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Abstract 

Reuben M. Muasya, 2001. Crop physiological analysis of seed quality variation in common bean (Phaseolus 

vulgaris L.). PhD thesis, Wageningen University, The Netherlands, 169 pp., English and Dutch summaries. 

Common bean yield is low in Kenya and use of poor quality seed by small-scale farmers has been identified as a 

major yield constraint. This research project aimed at increasing insight into development of common bean seed 

quality and its variation during crop production and into how conditions during production affect these. 

In experiments involving bean cultivars Rosecoco and Mwezi Moja, physiological maturity (PM), i.e. the 

moment of maximum seed dry weight, was achieved at 58% seed moisture content. Harvest maturity (HM) was 

defined to occur at 20% moisture content. At PM, the percentage viable seeds as measured by tetrazolium test 

was still increasing. It became maximum closer to HM implying that seed development does not stop at PM. 

Seed vigour as measured by electrical conductivity (EC) was maximum at PM and remained constant until HM. 

Seeds in pods of different earliness and seeds of the whole crop all achieved maximum viability at the same 

moment beyond PM. The maximum viability achieved also was the same in all seed classes. Maximum seed 

vigour was achieved at PM in individual seed classes and was achieved earlier in seeds from earlier pods than 

from later pods. The vigour of seeds from the individual earliness classes at their optimum moment of harvesting 

was higher than the vigour of seeds from all pods combined. Individual seed variation in dry weight, moisture 

content and EC over time was lower in seeds from earlier pods than from all pods combined. 

Seed lots produced under different weather conditions and at two sites differed in quality within and between 

seed lots. Within seed lots, variation in individual seed quality as quantified by mean - median, range 0 - 100%, 

variance and standard deviation (SD) in individual seed EC was high when there were seeds with extremely high 

values deviating from the bulk of the seeds. Seed lots with deviating values did not necessarily have large 

variation in the bulk of the seeds, as quantified by the ranges 0 - 75% and 25 - 75%. Low variation in individual 

seed EC as quantified by mean - median, SD and the range 0 - 75%, was associated with good quality as 

measured by low bulk EC and/or high percentage viable seeds. Associations were clearer at PM than at HM. 

Relationships between individual seed variation and bulk quality were different at the two sites implying both the 

degree of variation and the level of individual seed quality can determine bulk quality. No relationship was found 

between CV% in individual seed EC and bulk quality. 

High temperature and less rainfall both could reduce seed quality. Over the ranges studied, high temperature 

was more detrimental than limited rainfall. Weather conditions seemed to reduce seed quality mainly through 

reducing the maximum quality attainable during crop development. Quality deterioration "in planta" was less 

important. Variations in weather conditions during production did not lead to lower quality seed lots through 

increasing variation within the crop, as measured by duration of flowering or pod set or plant-to-plant variation in 

number of flowers. Production conditions conducive to low seed yield or low individual seed weights were also 

conducive to low percentage of viable seeds. However, high seed yield does not guarantee high percentage viable 

seeds. 

Although the moment all seeds within a crop or crop fraction achieve the final red purple colour pattern was 

identified as a good indicator of PM, practically the use of pod and seed colour changes was an unreliable 

method for determining when to harvest. Results imply that processes determining the changes in colour and 

those determining changes in seed moisture content are differentially affected by external conditions. Based on 

the results of this research, picking pods from individual pod classes based on 20% seed moisture content could 

improve the uniformity within the harvested seeds and subsequently the final quality of the seeds harvested. This 

was shown for seeds from early pods. 

Keywords: Physiological maturity, harvest maturity, earliness, common bean, Phaseolus vulgaris L., 

morphological markers, variation, moisture content, dry weight, viability, vigour, electrical conductivity, 

tetrazolium, seed lot, seed filling, maturation drying, temperature, rainfall. 
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Chapter 1 

General introduction 



1. General introduction 

Common bean as a food crop 

Common bean (Phaseolus vulgaris L.) is the principal food legume of more than 500 
million people in Latin America and Africa, and for more than 100 million of these 
people it is the leading source of dietary protein (FAO, 1984; Krista et al., 1991). 
While the demand for common bean has been growing, the world production of beans 
has been declining (FAO, 1998). The world total production of common bean is 
estimated to be 19.0 million metric tonnes per year of which 27% comes from Latin 
America and 10% from Africa (FAO, 2000). 

In Kenya, common bean is the most important pulse and second to maize as food 
crop (GOK, 1998). The national annual demand for common bean has been estimated 
at 500,000 metric tonnes, but the actual annual production is only about 125,000 
metric tonnes (Ndiritu, 1990; GOK, 1998). The total area under bean cultivation in 
Kenya is estimated to be 500,000 ha (GOK, 1998) leading to actual bean yields of 250 
kg ha-1, partly under mixed cropping. In pure stands, yields of 700 kg ha"1 have been 
reported (Songa et al., 1995). This yield is low compared to a potential yield of up to 
5000 kg ha-1. Such high yields have already been achieved in other countries, e.g. 
Mexico under field conditions (Rodriquez and McDonald Jr, 1989). 
Use of poor quality seed, low soil fertility, adverse weather conditions and incidence 
of pests and diseases have been identified as some of the major constraints to bean 
production in the developing tropics (Wortmann and Allen, 1994; Gridley and Danial, 
1995). While substantial research work has been done on breeding for improved 
cultivars, response to soil fertility, and pest and disease control (e.g. Maiuki, 1988; 
Makini and Danial, 1995; Tyagi et al., 1996), production of good quality seeds has not 
been focused on. 

Since most farmers use farm-saved seed increased insight into development of 
common bean seed quality during crop production and into how conditions during 
production affect the seed quality could ultimately lead to production of better quality 
seed, and consequently towards increased common bean yields in Kenya. 

Reasons for poor seed quality in Kenya 

Seed planted 
It is estimated that 30% of poor quality of the seed produced in Kenya is already due 
to the use of poor quality seed for planting, assuming all other factors are favourable 
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Table 1. Estimated sources (in percentages) of the seeds planted by common bean farmers in 

Kenya. 

Seed source Percentage 

Authentic seed merchants 5.0 

Farm saved seed 82.0 

Borrowed from neighbours 4.2 

Grain from the market 8.6 

Other sources 0.2 

Source: Muhammed et al., 1985; Songa et al., 1995. 

