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The Ethio-Sudan region is recognized as the center of origin and diversity for cultivated sorghum. All major races of the crop are
widely grown in Ethiopia with durras being dominant. The objective of the present study was to determine the extent of morpho-
logical variability among the Ethiopian durras and examine the pattern of relationships among these traits and their association with
yield and yield components. Two hundred accessions collected from major sorghum-growing regions of the country were evaluated
during the 2007 season at two locations representing hot and dry low land and mild mid-altitude environments. A randomized com-
plete block design with three replications was used. Data were collected on phenology, plant height, a range of leaf traits and yield
components. Significant variation was observed among all traits measured. Phenological traits and plant height were significantly
correlated with each other and with all leaf traits. There was positive correlation among leaf traits, and between leaf traits and yield
components except thousand kernel weight (TKW) and panicle length (PL). Grain fill duration was negatively correlated with all
traits except days to maturity, TKW, and leaf length. Yield components except PL and TKW were positively correlated with each
other. Selection that focuses on key yield components, larger leaf area, and on enhancing the grain filling rate by reducing excessive
grain fill duration may contribute to yield improvement.
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The northeast quadrant of Africa is considered the center
of origin and domestication for cultivated sorghum
(DoGGETT 1965; DiLLoN et al. 2007). This can be recog-
nized from abundant feral relatives in the region occur-
ring in sympatry with cultivated forms (Avana et al.
2000a; Tesso et al. 2008). Ethiopia, one of Vavilov’s
centers of origin for several crop species, hosts wide
genetic variability for sorghum; all races of sorghum
occur in the country’s major sorghum-growing areas
(STEMLER et al. 1977; DoGGETT 1988). Sorghum is grown
by almost all of the more than 80 ethnic nationalities of
the country stretching from the hot, dry lowlands with a
typical semiarid climate to the cool highlands with tem-
perate weather. This assortment of environments along
with the ethnic, social, and cultural diversity of the pop-
ulation have contributed to the development of diverse
and distinct pool of sorghum germplasm, many of which
are represented in international gene banks and the
USDA/GRIN database (GEBREKIDAN 1973; <www.ars-grin.
gov/npgs/searchgrin.html>).

Besides the diverse growing conditions and complex
ethno-cultural settings, the different cropping systems
practiced throughout Ethiopia (Davis and WooLLEY 1993;
O’Leary and SmitH 1999; Tamapo and Esneru 2000;
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SantaLrLa et al. 2001) and the diverse uses of the crop
(Osaro et al. 1993, ReeD et al. 1986) may have also con-
tributed to the evolution, cultivation, and maintenance of
unique types of sorghum. For example as a result of years
of cultivation under multiple cropping systems (GEORGIS
et al. 1990), farmers in eastern Ethiopia have identified
unique variants of the crop suited for intercropping with
both legume and non-legume species. Likewise, contin-
ued use of the crop as a major ingredient for local brew in
the north and as a chief source of energy and protein
throughout the country has led to selection and mainte-
nance of sorghum types with high fermentation efficiency
and others with improved grain and nutritional quality
(SiNGH and AXTELL 1973; GEBREKIDAN and KEBEDE 1979).
Moreover, the need for sorghum biomass as source of
fuel, animal feed, and construction material has resulted
not only in sustained cultivation of the tall, crook-necked
durra but also in selective adaptation and production of
sweet and high biomass types used as dual-purpose crops.
The value of these traits is well recognized in modern
plant breeding, which seeks to improve sorghum for use
as a major food, feed, and bioenergy crop.

The wealth of genetic variability in the Ethiopian sorghum
germplasm sources has always attracted the attention of
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regional and international sorghum breeding programs.
Several accessions possessing traits of economic impor-
tance have been identified among Ethiopian sorghums.
These include sources of post-flowering drought tolerance
(Haussmann et al. 2002; KeBeDE et al. 2001, Xu et al.
2000; Tao et al. 2000), high grain quality and high yield
potential (PRASADA Rao and MENGEsHA 1981), and sources
of high lysine and high protein digestibility (SingH and
AXTELL 1973). Over the past 30 yr, the Ethiopian Inst. of
Biodiversity Conservation (IBC) has collected and main-
tained more than 5000 sorghum accessions. However,
although Ethiopia’s diverse sorghum-growing environ-
ments are presumed to harbor wide genetic variability,
many of these areas are inaccessible for germplasm col-
lection. Thus, the accessions in the gene bank represent
only a fraction of the existing in situ variability. Regardless,
these are valuable resources and have already rendered
service to the international sorghum research community
in many ways.

