafarer, Sanilac, and Tuscola.
Sanilac produced the lowest yield but this was not significantly lower
than that of Tuscola. Yield abscission losses were calculated estimating
an even probability of normal development to produce a productive pod
filled with the same number and size of seed for all abscised organs. It
was assumed also, the non-existence of component compensation among
the yield component pod/mz, seed/pod, and seed size. The yield poten-
tial was calculated by adding the yield abscission losses together with
the actual yield (Table 4). Yield abscission losses accounted for an
average over all entries of 54 percent of the yield potential and a
non-significant negative correlation of r=-0. 45 between actual yield and

calculated abscission losses.

DISCUSSION

The results showed that the total reproductive abscission averaged
over the nine bean entries was 48 percent and ranged from 42 for 61380
(architype) to 54 percent for Sanilac (small bush) bean (Table 1).
Abscission levels in P. vulgaris of 44 to 76 percent have been reported
previously by Binkley (8). Differences among cultivars for percent
abscission have been reported by lzquierdo and Hosfield (13) and
Subhradrabandhu (22) reported that BTS had lower reproductive
abscission than Seafarer. The data from the present study agree with
these reports.

Differences among entries for total abscission were principally due

to the abscission of small pods (less than 35 mm in length) and an average
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of 61 percent of the total abscission involved pods. In this regard,
the architypes of 61380 and 61618 had the lowest percentage of pod
abscission, while contrary-wise 61618 had the highest reproductive
abscission which was due to a high floral abscission. Most pod abscission
measured in our study occurred while pods were very small. Since pods
abscised at such an early stage of development one might suggest that
the lack of fertilization was mainly responsible for abscission. However,
it has been reported that only one ovule needs to be fertilized to prevent
pod drop in P. vulgaris (12). Furthermore, stress enhanced pod abscission
was stated not to be caused by failure in fertilization by Harterlein (12).
This has been supported with data for soybean abscission (30).
Abscission may result from water stress or from competition among
developing pods for nitrogen, other nutrients and carbohydrates.
Another cause of abscission is probably related to hormonal regulation
of abscission of younger developing structures in a raceme, mainly by
the older fruit. Regulatory control also could be exerted through
hormone availability, hormone balance or hormone inhibition of assimi-
late mobilization to developing seeds. Differences between cultivars
for ethylene production by reproductive structures has been reported
by lzquierdo and Hosfield (14) and related to levels of reproductive
abscission (14). El-Beltagy (11) suggested ethylene as the cause of
abscission in broad beans and specific response to ethylene by target
cells located at the peduncle of pods has been described in beans by
Osborne (20) and Webster (29). Ethylene production rate in our study
was maximum at the MPE stage (Table 2). The breeding line 61618 and
the Sanilac produced the highest rates of ethylene released from flowers

and pods and these entries had the maximum percents of total abscission.
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In spite of the close relationship found between ethylene production and
reproductive abscission for 61618 and Sanilac, Nep-2, with about the
same level of abscission had the lowest rate of ethylene production at
MPE (Tables 1 and 2).

Recently, Wiebold et al. (30) speculated that increased abscission
in canopy regions receiving low irradiance might be a consequence of
nonavailability of photosynthates in soybean racemes. Localized com-
petition among older and younger developing pods, at each "phytomeric
unit" proposed by Adams (4), could cause a localized abscission.

Carbohydrate availability and level were studied as regulatory
agents in abscission. Subhradrabandhu (22) reported that carbon
dioxide enrichment and long days applied during the reproductive
phase decreased pod abscission due to a high accumulation of carbohy-
drates in the stems of BTS. Higher IKl-starch score values have been
associated with higher pod retention and yield of Nep-2 and BTS than
the Tuscola by lzquierdo et al. (15). The data in this study support
these reports (Figure 3). When compared with the classic Il architectural
form the small bush beans had an increased rate of total abscission associated
with lower TNC level by the MPE stage (Figure 3a, b). It is suggested that
an apparent competitive accumulation of TNC and N in the stem occurred
during this period for the small bush form cultivars. This accumulation
is coincidental with increased abscission and supports the idea that a
reduced level of available carbohydrate is triggering the abscission of
small pods. On the other hand, lower levels of abscission for the classic
Il and architype entries than for the small bush entries were associated
with higher TNC and N levels at MPE. It is tempting to speculate that