(Combes, 1983). Table 1 shows the sources of seeds that farmers use for planting. The 

common bean seed is produced by both formal and informal seed sectors. Only 5% of 

the seed comes from authentic sources (Table 1). Commercial seed companies produce 

certified bean seeds and fix a price for it to meet the cost of multiplication and 

distribution. However, most of the small-scale bean farmers cannot afford the prices, 

and consequently opt to alternative seed sources. Due to the limited demand, com­

panies also multiply less stocks of certified seed. This creates scarcity of the seed even 

to farmers who can afford it (Cromwell et al., 1992). Therefore farmers opt to use 

farm-saved seed (Combes, 1983) or buy market bean grains and use them as seed. The 

bean seed the small-scale farmers use is therefore produced and stored as a grain crop 

without adhering to standard seed quality regulations e.g. isolation and roguing of 

offtype plants and without focusing on high viability or seed vigour (as defined in 

Table 2), weeds, pests and diseases. 

The use of this type of seed can lead to production of a seed of reduced vigour 

because both poor genetic make-up and seed borne diseases in the seed sown can be 

transmitted to the seed produced (van Rheenen et al., 1981). Seeds of reduced vigour 

also express a more variable emergence with some seedlings emerging later than 

others (e.g. TeKrony and Egli, 1991) and could lead to a more variable crop producing 

a mixture of immature to over-mature seeds. This may result in high percentage of 

abnormal seedlings and reduced vigour (Mariga and Copeland, 1989). 

Biotic stresses 

Because of the high cost of chemicals and labour, weed, pest and disease control by 
the small-scale farmers in Kenya depend on the financial ability of the farmer. 
Weeding is usually done manually. In a growing season, a crop may be weeded 
repeatedly. Pests and diseases are mainly controlled by chemical application during 
critical stages of crop growth. Usually most of the farmers attempt to control pests and 
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Table 2. Definitions of terms used in this thesis. 

Term Definition 
Viability 

Vigour 

Tetrazolium test 

The capability of the seed to germinate and produce a normal 
seedling under optimum conditions (Dornbos Jr, 1995). 
The sum total of those properties of the seed which determine 
the level of activity and performance of the seed or seed lot 
during germination and seedling emergence (ISTA, 1995). 
Vigour is positively related to the ability of a seed population 
to establish an optimum plant stand, in both optimum and 
suboptimum soil environments (Dornbos Jr, 1995). 
Test for evaluating both viability and vigour. In this test tri-
phenyl tetrazolium chloride is reduced by the terminal oxidase 
systems in living plant tissue from a colourless solution to a 
red, water-insoluble formazan compound which is precipitated 
within live cells while in dead cells no reaction takes place 
and they remain colourless (ISTA, 1995). In this research this 
test was only used for establishing viability. 

Electrical conductivity test Test for evaluating seed vigour based on the association 

between the amount of electrolyte leakage from the seed or 
seeds and vigour. The test involves steeping of seeds in a 
certain quantity of deionized water for a standard period of 
time. The seed(s) release(s) electrolytes into the water. By 
applying an electromotive potential across electrodes the 
electric current passing through the solution can be measured 
(Pandey, 1992; ISTA, 1995). High values indicate low vigour. 
The stage of seed development during which seeds accumu­
late dry weight (Egli, 1998). This stage starts at pod set and 
terminates when the seed achieves physiological maturity. 
The stage of seed development of a seed or seed crop beyond 
which there is no further increase in seed dry weight 
(Crookston and Hill, 1978; Egli, 1998). 
The stage of seed development when the seed has dried to a 
moisture level at which the seed can be harvested without a 
high risk of mechanical damage (TeKrony et al., 1980b; Egli, 
1998). 

The growth phase after PM during which the seed undergoes 
moisture loss (TeKrony and Egli, 1997). 

Seed filling 

Physiological maturity 
(PM) 

Harvest maturity (HM) 

Maturation drying 
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diseases after observing symptoms of attack but at this stage the damage on the crop 
has already taken place. 

Inadequate control of the biotic stresses usually leads to seeds contaminated by 
weeds, pests and diseases. Controlling weeds, pests and diseases during crop and seed 
development ensures they are not carried over to the seed and subsequently to the next 
crop. Insect populations, e.g. of bean fly, build-up during crop growth, and if not 
controlled, may extend to storage (Beebe and Corrales, 1991) leading to reduced seed 
quality during storage. Control of fungal infection in the field by systemic fungicides 
sprays and other cultural practices e.g. removing diseased plants, leads to seeds of 
improved seed germination and field emergence (Ellis et al., 1976). Based on these 
reports it is evident that failure to control these biotic stresses may lead to production 
of seeds poor in quality or which may develop poor quality while in storage. 

In Kenya substantial research work has been done (e.g. Tyagi et al., 1996; Otsyula 
et al., 1998; Desaeger and Rao, 2000; Koech and Whitebread, 2000) with the aim of 
producing pest and disease resistant varieties of common bean as well as identifying 
the most suitable control measures. Nevertheless, control of weeds, pests and diseases 
in common bean crops in Kenya still depends on the financial ability of the farmer 
because of the high cost of chemicals and labour. 

Fertilization 
Most of the small-scale common bean farmers in Kenya produce their crop without 
any fertilizer or use amounts lower than the recommended rates (Table 3). In Kenya, 
bean-growing areas have been reported to lack N and P (Keya, 1975; Ssali and Keya, 
1980, 1983; Chui, 1988, 1989; Wortmann and Allen, 1994). 

The common practice by farmers in Kenya will lead to poor seed quality because 
nutrient stress during mother plant development and at seed fill are generally associ­
ated with reduced seed quality of the progeny (Egli et al., 1987; Dornbos Jr, 1995). On 
the other hand, other reports suggest that fertilization may reduce seed quality, e.g. 
Heenan and Campbell (1980). It is estimated that 80% of the farmers plant seeds 
which have been produced without adequate fertilization and may express poor 
germination and vigour (Songa et al., 1995; personal observation). 

Higher fertility level may not only improve seed quality but also will increase yield 
and therefore provide the farmers with means to procure more inputs. Whereas an 
improved nutrient supply may increase the maximum quality of individual seeds, it 
could also prolong the flowering and maturation periods (Gavras, 1989; Padrit et al., 
1996). This could create large differences in viability and vigour between early and 
late produced seeds when all pods are harvested simultaneously and could, therefore, 
reduce the uniformity of the seed lot produced. 
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Table 3. Environmental conditions and recommended fertilizer rates during bean production 

in the lowland and highland agro-ecological zones of Kenya. 