Attempts have been made to document the extent of
genetic variability among these accessions (TESHOME et al.
1997, 1999; Avana et al. 2000b; TunsTaLL et al. 2001;
Avana and BekiLE 2004; Mamo et al. 2007). But the
efforts were fragmented in that they focused either on
accessions originated only from specific localities or on a
narrow set of samples too small to fully reflect the breadth
of genetic variability that exists in the gene bank.
Nonetheless, these efforts generated useful information
that is relevant to both plant breeding and germplasm col-
lection and conservation efforts. Results of these previous
studies revealed the existence of wide variability for a
range of morphological characteristics and yield compo-
nents. However, little effort was made to investigate the
association between those observable phenotypic traits
and how the traits interact with each other and the envi-
ronment to affect grain and biomass yields. This study
was conducted on representative sorghum germplasm
samples from the Ethiopian gene bank and was aimed to
understand the extent of variability between the acces-
sions and determine the pattern of relationship between
phenological and morphological traits, and yield compo-
nents. Based on the results, priority traits for consideration
in breeding programs will be identified.

MATERIAL AND METHODS
Genetic materials and description of study sites

Two hundred sorghum accessions randomly drawn from
the gene bank collections were used in this study. The
sampling procedure was customized to allow equal repre-
sentation of accessions from all sorghum-growing
regions in the three major altitudinal categories of less
than 1600 m, between 1601 and 1900 m and 1901 m and

above representing the lowland, mid altitude and highland
sorghum growing environments, respectively. This proce-
dure also helped capture the ethno-cultural diversity which
is thought to have played a role in shaping the present
genetic structure, but many of the accessions may be
grown across altitudinal categories just described as these
are seldom used by farmers to delineate adaptation zones.
The profile of the accessions with respect to collection
regions and adaptation zones is presented in Table 1.

The accessions were evaluated at two research stations,
Melkassa and Arsi Negelle under the Ethiopian Inst. of
Agricultural Research. The Melkassa station is located in
the Rift Valley region at 8°30’N and 39°21’E at 1500 m
elevation. The area receives mean annual rainfall of 763
mm and has mean maximum and minimum temperatures
of 24.8 and 14.0°C, respectively. The area is categorized
as dry semiarid and has a well-drained sandy loam soil
with an average pH of 8. The Arsi Negelle station is
located at 7°35’N and 38°65’E at elevation of 1990 m. The
area receives mean annual rainfall of 806.8 mm and has
mean annual maximum and minimum temperatures of
23.3 and 13.8°C, respectively. Compared with Melkassa,
Arsi Negelle has milder weather and heavier soil with
a neutral pH. The two locations represent the typical hot
dry lowland and mild mid-altitude environments where
sorghum is widely grown.

Experimental design and field procedure

The study was conducted during the 2007 main season
using a randomized complete block design with three
replications. To reduce variability among experimental
units each replication was folded in to four blocks each

Table 1. Collection regions and adaptation zones of
sorghum germplasm accessions evaluated at Melkassa
and Arsi Negelle, Ethiopia, during the 2007 season.