the ratio of TNC /N in stem tissue is associated with abscission. A TNC/N
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ratio of about eight at MPE seemed to increase abscission at MSF. The
availability and interaction between TNC and N appear to be related to
the regulatory mechanism in reproductive abscission although a strong
effect of ethylene cannot be ruled out.

Although foliar abscission accounted for 70 percent of the leaf dry
matter changes during reproductive growth, an average of 80 percent
of the N was reallocated from leaves. It has been postulated (18) that
reallocated N is utilized in seed filling. However, the N reallocation
differences among entries did not explain entirely the differences in
senescence and foliar abscission rate. It is necessary to include the
level of N for potential remobilization. Architypes and classic |l entries
had higher remobilizable leaf N than the bush forms and lower foliar
abscission.rate late in the reproductive period. This higher potential
for N remobilization was associated with delayed leaf canopy senescence
and a longer growing period than for the bush forms. The bush entries
seemed to follow the nutrient diversion principle (18) and late remobiliza-
tion of assimilate from leaves and other vegetative parts to developing
seeds is coincidental with rapid senescence and death.

All architectural forms maintained a basal rate of foliar abscission
during pod development and early seed filling. Since photosynthetically
active sources lost by abscission during this early period was not impor-
tant, perhaps phytosynthesis was sufficient for both vegetative and
reproductive needs. Accumulation of TNC and N in a particular storage
organ could have caused competition sufficiently large among developing
structures to cause their abscission. Breeding strategies for early TNC

and N accumulation and late flowering during an extended growth season
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are postulated as key factors in increasing yield in this crop. Genotypic
differences for these characters indicated the existence of genetic varia-
bility but not necessarily associated with any architectural form. In
some cases, the new architectural form, the architype, offers a possibility

for a potential expression of a minimum abscission leading to high yields.
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Rate of ethylene production from reproductive structures

at different stages during the reproductive development of
nine dry bean strains comprising four architectural forms

Reproductive stages

Architectural Anthesis Mid-pod elongation Early seed filling
form and entry (flowers) (flowers+small pods) (small pods)
ethylene nl.g” ! (fresh wt.).h!
Architype z
61380 14.35 14.00 abc 0.48
61356 10.53 11.54 abc 0.49
61618 11.27 21.12 a 0.54
Classic 11
BTS 9.75 17.91 abc 0.46
Nep-2 13.29 8.97 bc 0.86
Small bush
Seafarer 14.25 19.46 ab 0.20
Sanilac 11.88 22.22 a 0.49
Tuscola 12.28 17.69 abc 0.24
Tall erect bush
C-14 12.27 18.61 ab 0.29

ZMean separation in

columns by Duncan's range test, five percent level.
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Table 4. Estimated losses in yield due to abscission, actual yields
and yield potential of nine dry bean entries comprising
four architectural forms

Estimated
Architectural yield loss due
form and entry to abscissionX Actual yield Yield potentialy
kg. ha !
Architype 2
61380 2661 3577 a 6239
61356 3185 3076 ab 6262
61618 3188 2949 b 6137
Classic 11
BTS 2904 2589 bcd 5494
Nep-2 2798 2845 b se44
Small bush
Seafarer 3496 2569 bcd 5066
Sanilac 3443 1823 e 5266
Tuscola 2822 2162 de 4984
Erect small bush
C-14 3027 2366 cd 5394

x(repr'oductive abscission/mz) + (seed/pod) - (seed weight).
YYield potential = Estimated yield loss due to abscission + actual yield.