Altitude (m asl) 

Annual rainfall (mm) 

Long rains duration 

Long rains reliability 

(% of years with rains) 

Short rains duration 

Short rains reliability 

(% of years with rains) 

Average temperature (°C) 

Daily minimum 

Daily maximum 

Daily average 

Bean crop duration range (d) 

Soil pH 

Soil fertility 

Recommended fertilizer rates 

N (kg N ha"1) 

P(kgP205ha-1) 

K (kg K20 ha"1) 

Highland agro-ecological 

zones, e.g. Eldoret 

2000 - 2200 

900-1100 

March - June 

70% 

July - September 

90% 

10-18 

20-25 

15-22 

90 - 120 

<5.0 

low 

80 

100 

20 

Lowland agro-ecological 

zones, e.g. Kitui 

900 -1000 

500 - 750 

March - June 

30% 

October - December 

50% 

18-20 

25-35 

22-28 

90 - 120 

5.0-5.5 

medium to low 

80 

100 

20 

Source: Jaetzold and Schmidt (1982) and personal observation. 

Weather conditions during crop growth and maturation 

The typical weather conditions of the main bean producing areas for both lowland and 

highland areas of Kenya are shown in Table 3. The bean growing seasons vary 

depending on the agro-ecological zone. Beans are grown in both long and short rainfall 

seasons. A bean crop is planted at the onset of rains or shortly thereafter depending on 

how prepared the farmer was before the rains start. Sowing may also be delayed for a 

week or two depending on when the farmer wants to harvest his crop. In the lowland 

agro-ecological zones, the traditional sowing time during the long rains is March with 

the crop maturing in June. During the short rains the crop is sown in October and 

matures in January. In the highlands the crop is planted in the long rains in March and 

maturation takes place in June when the seasonal rains are still going on. The short 

rain crop is planted in July/August and matures in October at lower rainfall than in the 
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first season. 

In some years, inadequate rainfall compounded by variability in amount and 

distribution may cause the crop to undergo water stress either during vegetative, 

flowering, podding or seed filling stages. Water stress during mother plant develop­

ment and at seed filling has been associated with reduced seed quality of the progeny 

(Egli et al., 1987; Dornbos Jr, 1995). Suboptimal weather conditions during seed 

growth and development could accelerate physiological deterioration of the seed 

leading to poor germination and seedling vigour (Miles, 1985; Spears et al., 1997). 

Delayed harvesting at high temperatures and rainfall led to accelerated aging in 

legumes (Powell et al., 1984). 

Adverse weather conditions, e.g. water stress during crop growth, could also lead to 

variations between plants in the timing of flowering, podding, seed filling and 

eventually result in lack of uniformity between seeds within seed lots at harvest. On 

the other hand ideal weather conditions during the vegetative and flowering stages 

could lead to long flowering and podding periods and subsequently to large differences 

between early and late seeds within the crop. This could lead to a high individual seed 

variation when all seeds are harvested at one moment. 

Knowledge on how weather conditions in Kenya affect common bean seed 

production will be useful in manipulating the sowing and harvesting dates to coincide 

with ideal weather conditions for a seed crop or adopt different methods which could 

reduce variation within a seed lots. 

Time of harvest 

In Kenya, time of harvesting is predicted by the change in colour of the pods from 

green to yellow and finally to straw yellow. Bean harvesting starts when pods have 

changed colour to straw yellow and may proceed until the pods are completely dry to 

the extent of shattering. 

The late harvest could lead to exposing the seed to deleterious conditions and 

enhance deterioration. According to TeKrony et al. (1980a, b) and Lassim and Chin 

(1987), legume seed achieves maximum dry seed weight, germinability and vigour at 

physiological maturity (PM) (Fig. 1 and Table 2). After PM the period of maturation 

drying (see Table 2) commences. Seed quality is lost gradually after PM as the natural 

seed deterioration progresses (Dornbos Jr, 1995). A seed crop is normally harvested at 

harvest maturity (HM) (see Table 2). HM was defined for soybean as the first time the 

seed dries to a moisture content of 15 - 20% (TeKrony et al., 1980b; Copeland and 

McDonald, 1995). In mungbean, HM was reported at 19% (Dharmalingam and Basu, 

1990) and in dry bean, reports vary between 17% (van de Venter et al., 1996) and 20 -

25% (Kelly, 1988). Especially in unfavourable weather conditions (e.g. high rainfall), 
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-. moisture content 

time in days from onset of seed filling 

Fig. 1. Development of seed dry weight, viability, vigour (relative values), and moisture 

content (%) in time from seed filling to storage and also indicating the period of maturation 

drying (MD) between the moment of physiological maturity (PM) and harvest maturity (HM) 

as reported by Miles (1985), Dornbos Jr (1995), TeKrony and Egli (1997) and Egli (1998). 

the earlier the crop is harvested after PM the better the seed quality (Dornbos Jr, 
1995). 

Understanding how seed weight, moisture content, pod and seed colour, vigour and 

viability develop within a crop and how this development is related to the moment 

during development when seed quality is maximum was thought to be important for 

deciding when to harvest a high quality common bean seed crop. 

Method of harvesting and handling 

At harvest, whole plants are uprooted then further dried in the sun. Thereafter they are 

threshed by beating them with sticks to remove the seeds (grains) from the pods. 

This practice may lead to poor seed quality for several reasons. Simultaneous 

harvesting of seeds, as it is practiced by farmers in Kenya, may lead to harvesting of 

early and late seeds together resulting in seeds varying in age at harvest because within 

a crop, the timing of development of individual seeds differs. Some seeds may reach 

PM while seed filling in others is still going on (Marcos-Filho, 1980; Chamma et al., 

1990). This may lead to a seed lot consisting of seeds differing in age and may show 

high individual seed variation and subsequently poor bulk quality. Exposing the seeds 
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in the hot sun during drying will accelerate quality deterioration of the seed (Powell et 

al., 1984; Dornbos Jr, 1995). The practice of threshing dried beans by pounding them 

usually leads to many broken seeds and seeds whose coat has been ruptured. In other 

countries this practice has lead to 20% quality losses (Powell et al., 1984) but with 

improved modern methods of shelling or hand shelling pounding could be avoided. 

Knowledge on the appropriate method of harvesting may minimize common bean 

seed quality losses due to handling damage in Kenya. 

Conditions after harvest 

Common beans in Kenya are again dried in the sun after threshing which exposes the 

seeds to high temperature. Then they are stored at room temperature in bags. 