Altitudinal zone (number

Region of accessions)

Gamo Gofa (south) highland (0), mid-altitude (3);
lowland (7)

Hararghe (eastern) highland (4); mid-altitude (11);
lowland (6)

Illubabor (southwest) highland (0); mid-altitude (0);
lowland(12)

Shewa (central) highland (4); mid-altitude (2);
lowland (0)

Tigray (north) highland (37), mid-altitude (23);
lowland (16)

Wollega (west) highland (0); mid-altitude (7);
low land (7)

Wollo (north—central) highland (24), mid-altitude (14);
lowland (23)

Total 200
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containing 50 entries such that the entire experiment fitted
in 75X69 m area. Seeds were manually drilled into
5-m-long paired rows spaced 0.75 m apart. At about 20 d
after emergence, the plants were thinned to 0.2-m spacing.
The plots were fertilized with 46 kg ha™! P,O5 and 18 kg
ha™' N applied in the form of di-ammonium phosphate at
the time of planting and additional 23 kg ha'! N was
applied in the form of urea at 40 d after planting. Weeds
were removed as they appeared. At Melkassa, supplemen-
tal water was provided twice with furrow irrigation, once
before flowering and again during grain fill. At both loca-
tions, 10 plants in each plot were tagged with colored
tapes during flowering for use for future data collection.
At milk stage, all tagged plants at Melkassa were covered
with pollination bags to prevent bird damage; the bags
were removed as soon as the grain was hardened to evade
bird attack.

Data collection

Data were collected on days to flowering (DF), days to
maturity (DM), plant height (PH), and grain fill duration
(GFD) and leaf characteristics including leaf length (LL),
leaf number (LN) and leaf width (LW). At maturity, grain
yield and major yield components including panicle width
(PWD), panicle length (PL), panicle weight (PW), panicle
yield (PY) and thousand kernel weight (TKW) were
recorded at both locations. The procedure outlined in the
IBGR/ICRISAT sorghum descriptor was used to measure
each trait (IBGR and ICRISAT 1993). Days to flowering
was measured on a plot basis as the number of days from
planting to when approximately 50% of the plants in a plot
reached half bloom stage. Days to maturity was recorded
as the number of days from planting to when seeds on 50%
of the plants in a plot exhibited black layer on the lower
third of the panicle. Grain fill duration was measured as the
number of days between DF and DM. Leaf width was
recorded as the width of the largest section of the leaf and
LL was measured as the length between the collar and the
tip of the leaf. Both LW and LL were measured on the top
third leaf at dough stage. LN was the total number of leaves
on the plant. Leaf area (LA) per plant was calculated on the
basis of the length and width of the third top leaf multiplied
by the total number of leaves and a coefficient of 0.71
(KRISHNAMURTHY et al. 1974).

At maturity, all tagged plants were cut at ground level
and used to measure the remaining parameters. Plant
height was determined as the length of the plant between
the base and the tip of the panicle. Then the panicles were
carefully detached from the stalk and used for measuring
yield components. Panicle width was measured as the
average width of the panicle at its widest section and PL
as the length between the base and tip of a panicle. Panicle
weight was measured as the weight of the un-threshed

head, and PY was measured as the weight of the seed
threshed from individual panicles. Thousand seed weight
was recorded as the weight of one thousand kernels from
bulk seeds from all heads in each plot. The average of
measurements taken from 10 plants in each plot was used
in the analysis. Grain yield was recorded as the total
weight of the grain harvested from each plot. Data on
grain yield, PY, TKW and PW was adjusted to 12.5%
moisture for statistical analysis. Because of severe bird
damage, grain yield data from Melkassa were not included
in the analysis.

Statistical analysis

Data were subjected to analysis using SAS ver. 9.1
(SAS 2004). The PROC GLM procedure was used to esti-
mate variance for all traits. All factors (accession, block,
and environment) were treated as random variables. The
Pearson correlation coefficient was calculated for every
pair of traits using the PROC CORR procedure. To better
explain the relationship between grain yield and other
traits, Mean trait values of a subset of accessions repre-
senting the top yielders (10 accessions) and the lowest
yielders (10 accessions) were related to that of individual
accessions and the overall mean. A graph depicting the
deviation of mean values of all traits for both top- and
low-yielding accessions from the overall mean was com-
puted to represent the effect of each trait on grain yield.