ZMean separation in columns by Duncan's range test, five percent level.
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Figure 1. Abscission rate for flowers (a) and pods (b) associated
with four architectural forms of dry beans throughout

the post bloom period determined using abscission
collection receptacles
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Figure 2. Abscission rate for leaves of dry beans associated with
four architectural forms throughout the post bloom
period determined using abscission collection receptacles



145

iv

(4 4

L€

ONIHIMOTd %0S H3L4AVY SAVA

ce L7 X4 i1 i L

= IR 4
/ SYPLEL ] ] i
\ 1891810184 yd * P
/ so-ds1 J

oaa:._o.<< B

1 2iss®id @
ysng 32040 giex []

yenqg yewg O

[ |
N
-

L _Aepr, w(m £1p)8] NOISSIOSEV HVIT04



146

Figure 3. Abscission rate, ethylene production and stem assimilate
level during ontogeny of small bush (a), classic Il (b),
and architype (c) architectural dry bean forms
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SUMMARY AND CONCLUSIONS

In the cereals and grain legumes the unimpeded transport of photosyn-
thate and nitrogen to the "sink is important for normal arain development.
High yields have been associated with cultivars that have large sinks and
which partition C-assimilate efficiently. Moreover, yield stability of grain
crops may be associated with remobilization of reserve nonstructural carbo-
hydrates and nitrogen from storage organs during periods of stress.

In dry edible beans (Phaseolus vulgaris L.) improving the efficiency of

the grain filling process has been an objective of breeders for the past
decade. Selection for recombinants with high harvest indices has been part
of the dry bean breeding strategy of several programs. Recently, breeders
have become interested in characterizing genotypes for their rate and
duration of seed filling and remobilization of stored starch during reproduc-
tive development. Physiological efficiency in regard to partitioning and
remobilization is viewed as an important means for improving yields of dry
bean cultivars.

During the past few years, a significant modification in the architecture
of semi-determinate dry bean plants has been achieved. The new architec-
tural form ("architype") is characterized as tall, erect, and amenable to
growing in narrow rows. In addition, "architype" strains are higher yielding
than the widely grown and accepted cultivars they are replacing. It is
tempting to speculate that the advantage associated with the "architype" is
due to a larger sink (increase in the nuniber of pod bearing nodes), more

efficient grain filling, and less reproductive abscission.
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To study C—assimiléte partitioning, remobilization of nonstructural
carbohydrates and nitrogen, and abscission in dry beans this thesis
research was undértaken.

Specific objectives were to: 1) ascertain relationships between bean
cultivars with differing plant architecture and rate and duration of seed
filling and abscission, and 2) elucidate whether the yield advantage of
the "architype" can be explained by a more efficient C-assimilate parti-
tioning than other architectural forms.

The thesis research was implemented by evaluating partitioning,
remobilization and abscission on several tissues of dry beans and at
several stages during their reproductive development. Water soluble
sugars, starch, and nitrogen content were determined on roots, stems,
petioles, leaves, pod walls, and seeds in each of two years. In 1979,
three strains were sampled at four day intervals throuchout the repro-
ductive growth period. In 1980, nine strains were evaluated at four
reproductive stages (anthesis, mid-pod elongation, mid-seed filling,
and physiological maturity).

The strains used were characterized by four architectural forms and
belonged to type | and Il growth habits as defined by the Centro Inter-
nacional de Agricultura Tropical (CIAT), Cali, Colombia. Architectural
form A were small bush plants (CIAT type |) and were made up of the
cultivars 'Seafarer,' 'Sanilac,' and 'Tuscola.' These cultivars belong to
the navy commercial class and account for most of the navy bean grown
in the United States. Architectural form B was characterized by tall
and erect bush plants (CIAT type I). The breeding line C-14 was the

only architectural form B entry. The cultivars 'Black Turtle Soup' and
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'Nep-2' were characteristics architectural form C plants. These were
semi-determinate entries (CIAT type Il1) that lodged at maturity. The
breeding lines 61380, 61356, and 61618, comprised the "architypes" and
were characteristic architectural form D plants (semi-determinate; CIAT
type I1).