The high temperature may again accelerate seed quality deterioration in the same 

way as before threshing, whereas the normal storage conditions will enhance the 

ageing of the seed. Poor storage conditions have been reported to cause up to 10% loss 

in seed quality in the tropics (Genchev, 1997). The most important factors slowing 

down the rate of ageing (and therefore the retention of seed viability) after harvest are 

low seed moisture content and low temperature (e.g. Coolbear, 1995). Improvements 

to seed quality retention during storage could also be achieved by ensuring a better 

initial quality seed at the start of storage (Dornbos Jr, 1995). This calls for insight in 

how to obtain maximum quality at harvesting moment before storage. 

Possible ways of improving the seed planted 

Several factors have been identified that are likely to contribute to the poor quality of 

common bean in Kenya. These could be outlined as the low quality of seed planted, 

high incidences of weeds, pests and diseases, low fertilization rate, prevailing weather 

conditions during crop and seed development and maturation, late time of harvesting, 

poor method of harvesting and handling, and drying and storage conditions after 

harvest. Several of these could be improved by known methods, e.g. weeds, pest and 

disease control, method of harvesting and conditions after harvesting. 

The physiological quality of the seed planted, however, could also be improved, e.g. 

by optimizing the timing and method of harvest. A better understanding of processes 

and mechanisms underlying seed quality formation in a crop is necessary before 

suggestions for improvement can be given. Understanding how seed weight, moisture 

content, pod and seed colour, vigour and viability develop within a crop and how this 

development is related to the moment during development when seed quality is 

maximum was thought to be important for deciding when to harvest a high quality 

common bean seed crop. In order to optimize physiological seed quality under diverse 

10 
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weather conditions, understanding is needed of the processes through which weather 
conditions could affect seed quality. For this, better insight is needed into growth and 
development of common bean seed and seed quality, within-crop variation and into 
how weather conditions in Kenya affect within crop variation, and within- and 
between seed lots variation. 

Research problem 

Knowledge on the time course of seed and seed quality development of common bean 
is essential in estimating the appropriate date when seeds could be harvested with 
minimal loss in seed viability and vigour. 

At the moment of maximum seed dry weight (physiological maturity (PM)) the 
ovule vascular system connecting the plant and seed is disconnected. As shown in Fig. 
1, maximum seed viability and vigour coincide at PM (Knittle and Burris, 1976; 
TeKrony et al., 1979; Dornbos Jr, 1995; TeKrony and Egli, 1997). Viability is quickly 
gained during seed development and is maintained for some time after the maximum is 
achieved but vigour increases gradually, and later than viability as seed filling 
progresses and decreases earlier than viability (Miles, 1985) (Fig. 1). After PM the 
period of maturation drying commences. Seed quality is lost gradually after PM as the 
natural seed deterioration progresses (Dornbos Jr, 1995). 

At PM, the moisture content in the seed is still high and therefore harvesting is not 
practical without damaging the seed. For example in soybeans, TeKrony et al. (1980b) 
observed PM when the seed moisture content was as high as 54 - 62%. In common 
bean van de Venter et al. (1996) reported mass maturity when seed moisture was 52%. 
Because of high moisture contents, the seed crop has to undergo maturation drying 
before harvesting is practical. A seed crop is normally harvested at harvest maturity 
(HM). HM was defined for soybean as the first time the seed dries to a moisture 
content of 15 - 20% (TeKrony et al., 1980b; Copeland and McDonald, 1995), in 
mungbean it is 19% (Dharmalingam and Basu, 1990) and in dry bean reports vary 
between 17% (van de Venter et al., 1996) and 20 - 25% (Kelly, 1988). 

Within-crop differences may arise in timing and duration of the period of seed 
filling. For instance seeds from pods differing in age may complete seed filling at 
different moments leading to differences in the moment seeds achieve their maximum 
quality. Differences in timing of development of seeds within a crop also imply that 
some seeds may have started undergoing deterioration by the time other seeds reach 
PM. 

It is unknown if seed in pods differing in earliness differ in maximum attainable 
viability and vigour at their moment of maximum quality. The quality of seed from a 
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uniform selection of pods of similar age might be higher than from all pods combined 

for two different reasons (a) seeds from certain selection of pods are all closer to the 

moment at which quality is maximum and (b) maximum quality achieved for seeds 

from pods from a certain earliness could differ. The difference between the maximum 

quality of individual pods and the average seed quality of the crop will be higher if a 

crop is less uniform. The difference in maximum quality achieved in seeds from pods 

differing in earliness is not known. It is also not known how large the difference is in 

quality between seeds from the whole crop and from pods differing in earliness in 

common bean. 

Understanding the relationship between the development of seed dry weight, 

moisture percentage and seed viability and vigour for seeds from whole crop and from 

pods of different earliness is important in determining the optimum time and method 

of harvesting, e.g. simultaneous or sequential harvesting. 

Weather conditions are likely to affect seed quality in different ways. Weather 

might affect maximum seed quality obtainable at PM, deterioration of the seed 

between PM and HM and/or it may change the uniformity of the crop. Differences 

within and between crops in uniformity due to differences in duration of flowering, 

podding, seed filling and maturation drying may lead to larger or smaller variation in 

quality between individual seeds and consequently to lower or higher maximum 

quality achieved at a certain developmental moment. Although no direct relationship 

has been reported between moisture stress during vegetative stage and seed quality, 

Meckel et al. (1984) reported that moisture stress during vegetative stage caused 

alterations in plant size and yield and could lead to variations between plants. This 

variation could result in lack of uniformity between plants leading to seeds varying 

more in age at harvest and consequently reducing the maximum quality of the seed lots 

produced. High temperatures and rainfall during maturation drying after PM could 

lower the maximum seed quality achieved through accelerated ageing (Miles, 1985). 

Weather conditions in Kenya are likely to affect seed quality through differences in 

rainfall and temperature between and within sites. 

Identifying the moment of PM and HM while the crop is in the field is important in 

deciding when to harvest a seed crop. Morphological markers of PM have been 

identified, e.g. yellow or black pod colour in soybean (Crookston and Hill, 1978; Egli, 

1998) and brown seed colour in common bean (Chamma et al., 1990). In soybean 95% 

brown pod colour has been used to assess HM (Fehr et al., 1971; Gbikpi, 1981). 

Morphological markers for HM though important to the farmers for assessing when to 

harvest common bean in Kenya have not been properly identified and reported. 
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General introduction 

Research objectives 

The research objectives were to increase insight into: 

. The differences within a common bean crop in development of physical and seed 

quality attributes over time in seeds from the whole crop and in pods differing in 

earliness. 