RESULTS
Phenology and leaf characteristics

The analysis of variance for the combined data and indi-
vidual locations is presented in Table 2. The accession
effect was highly significant for all phenological traits,
PH, GFD and leaf characteristics both in the combined
data and individual location analyses. Environment and
accession X environment interaction effects were also
highly significant for all traits except LL and LA (Table 2).
The across-location accession means for DF, DM and
GFD were 93.5, 172.3 and 79.1 d, respectively, and the
ranges were 59 to 145 d for DE, 134 to 211 d for DM, and
22 to 124 d for GFD (Table 3). Leaf characteristics were
also highly variable among accessions; LW ranged from
4.5t0 16.3 cm, LL from 49.4 to 102.9 cm, LN ranged 5.4
to 17.2, and LA from 1531 to 12 036 cm? (Table 3).
However, values for each of these traits were markedly
different under the two environments, and there was a sig-
nificant accession X environment interaction for most of
them. Generally, DE, DM and GFD were significantly
longer at Arsi Negelle than at Melkassa (100.1 vs 86.7,
193.3 vs 150.4, and 93.2 vs 64.3 d, respectively). But the
accessions were remarkably taller at Melkassa than at Arsi
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Table 2. Combined mean and range of vegetative growth
parameters and yield components of sorghum accessions
evaluated at Melkassa and Arsi Negelle, Ethiopia.

Range
Variable Mean SD Minimum Maximum
Days to flowering (d) 93.49 15.13 59 145
Days to maturity (d) 172.28 23.42 134 211
Grain filling duration (d) 79.07 18.00 22 124
Plant height (cm) 293.73 75.16 121 515
Leaf width (cm) 853 1.20 4.52 16.30
Leaf length (cm) 76.83 7.59  49.40 102.88
Leaf number 12.04 2.14 5.40 17.20
Leaf area (cm?) 5655 1531 1055 12036
Panicle width (cm) 822 1.56 4.2 21.60
Panicle length (cm) 25.08 7.96 8.2 98.00
Panicle weight (g) 95.16 39.62 10.04 310.52
Yield/panicle (g) 70.99 30.92 2.3 224.45
Thousand kernel weight 29.5  7.31 10.8 54.0
(®
Grain yield (Mg ha™') 354 174 0.16 10.24

Negelle (330.1 vs 258.7 cm, respectively). Mean LW, LN
and LA were also noticeably higher at Melkassa, whereas
LL was slightly higher at Arsi Negelle.

There was significant correlation among the traits both
in the combined data and individual locations (Table 4, 5).
Days to flowering was significantly correlated with DM,
PH and leaf traits but not correlated with GFD (Table 4).
The same trend was noted at individual locations, except
the correlation between GFD and PH showed opposing
trends at the two locations (Table 5). Days to maturity
correlated significantly and positively with PH, GFD and
LL and negatively with all other traits except LA, for
which the correlation was not significant (Table 4). The
situation at individual locations was slightly different in
that all correlations were positive at both locations, except
LW and LL at Melkassa were not significantly correlated
with DM (Table 5). Grain fill duration was negatively and
significantly correlated with all leaf traits in the combined
analysis and for individual location, except correlation
with LL was positive but not significant at Melkassa. Plant
height had a strong positive association with all leaf traits
except LW at Arsi Negelle and LL at Melkassa, and the
correlation between PH and LW in the combined analysis
was not significant (Tables 4 and 5). All leaf traits were
significantly and positively correlated with each other at
both locations except between LW and LN and between
LW and LL at Melkassa.

Yield and yield components

Similar to the phenology and leaf traits, accession effect
was highly significant for all yield components in the

combined analysis as well as for individual locations
(Table 2). Grain yield was significantly (P =0.01) differ-
ent among accessions and ranged from 0.16 to 10.24 Mg
ha! with a mean of 3535 kg ha'!'. Mean yield components
ranged from 4.2 to 21.6 cm for PWD, 10.0 to 310.5 g for
PW, 2.3 to 224.5 g for PY, and 10.8 to 54.0 g for TKW.
Environment and accession X environment interaction
effects were significant for all yield components except
TKW (Table 2). Scores for PL, PW, and PY were mark-
edly higher at Melkassa than at Arsi Negelle (mean values
0f 26.9 vs 23.3 cm, 110.6 vs 80.5 g, and 80.6 vs 61.9 g,
respectively), whereas TKW was higher at Arsi Negelle.