During the course of the research several seed filling parameters
were determined from sample data fitted to a regression equation appro-
priate to the cubic model. The relationship between reproductive and
vegetative abscission was studied by measuring the level and the pattern
of each. In addition, the amount of ethylene evolved from flowers and
small pods was measured and correlated with abscission. Experiments to
quantify abscission under field conditions were made feasible by the develop-
ment of appropriate methodology. One method was the construction and
placement of abscission collection receptacles (ACR).

The following conclusions are made on the basis of this research:

1) Yield differences among the entries were more associated with the
length of the seed filling period than with the rate of seed growth. The
architypes and the cultivars Black Turtle Soup and Nep-2 showed more
than a two-fold increase in the duration of the filling period when compared
with the standard bush cultivars.

2) Dry matter remobilization from stems and pod walls, the most
important sources of remobilization, was negatively and significantly
correlated with duration of the seed filling. A large remobilization factor
for dry matter characterized the standard bush form. These cultivars
filled seeds at the highest rates and for the shortest period to produce the
lowest yield. The high yield of the architype 61380 and 61356 may be due
to the loncer filling period than the other architectural forms associated to

a high dry matter remobilization from storage sites to the seeds.
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3) Differences in sugars and starch (total nonstructural carbohydrates)
and nitrocen were associated with entries and physiological stages over
the entire reproductive growth period. However, a significant increase
in the level of total nonstructural carbohydrates due to accumulation of
starch in the stems was found at middle seed filling and was independent
of entry. Nitrogen followed the same pattern as did TNC.

4) The highly significant interaction of entry x physiological stage
for carbohydrates in stems, roots, and pod walls was due to differential
remobilization to the seeds. The small bush entries (form A) remobilized
larger amounts of TNC from the stems to the seeds after mid-seed filling
than the other architectural forms. The architypes remobilized carbohydrate
but the classic Il entries (Nep-2 and Black Turtle Soup) did not.

5) The modified harvest index and the harvest nitrogen index were
the parameters that correlated the best with yield.

6) Reproductive abscission limits the yield of dry beans. Fifty percent
of the theoretical yield is lost by abscission and 61 percent of the total
abscission was accounted for the dropping of small pods. The bush forms
produced hicher rates of flower and pod abscission than the classic Il and
some of the architypes.

7) Ethylene is viewed as being one of the regulating factors in repro-
ductive abscission in dry beans. The highest rate of ethylene production
from flowers was observed for Sanilac and 61618. This was associated
with highest rate of total reproductive abscission.

8) Assimilate availability was implicated as being strongly involved
in the regulation of abscission. Competitive storage of TNC and N in
stems seemed to stimulate reproductive abscission in the small bush entries

during the early reproductive development. A TNC/Nitrocen ratio of about
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eight stimulate abscission during the pod elongation stage. On the other
hand, a TNC/Nitrogen ratio of 12 was associated with decreased abscission.
9) Foliar abscission accounted for 70 percent of the dry matter losses
of the leaves, and 80 percent of the foliar nitrogen was reallocated before
abscission. Delayed senescence was associated with larcer pool of
remobilizable nitrogen.

10) The abscission collection receptacle was an appropriate method for
studying abscission in the field. The advantages are due to the method's
feasbility, practicality, continuity and reduced cost.

11) Starch status determined by the IKl-starch score method allows
for only gross separation of starch storing and non-starch storing geno-
types. It also requires the investigator to establish a reference to starch
content determined in the laboratory.

12) The yield superiority of the architype is based on an extended seed
filling period and high partitioning of carbohydrates and nitrogen. A
larger sink than the other entries, a lower abscission rate, and larger
seed size were associated with the yield superiority. On the other hand,
remobilization could be a mechanism to keep yield high under adverse condi-
tions (stability), and also to allow for maximum yield under non-stress
conditions.