• How high is the variation between seeds and how it develops in common bean crops 

and in pods differing in earliness with time. 

. Variation within common bean seed lots produced under different conditions and 

whether this variation is related to the final bulk seed quality at physiological 

maturity and harvest maturity. 

. Effects of weather conditions on timing and dynamics of crop stages, plant-to-plant 

variation and final bulk quality at physiological maturity and harvest maturity, and 

the difference in bulk quality at PM and HM. 

Thesis structure 

The general introduction (Chapter 1) outlines the common bean as a crop and the 

reasons why yields are low in Kenya. Poor seed quality is identified as a major 

limitation to common bean production in Kenya and the factors contributing to poor 

seed quality are outlined. Descriptions of the scientific problem and research objec­

tives are presented. 

Development with time of common bean seed characteristics and quality in pods of 

different earliness and in the whole crop are reported in Chapters 2 and 3. In Chapter 

2, the development of common bean seed, the moments when the seed achieves 

physiological maturity and harvest maturity and the identification of these moments 

using moisture content and morphological colour markers for seeds from whole crop 

and from pods differing in earliness are reported. Chapter 3 outlines the development 

of seed viability and vigour over time, shows when quality is maximum and relates 

quality to seed moisture content in seeds from the whole crop and in seeds from pods 

differing in earliness. 

How large the variation is among seeds from pods differing in earliness and from 

whole crop, how this variation develops during crop growth, and the relationship 

between variation in seed characteristics and the developmental moments is described 

in Chapter 4. 

A description of the variation in individual seed quality of seeds in seed lots 

produced under different set of conditions and the relationship between individual seed 

variation in quality and bulk quality is reported in Chapters 5 and 6. Chapter 5 
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describes the distribution patterns of individual seed quality and shows how different 
variation parameters measure individual seed variation in quality within seed lots and 
Chapter 6 describes the association between the individual seed variation in quality 
and bulk seed quality at PM and HM. 

How weather conditions affect duration of crop stages, plant to plant variation, 
individual seed variation and final bulk quality at PM and HM is reported in Chapter 7. 

The general discussion treats the highlights of common bean seed development with 
time and within-crop differences, variation in quality within and between seed lots and 
how weather conditions affect this variation, identification of when to harvest a higher 
quality crop and the implications of the research results for improving common bean 
seed quality in Kenya (Chapter 8). 
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Seed development in common bean (Phaseolus vulgaris L.) crops 
and in different pod fractions within a crop 

' Muasya, R.M., W.J.M. Lommen & P.C. Struik, 2001. Seed development in common bean 

(Phaseolus vulgaris L.) crops and in different pod fractions within a crop. Submitted to 
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2. Seed development in common bean (Phaseolus vulgaris L.) 
crops and in different pod fractions within a crop 

Abstract 
Two experiments with common bean cultivars Rosecoco and Mwezi Moja aimed at in­

creasing insight into differences in development with time of seeds from pods of different 

earliness within a crop. The pods of different earliness were made up of, early, medium, and 

late pods as compared to the whole crop. In all pod levels, cultivars and seasons, seeds 

achieved physiological maturity (PM, the moment of maximum dry weight) in the time pe­

riod when fresh weight was maximum. PM was achieved at 58% seed moisture content in 

seeds from all pod classes and cultivars. The moment of PM tended to be earlier in seeds 

from earlier pods. The moment all seeds within a crop or pod fraction achieved their final red 

purple colour pattern indicated PM well, though not completely accurate. Harvest maturity 

(HM 20% seed moisture content) was earlier in earlier pods in cv. Rosecoco but not different 

in pods from different earliness in cv. Mwezi Moja. The period of seed drying from 58 - 20% 

moisture content was longer in seeds from earlier pods in cv. Mwezi Moja, but not in cv. 

Rosecoco. The course of decline in moisture content between 58 - 20% differed over pod 

classes, but was not systematically affected by pod earliness. The timing in seed develop­

ment in the whole crop could be explained by the timing in seed development in pods of 

different earliness. Relationships among seed moisture content and seed or pod colour in 

whole crops differed from those in fractions of pods differing in earliness. 

Keywords: Colour, dry weight, harvest maturity, moisture content, physiological maturity, 

pod earliness 

Introduction 

Seeds attain maximum dry weight at the moment of physiological maturity (PM) 
(Shaw and Loomis, 1950; TeKrony and Egli, 1997). At PM the vascular system 
connecting the plant and seed is disrupted, marking the end of the seed filling period of 
the plant (TeKrony and Egli, 1997). Seeds of most crops that are harvested as dry 
seeds attain maximum viability and vigour around PM (TeKrony et al., 1980b; Lassim 
and Chin, 1987; TeKrony and Egli 1997). At PM seed moisture content is still too high 
for mechanical harvesting and threshing, for instance 54 - 62% in soybean (TeKrony et 
al., 1980a), 52% in dry bean cv. Teebus (van de Venter et al., 1996) and 54% in faba 
beans (Pokojska and Grzelak, 1996). The seed has to undergo a period of maturation 
drying before harvesting and threshing are possible without causing physical damage 
to the seed. Seed viability and vigour are lost gradually after PM as natural seed 
deterioration progresses (Dornbos Jr, 1995). Harvest maturity (HM) is the earliest 
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moment the seed moisture has declined to a level that makes the crop harvestable for 
its dry seeds (TeKrony and Egli, 1997). For soybean this moment is when moisture 
content is 15 - 20% (TeKrony et al., 1980b; Copeland and McDonald, 1995), in mung-
bean it is 19% (Dharmalingam and Basu, 1990) and in dry beans reports vary between 
17% (van de Venter et al., 1996) and 20 - 25% (Kelly, 1988). 

Within a crop, the timing of development of individual seeds differs. Some seeds 
may have reached PM before seed filling in all seeds is completed (Marcos-Filho, 
1980; Chamma et al., 1990). This variation within a crop complicates the assessment 
of an exact date of PM for the whole crop (TeKrony and Egli, 1997). Differences in 
timing of development of seeds within a crop also imply that some seeds may already 
have undergone degeneration when other seeds reach PM. A different timing of 
development leads to a different time period between seed PM and harvest and thus to 
a shorter or longer exposure to adverse internal or external conditions during matura­
tion drying. Higher viability has been reported for soybean seeds from later than from 
earlier pods which was attributed to shorter exposure of late pods to deteriorating 
conditions (Illipronti Jr et al., 2000b). Differences possibly could also occur within a 
crop in the course of development and maturation drying. These for instance may also 
lead to differences in seed weight (Nanda et al., 1996) and result from differences in 
seed filling rate and duration. Differences within a crop in the course of maturation 
drying after PM lead to different internal conditions of seeds between PM and HM. At 
the relatively high moisture content after PM and before HM metabolic activity e.g. 
respiration will not stop immediately (Egli, 1998) and may even reduce dry weight 
(Ashley and Counce, 1993). However, in-plant storage at high moisture content may 
also lead to faster ageing than in storage. The internal conditions of seeds between PM 
and HM may also be influenced by the prevailing weather conditions during that time 
e.g. rain may increase seed moisture content during maturation drying. Differences in 
development of seeds within a crop therefore imply that the viability and vigour of 
seeds from selected pods might be higher at their optimum harvest moment than when 
all pods are harvested combined at the optimum moment. Thus far, there is no clear in­
sight in the development and maturation drying of common bean seeds within a crop. 

An important question in seed crops is how to predict the moments of PM and HM 
based on visual changes within the crop or individual pod. Morphological markers 
based on colour may provide an easy criterion. Morphological markers of PM have 
been identified, e.g. kernel black layer in maize (Daynard and Duncan, 1969), yellow 
or black pod colour in soybeans (Crookston and Hill, 1978; Egli, 1998) and brown 
seed colour in common beans (Chamma et al., 1990). Morphological markers for HM 
have also been identified e.g. 95% brown pod colour in soybean (Fehr et al., 1971; 
Gbikpi, 1981). Morphological markers for HM in common beans have not been 
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properly identified and reported. 

This research aims at increasing insight into the differences in development with 

time of common bean seeds from pods of different earliness within a crop, and into 

differences in the relationships among developmental characteristics (fresh and dry 

weight, moisture content, seed length, and pod and seed colour) for seeds within a 

whole crop and in pods of different earliness. 

Materials and methods 

Experimental set-up 

Two experiments with common bean seeds were planted at the Chepkoilel campus 

farm of Moi University in Eldoret, Kenya in two growing seasons in 1998. The Season 

1 crop was planted on 24 April and harvested from 29 June to 13 August, the Season 2 

crop was planted on 17 August and harvested between 5 November and 21 December. 

The site was located 2180 m asl and had a cambisol (Ferralitic) soil, well drained, 

non-humic and shallow, with low nutrient availability and moisture storage (Anony­

mous, 1987) and pH 4.6 (Muasya, 1996). Season 1 received a total of 554 mm of 

rainfall and 1471 °Cd temperature sum while Season 2 received 317 mm of rainfall 

and 1769 °Cd temperature sum. At planting, each plot of 16 m2 was fertilized with 

0.49 kg calcium ammonium nitrate (26% N), 0.76 kg triple super phosphate (48% 

P205) and 0.13 kg muriate of potash (60% K20), achieving 80 kg N, 100 kg P and 20 

kg K per hectare. The experimental design was a split plot with four blocks. Two 

cultivars, Rosecoco and Mwezi Moja, were assigned randomly to main plots. Both are 

determinate cultivars, but Rosecoco shows prolonged flowering while the flowering 

period of Mwezi Moja is short. Both cultivars have white seeds with a red purple 

colour pattern. Harvesting dates (1 - 14) were assigned to subplots. The first harvesting 

dates were 67 and 76 days after sowing (DAS) in the first and second season, respec­

tively. Subsequent harvests took place twice a week until 111 and 121 DAS of the first 

and second season, respectively. The gross plot size was 4x4 m while the net experi­

mental area was 3.40x2.50 m and included 170 plants spaced at 0.5x0.1 m. Within the 

net experimental area, an area of 2 m2 was marked for observations of the whole crop 

(crop level) while the remaining area of 6.5 m2 was used for observations on three 

classes of pods (pod level). 

Pod classes 

Flowering began 40 and 42 DAS in Season 1 and 2, respectively. In Season 1 the first 

pods in each cultivar attained 12 cm length on 56 DAS. All pods of 12 cm or more 

were tagged on that date. These were regarded as "early pods". Four days later, all new 
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Table 1. Percentage of the total pod number, contributed by pods of different earliness classes 

in two seasons and two cultivars. Average values from all harvests. 

Pod earliness 

Early pods 

Medium pods 

Late pods 

Season 1 

Rosecoco Mwezi Moja 

1 4 

16 42 

83 54 

Rosecoco 

11 

16 

73 

Season 2 

Mwezi Moja 

27 

20 

53 

pods that were 12 cm in length or more were tagged ("medium pods"). In Season 2 the 

first pods in each cultivar attained 12 cm 63 DAS and first tagging was done 71 DAS 

while second tagging was four days later. At harvesting all pods which were not 

tagged were regarded as "late pods". Table 1 indicates the percent distribution of the 

total harvested pods over the three classes of pod earliness. 

Measurements 

At each harvest date, pods were removed from different pod classes separately. In 

Season 2, 10 pods were randomly picked per class and the number of pods achieving a 

straw yellow (Y) colour according to Munsell colour chart for plant tissues (Anony­

mous, 1972) was counted. After hand shelling all pods, seeds with abnormal develop­

ment and size were discarded and only normal looking seeds were used for further 

analysis. A sample of 10 seeds per plot from each level was used to measure seed 

length using a vernier caliper. A sample of 100 seeds per plot was taken at the crop 

level and a sample of 30 seeds from each of the early, medium and late pods. From 

each of these samples, fresh weight was assessed and the number of seeds with a red 

purple (RP) colour pattern at crop level in Season 1 and, at crop and pod levels in 

Season 2 was counted. Dry weight was determined after splitting all seeds across the 

cotyledons and drying for 16 hours at 105 °C. In the early pods of Season 1 some 

harvesting dates did not have enough seeds for reliable analysis. 