13) The results of this work suggest that in order to maximize and
stabilize yield in dry beans, selection for efficient partitioning and
remobilization must be incorporated as a major objective of the breeding

programs in addition to the selection for only an increased sink capacity.
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Table 1.

APPENDIX A

Method of analysis of nonstructural carbohydrates in dry
bean tissues

A) EXTRACTION OF SOLUBLE SUGARS

1.

L
5.

6.

Place 500 mg dry tissue samples ground to pass a 45 mesh sieve
in 50 cc centrifuge plastic tubes.

Add 25 ml 80 percent ethyl alcohol and cap tubes.

Homogenize 40 minutes at 85°C in a shaking water bath. Stir
periodically with glass stirrer to avoid decantation.

Centrifuge for nine minutes at 10, 000 rpm.

Extract supernatant into 50 cc centrifuge plastic tubes. Dry
remaining pellet fraction 12 hours at 65°C and transfer to 25 ml
plastic bottle. Cap bottles and store at -3 to 0°C.

Add to the extract two ml ten percent lead acetate. Centrifuge
three minutes at 10,000 rpm and extract supernatant again into
50 cc centrifuge plastic tubes.

Add to the extract two ml ten percent oxalic acid. Centrifuge
three minutes at 10,000 rpm and extract supernatant into 40 ml
volumetric glass tubes.

Immerse the glass tubes in a boiling water bath and evaporate
to about 19 ml. Adjust final volumen to 20 ml with distilled water.
Add 0.1 ml saturated benzoic acid solution for preservation.
Transfer to 25 ml plastic or glass bottles, cap tightly and store
at -3 to 0°C.

B) SOLUBLE SUGAR ANALYSIS

1.

2.

Prefilter two ml of extract (A.9) with a C18 SepPakR.

Inject 15 ul of the filtrate into the port of a high pressure liquid
chromatograph acconditioned with a u-Bondapak column for carbo-
hydrate separation. The solvent phase is 70:30 CH3CN :H20 (v/v)

pH 4.8, flowing at 2.0 ml.min” .
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Appendix A Table 1 (continued)

3.

Use high purity standard for sugar qualitative and quantitative
determination. Prepare one mg/ml in 80 percent alcohol standards
of individual and joined sugars. Use co-chromatograms and
standard retention times for qualitative identification. Peak

area sample/peak area standard ratio times concentration-and
dilution factors will give you the amount (mg/g d.wt.) for each
sugar (Appendix A, Figure 1).

C) STARCH ANALYSIS

1.

Starch solubilization and alcaline digestion.

a. Redry pellet fraction (A.5) three hours at 65°C.

b. Place 200 mg of the redried pellet into 15 ml centrifuge
plastic tubes.

c. Add five ml 0.5N sodium hydroxide and cap tubes.

d. Homogenize one hour at 35°C in a shaking water bath with
frequent vortexing.

e. Neutralize by adding five ml 0.5N acetic acid. Centrifuge
one minute at 10,000 rpm.

Enzymatic breakdown to glucose

a. Transfer one ml supernatant (C.1.4) into ten ml glass tubes.

b. Add one ml ten mg/ml amyloglucosidase (SigmaR) 2200 U/g,
0.2 ml 0.1 mg/ml Alpha amylase (SigmaR) 1270 U/g and 0.2 ml
5 ul/ml Beta-amylase (SigmaR) 1140 U/g and incubate one hour
at 55°C. The enzyme solutions are prepared fresh in 0. 1M
sodium acetate pH 4.8 buffer solution.

Glucose Analysis
a. By HPLC analysis inject 15 u 1 of the hydrolizate (C.2.2) into
a HPLC as described before (B). Analyze for glucose.
b. Buy a Glucostat Reagent-Assay KitR (Sigma No. 510).
1. Take 0.5 ml of the hydrolizate (C.2.2) into 15 ml centrifuge
plastic tubes.
2. Add 5.5 ml distilled water.
3. Add two ml 0.3N barium hydroxide and two ml 0.3N zinc
sulfate.
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Appendix A Table 1 (continued)

4. Centrifuge three minutes at 10,000 rpm.

5. Take 0.5 ml supernatant into ten cc glass test tubes and
add five ml of the enzyme-color reagent solution (Sigma
Technical Bull. No. 510).

6. Incubate 12 minutes at 37°C and read absorbance at 450 nm.
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APPENDIX A

Figure 1. HPLC Chromatogram of the free sugars in dry bean
(Phaseolus vulgaris L.) tissues
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HPLC condition:

H=-BONDAPAK column
70:30 CH3CN:H20(v/v)
2.0mi/min. flow rate
15p1 inyection

GLUCOSE
SUCROSE
myo-INOSITOL
RAFFINOSE
STACHYOSE

VR wN =
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APPENDIX B

Relationships of pod and seed development with stem IKl-starch score
during the reproductive period of the cultivars Tuscola (Figure 1),
Black Turtle Soup (Figure 2), and Nep-2 (Figure 3) grown in 1979
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APPENDIX C

Relationships of pod development and abscission with stem |Kl-starch
score and ethylene production rate during the reproductive period of
the cultivars Tuscola (Figure 1), Black Turtle Soup (Figure 2), and
Nep-2 (Figure 3) grown in 1979



163

‘.:l't.o"loﬂu BéVH NOILONAOYd INITAHLI QOd
©

v v v v v v
v "I ysauy L.Kvp'ngot o 31VH1HOIIMAOd 9
1
K
S
g <
7] 0
5 [ ]
[
(72
8
Q
w
X : ¢
-l
:
" @ -
\\‘ =
* N
N
22 Y
)
- 4 y <
w
a
w
e >
5 4
- Q
2
g U
- (-]
i [ .L—.g
~ % 0 "I'[ x-p-mé 3.|.vu% HLON3100d
I Ab 4 -2
L 1 3400S ) HOWV1S l;lmals 1 ;
n < [] ~N -

jued/pod NOISSIOSaY a0d

PHYSIOLOGICAL

MATURITY

DAY AFTER 50% flowering

Figure 1.



164

POD ETHYLENE PRODUCTION RATE nMole.g™! .hr!
N (7]

! poo VWEIGHT RATE ' 0 102mg.aay" fresh wt.
w < ™ N | ol (=]
i I 1 I

STEM STARCH

POD ABSCISSION

2

<] Y&

- & &2
\

3 f 1&- X -
2 T
o2 K IT] ‘ I
(7] (4] o
w 2 3
o W .
& 3 S x X
2 ) a
x & N
(8]
<
2 . o
L i | M | | L 1 | J
™ N - o
L 1 \Kep'ww] 31vy HLON31] 0Od 1
- o
L ” y  3400S ) HOMVIS g WAIS 5
V2] < - o

™ N
jeid/pod  NOISSIOS8Y A0Od

40 ﬁ a5

PHYSIOLOGICAL
MATURITY

n
™
Q
™
O
z
n [+ 4
o~ w
S
o
-
W
2
S 3
[+ o
w
-
[V
<
Y
w
<
- o
o
-
[Te]
(-]
N
Qo <«
N
~N
N~

Figure 2.



Tl l_B‘omwu

165

31VH NOILONAOYd IN3TAHLII Q
© o

Od

- [-]
' U -imushy | kepbu,0_ DiveindEmaod |
' ' ' ! [ )< "
x -9
() )
“. a - 3
() < .
R, - 8
o
5 0 1
« w &
L 2 -~ w
» 3
[, ] 9 3
= 3 =
w xly w O 7] Y
-
(73 z Q R
5 24z
[ 4
T a «
- *~ woQ @ &
< ~¥ s
\ ol 0 <
&N - a
[ ] \\ .
z 35 o
[ Ol 2
S ay ‘
w
-l
o |
2 ak ®
w
!
N
3 q o
m S
4 o a
~ © < ™ ~N - o
L 1 p-AP'ww | 31vH HLON31 | 00d
? ~ 3¥O0JS HOHVLS W3lS °
L | 1 f 3 ’
n << o

™ o~ -
ueid/pod  NOISSIOSEY Q0d

PHYSIOLOGICAL

MATURITY

Figure 3.