Statistical analysis 

The effect of time of harvest, cultivar and pod class on seed and pod characteristics 

was tested by standard ANOVA assuming pod class to be an extra split factor within a 

harvest date. Means were separated by LSD tests. To estimate the maximum dry 

weight, seed filling rate, moment of maximum dry weight and the moisture content at 

maximum dry weight, non-linear regression models were fitted using the Genstat 5 

(Release 4.1). Maximum dry weight achieved in relation to time was estimated as the 

y-value of a horizontal line fitted through the last part of the dry weight data against 
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time. The rate of seed filling was the slope of the line through the first part of the data 

and the moment when maximum dry weight was achieved as the x-axis value of the 

point at which lines cross. Maximum dry weight in relation to seed moisture content 

was estimated as the y-value of the horizontal line fitted through the last part of the dry 

weight data against moisture content. The point at which lines crossed was estimated 

as the moisture content of the seed when maximum dry weight was achieved for 

individual plots. The R2 for the curve fits ranged from 84 - 99%. The derived values 

were subjected to a standard ANOVA to test cultivar and pod class effects followed by 

LSD tests to separate the means. Estimates of maximum seed dry weight therefore 

were derived by three methods: standard ANOVA analysis and two types of non-linear 

regression. 

Results 

Seed fresh weight development over time 

In both cultivars fresh weight increased sharply in seeds from all pod classes in Season 

1 (Fig. 1). In Season 2 fresh weight increased gently in all pod classes in both cultivars 

(Fig. 2). In Season 1 seeds from early pods achieved maximum fresh weight earliest, 

seeds from medium and late pods were intermediate, whereas seeds from crop level 

pods were latest in cv. Rosecoco (Fig. 1). By contrast in cv. Mwezi Moja seeds from 

all pod classes achieved maximum fresh weight at comparable date (Fig. 1). In Season 

2, seeds from early pods achieved maximum fresh weight earliest whereas seeds from 

medium and late pods achieved maximum fresh weight at moments comparable to 

seeds from crop level in both cultivars (Fig. 2). The maximum fresh weight achieved 

was always highest for seeds from early pods, intermediate for seeds from medium 

pods and lowest for seeds from late and "crop" pods. Fresh weight also started to 

decrease earlier in seeds from early and medium pods than in late and "crop" pods in 

both cultivars and seasons. 

In Season 1, fresh weight increased more gradually in cv. Rosecoco than in cv. 

Mwezi Moja. Maximum fresh weight was achieved earlier in seeds from cv. Mwezi 

Moja than in seeds from cv. Rosecoco in all pod levels (Fig. 1). The fresh weights 

achieved were higher in cv. Mwezi Moja than in cv. Rosecoco and decreased earlier in 

cv. Mwezi Moja than in cv. Rosecoco. The increase in Season 2 was comparable in 

both cultivars with cv. Mwezi Moja again achieving higher maxima earlier than cv. 

Rosecoco (Fig. 2). Seed fresh weight decreased earlier in cv. Mwezi Moja than in cv. 

Rosecoco. 
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cv. Mwezi Moja 

60 70 80 90 100 110 120 

days after sowing '••J* a f l e r sowing 
—•—seed moisture content 

» fresh weight 
—•—dry weight 

Fig. 1. Seed moisture content, fresh and dry weight development over time for cvs Rosecoco 

and Mwezi Moja in Season 1. The bars represent LSD (P<0.05) for comparisons between the 

cultivars, between and within the pod class means over time. The shaded area represents the 

period in time when fresh weight was at maximum. The vertical line represents the moment of 

physiological maturity (PM), as derived from Table 2. 
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cv. Rosecoco cv. Mwezi Moja 

"crop" pods 

70 80 90 100 110 120 130 
days after sowing 

70 80 90 100 110 120 130 
days after sowing 

—•—seed moisture content 
• fresh weight 

—*~dry weight 

Fig. 2. Seed moisture content, fresh and dry weight development over time for cvs Rosecoco 

and Mwezi Moja in Season 2. The bars represent LSD (P<0.05) for comparisons between the 

cultivars, between and within the pod class over time except for dry weight where the bars are 

for comparing pod levels means over time. The shaded area represents the period in time 

when fresh weight was at maximum. The vertical line represents the moment of physiological 

maturity (PM), as derived from Table 2. 
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Seed moisture content development over time 

Seed moisture content first declined gradually. This was usually followed by a sharper 

decline and finally a gentle decline in all pod levels in both cultivars and seasons, until 

seeds were dry (Figs 1 and 2). In Season 1 the sharper decline was not clear in cv. 

Rosecoco but in cv. Mwezi Moja the sharper decline in moisture content was at com­

parable moments in seeds from all pod classes (Fig. 1). In Season 2 the sharper decline 

in moisture content was earliest in seeds from the early pods whereas in seeds from 

medium, late and "crop" pods the sharper decline was at comparable moments in cv. 

Rosecoco (Fig. 2). In cv. Mwezi Moja the sharper decline was earliest in seeds from 

early pods, intermediate in seeds from late and "crop" pods and latest in seeds from 

medium pods in Season 2 (Fig. 2). All pod classes in both cultivars were still declining 

in moisture content at the last date of harvest in Season 1. At that date, seeds from late 

pods still had higher moisture content than seeds from early and medium pods whereas 

seeds from "crop" pods were comparable to those from late pods in cv. Rosecoco. In 

cv. Mwezi Moja the difference was not significant. In Season 2, seeds from all pod 

classes in both cultivars had comparable moisture content at the final harvest. We 

defined harvest maturity (HM) as the moment when seed moisture content declined to 

20%. HM was not achieved in Season 1 (Fig. 1). HM was achieved earlier in seeds 

from early and medium pods than in seeds from late and "crop" pods in cv. Rosecoco 

in Season 2 but at comparable moments in cv. Mwezi Moja (Fig. 2). 

In cv. Mwezi Moja compared to cv. Rosecoco the sharper decline in moisture 

content took place earlier in both seasons. In Season 1, cv. Mwezi Moja had lower 

moisture content at the end of the experiment than cv. Rosecoco (Fig. 1) whereas both 

cultivars had comparable moisture content at the end of the experiment in Season 2 

(Fig. 2). In Season 2 both cultivars achieved HM at comparable moments (Fig. 2). 

Seed dry weight development over time 

Conclusions in this section are drawn from the results in Figs 1 and 2, and Tables 2 

and 3. Seed filling rate was slower in seeds from later pods in both seasons and 

cultivars (Fig. 1 and Table 2) but the differences could not be established as significant 

in Season 1, whereas in Season 2 only seeds from early pods differed from seeds from 

later pods. Seed filling rate at crop level was comparable to that in medium or late 

pods (Table 2). 

Maximum seed dry weight was achieved earlier in seeds from early pods, interme­

diate in seeds from medium pods and later in seeds from late and "crop" pods in both 

cultivars in Season 1 but the differences were not significant (Fig. 1 and Table 2). In 

Season 2 maximum seed dry weight was achieved earlier in seeds from early pods but 

seeds from medium, late and "crop" pods achieved maximum dry weight at compara-
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ble moments in both cultivars (Fig. 2 and Table 2). 