166
APPENDIX D

Table 1. Regression and determination coefficients for the cubic polynomial
regression equation of the mean pod length, mean pod fresh
weight and the mean seed fresh weight on days after 50 percent
flowering of three dry bean cultivars grown in the field in 1979,

N=12T
Parameter Cultivar B0 B1 B2 B3 100R2
Pod Length (mm)
Tuscola -2.86 4.31 -0.021 -0.0007 96.3
BTS 0.47 7.15 -0.143 0.0008 99.2
Nep-2 -7.82 4.17 -0.009 -0.0008 98.1

Pod Fresh Weight (g)
Tuscola 0.009 -0.033 0.011 -0.0001 98.8

BTS 0.03 -0.0007 0.013 -0.0002 98.9

Nep-2 -0.007 -0.042 0.008 -0.0001 99.6
Seed Fresh Weight (mg)

Tuscola 23.96 -10.08 0.75 -0.008 96.3

BTS 15.70 -12.12 1.16 -0.016 97.6

Nep-2 33.45 -10.42 0.64 -0.005 97.0

T Each observation is the mean value of four field replicated samples of
15 pod each.
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APPENDIX D

Figure 1. Data points of pod length, pod fresh weight and seed fresh
weight fitted by cubic polynomial models, determination
coefficients and linear growth period for the dry bean

cultivars Tuscola, Black Turtle Soup and Nep-2 grown
in 1979
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APPENDIX D

Tables 2, 3, and 4. Linear growth rate and period for pod elongation
(Table 2), pod fresh weight increase (Table 3),
and seed fresh weight increase (Table 4) of the
cultivars Tuscola, Black Turtle Soup and Nep-2
grown in 1979
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rwe 2. LINEAR GROWTH PERIOD

POD ELONGATION
N

RATE (b) R2 PERIOD S - E

Tuscola 4.39 972 16 4-20
B.T.S. 4.11 .980 24 3-27
Nep-ll 4.16 .967 16 6-22

1
days after S0% flowering



m

e 2. LINEAR GROWTH PERIOD

POD WEIGHT INCREASE
il

RATE (b) i PERIOD S - E
g/day days DASO%NF'

Tuscola .163 .981 17 12-39
B.T.S. .228 .991 25 5-30
Nep-lIl .144 .996 25 10-35

1
days after 50% fiowering
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r»es. LINEAR GROWTH PERIOD

SEED WEIGHT INCREASE
I

RATE (b) Rz PERIOD S - E

mg/day T YYTT T
Tuscola 16.76 .952 17 20-37
B.T.S. 19.58 971 15 17-32
Nep-ll 17.42 .975 17 26-42

{5

1
days after 50% fiowering
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APPENDIX E

Figure 1. Seed dry weight data points fitted by a cubic polynomial

regression model, determination coefficient, linear growth

rate and linear growth period of nine dry bean entries
grown in 1980
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APPENDIX F

Table 2. Correlation coefficient between dry matter (g/plant part)
and starch (mg/plant part) for root, stem, petiole, leaf
blade, pod wall and seed during the reproductive develop-
ment of nine dry bean entries grown in 1980, N = 72

Plant part r
Root 0.66
Stem 0.89
Petiole 0.86
Leaf Blade 0.81
Pod Wall " 0.79
Seed' 0.95




179
APPENDIX F
Table 3. Correlation coefficients among the nitrogen content (mg/g d.wt.)

of different plant parts of nine dry bean entries during the
reproductive development and grown in 1980, N = 72

Stem Petiole Leaf Blade
Root 0.73 0.60 0.61
Stem 0.82 0.83

Petiole 0.73
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