The maximum seed dry weight achieved was higher in seeds from earlier pods (Figs 

1, 2 and Tables 2, 3) but the differences could not be assessed as significant when non­

linear regression between the moment of achieving maximum dry weight and dry 

weight was used to establish maximum dry weight (Table 2, P=0.078) in both seasons. 

When non-linear regression between moisture content and dry weight was used to 

assess maximum dry weight (Table 3), seeds from early, medium and late pods 

achieved comparable maximum dry weight in Season 1, whereas in Season 2 dry 

weight decreased in later pods. Maximum seed dry weight in "crop" pods was 

estimated to be lower than that of the different pod fractions in Season 1 or compara­

ble to late pods in Season 2 (Table 3). 

Table 2. Seed filling rate up to the maximum seed dry weight, maximum seed dry weight and 

the moment when the maximum dry weight was achieved (physiological maturity) in seeds 

from different pod classes in two cultivars and two seasons, as derived from a non-linear 

regression analysis between days after sowing and seed dry weight. 

Pod class 

Seed filling 
Crop 
Early 
Medium 
Late 
Mean 

Season 1 
Rosecoco Mwezi Moja 

rate (g/day) 
0.013 
0.016 
0.015 
0.014 
0.015 a 

0.019 
0.020 
0.019 
0.017 
0.019 b 

Mean 

0.016 a1 

0.018 a 
0.017 a 
0.016 a 
0.017 

Moment of achieving maximum dry weight (days aftei 
Crop 
Early 

Medium 

Late 

Mean 

98.9 

93.9 

94.7 

97.4 

96.0 a 

Maximum seed dry weight 

Crop 

Early 

Medium 

Late 

Mean 

0.389 

0.426 

0.426 

0.425 

0.417 a 

90.3 
88.8 

91.3 

93.2 

90.9 a 

(g/seed) 

0.423 

0.447 

0.442 

0.437 

0.437 a 

94.2 a 
91.4 a 

93.0 a 

95.3 a 

93.5 

0.406 a 

0.436 a 

0.434 a 

0.431a 

0.427 

Rosecoco 

0.017 
0.021 
0.016 
0.015 
0.017 a 

• sowing) 
90.9 

87.3 

93.0 

91.4 

90.7 a 

0.369 

0.394 

0.379 

0.339 

0.370 a 

Season 2 
Mwezi Moja 

0.017 
0.025 
0.018 
0.017 
0.019 a 

91.1 
86.3 

92.7 

93.1 

90.8 a 

0.394 

0.437 

0.429 

0.410 

0.418 b 

Mean 

0.017 a 
0.023 b 
0.017 a 
0.016 a 
0.018 

91.0 a 

86.8 b 

92.8 a 

92.3 a 

90.7 

0.381 a 

0.416 a 

0.404 a 

0.375 a 

0.394 

Means followed by the same letter in column or row within a season and characteristic are 

not significantly different (P>0.05) according to LSD test. 
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Table 3. Maximum seed dry weight achieved and the moisture content at which the maximum 

dry weight was achieved, of seeds from different pod classes in two cultivars and two 

seasons, as derived from a non-linear analysis between moisture content and seed dry weight. 

Pod class 

Rosecoco 

Season 1 

Mwezi Moja Mean Rosecoco 

Moisture content at achieving maximum dry weight (%) 

Crop 

Early 

Medium 

Late 

Mean 

Maximum dry 

Crop 

Early 

Medium 

Late 

Mean 

57.8 

58.6 

58.1 

57.1 

57.9 a 

59.4 

60.4 

59.7 

59.5 

59.8 a 

weight (g/seed) 

0.392 

0.422 

0.435 

0.415 

0.416 a 

0.420 

0.447 

0.449 

0.447 

0.441 a 

58.6 a1 

59.5 a 

58.9 a 

58.3 a 

58.8 

0.406 a 

0.434 b 

0.442 b 

0.431 b 

0.429 

59.4 

57.7 

56.5 

57.1 

57.7 a 

0.334 a 

0.394 b 

0.380 b 

0.341 a 

0.362 

Season 2 

Mwezi Moja 

56.4 

57.3 

56.5 

57.8 

57.1 a 

0.415 c 

0.437 d 

0.425 cd 

0.411c 

0.422 

Mean 

57.9 a 

57.5 a 

56.5 a 

57.4 a 

57.4 

0.374 

0.416 

0.402 

0.376 

0.392 

Means followed by the same letter in column, row or cultivar x pod class combination 

within a season and characteristic are not significantly different (P>0.05) according to LSD 

test. 

In cv. Mwezi Moja compared to cv. Rosecoco, seed filling rate was significantly 

faster in Season 1 (Fig. 1, Table 2) but not significantly so in Season 2 (P=0.107) (Fig. 

2, Table 2). Cv. Mwezi Moja achieved higher dry weights than cv. Rosecoco (Fig. 1, 

Tables 2 and 3) but the differences were not significant in Season 1 (P=0.183 in Table 

2). The moments of achieving maximum dry weight did not differ significantly 

between cultivars (Fig. 1 and Table 2) but cv. Mwezi Moja tended to achieve maxi­

mum dry weight earlier than cv. Rosecoco in both Season 1 (P=0.081) and 2. 

Seed length development over time 

Seed length increased to a maximum then declined gradually in both cultivars and 

seasons (Figs 3 and 4). The increase was always earlier in seeds from early and 

medium pods than in late and "crop" pods. In Season 1, seeds from all pod classes 

achieved maximum length at comparable moments in both cultivars (Fig. 3). In Season 

2 seeds from early pods achieved maximum seed length earlier than seeds from all pod 

classes in both cultivars (Fig. 4). The maximum length achieved was highest in earlier 
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Seed development within common bean seed crops 
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Fig. 3. (a) Percentage of seeds with red purple (RP) colour and seed length development over 

time in seeds from "crop" pods in Season 1. The bars represent LSD (P<0.05) for the 

comparison of the seed colour means over time and cultivar x time x pod class for the seed 

length while vertical lines represent the moment of physiological maturity (PM) as derived 

from Table 2. (b) Seed length development over time in pods of different earliness with bars 

representing LSD (P<0.05) for the comparison of cultivar x time x pod class means in Season 

1 for cvs Rosecoco and Mwezi Moja. The vertical lines represent the moment of PM as 

derived from Table 2. 
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