There was a remarkable association among yield
components, though there were differences between test
environments. Thousand-kernel weight was positively
and significantly correlated with PWD, PW and PY at
Melkassa and with PW and PY at Arsi Negelle and in the
combined analysis (Table 4, 5). The correlation between
TKW and PWD in the combined analysis was not signifi-
cant (Table 4). However, the correlation between TKW
and PL at Melkassa and between TKW and PL and TKW
and PWD at Arsi Negelle were significant but negative
(Table 5). Panicle weight and PY were highly correlated
with each other (r=0.91 in the combined analysis) and
also had a similar pattern of association with other yield
components at both locations. Panicle weight was also
significantly and positively correlated with PW and PY
and negatively with PL at both locations. The correlation
between PWD and PL was significant and negative at
Melkassa and positive at Arsi Negelle, but it was not
significant when the data were combined. Grain yield
was positively and significantly correlated with all yield
components except TKW.

Correlation between vegetative growth characteristics
and yield components

Most yield components had a marked relationship with
phenological traits, PH, GFD and leaf traits at both loca-
tions. Panicle width was positively and significantly
correlated with all phenological and leaf traits in the com-
bined data and individual location analyses. The only
exceptions were DM and GFD at Melkassa, which were
not significant, and GFD at Arsi Negelle, for which the
correlation was significant but negative. At Melkassa, PL
was significantly and negatively correlated with GFD and
all leaf traits except LL. At Arsi Negelle, PL was signifi-
cantly correlated with only LW, LN and LA (Table 5). All
of phenological and leaf traits were negatively corre-
lated with PL in the combined analysis except PH and
LL, which had positive correlation, and LN and LA for
which the relationship was not significant (Table 4).
Panicle weight and PY were significantly and positively
correlated with all phenological and leaf traits except
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Table 4. Combined correlation coefficients among vegetative growth parameters and yield components of sorghum

accessions evaluated at Melkassa and Arsi Negelle, Ethiopia.

Daysto Daysto Plant Leaf  Leaf  Leaf Leaf Panicle Panicle Panicle panicle
flowering maturity height GFD'  width length Number area width  length weight yield

Days to maturity ~ 0.64™ - - - - - - - - - - -
Plant height 0.19™ 0.30™ - - - - - - - - - -
GFD 0.00 077"  -0.54" - - - - - - - - -
Leaf width 0.11"  -0.13"  0.00 -0.26" - - - - - - - -
Leaf length 0.38" 027" 0.07" -0.14" 0.26" - - - - - - -
Leaf number 045" -0.19"  0.59" -0.55" 0.15" 0.13" - - - - - -
Leaf area 0.48"  -0.03 038" -0.43" 0.66™ 0.54" 0.72" - - - - -
Panicle width 0.33" 033" 0.07 0.16™  0.15" 0.27" 0.06 0.21™ - - - -
panicle length -0.08" -0.21"  0.14" -0.20" -0.09" 0.06" -0.03 -0.05 -0.03 - - -
Panicle weight 0.08"  -0.27"  0.39" -0.42" 0.35" 0.14" 054" 0.53" 026" -0.16" - -
Panicle yield 0.09" -0.22"  0.35" -0.36" 0.33" 0.14" 047" 049" 030" -0.17" 091" -
TKW# -0.15™ 0.09° -0.22" 0.23" 0.06 0.08" 0 0.06° -0.03 -0.42" 031" 0.30"

", “significantly different at P=0.05 and P <0.01, respectively; ‘GFD = grain fill duration; *TKW = thousand-kernel weight.

correlations with DM and GFD were negative (Table 4).
At individual locations, both PW and PY were signifi-
cantly and positively correlated with all phenological and
leaf traits except GFD for which the correlations were
negative but not significant at Melkassa and negative and
significant at Arsi Negelle (Table 5). Thousand kernel
weight was negatively correlated with DF and PH and
positively correlated with DM and GFD at both locations
(Table 4, 5). The correlations between TKW and LW at
Melkassa, and between TKW and LN and TKW and LA
at Arsi Negelle were also positive and significant. Grain
yield at Arsi Negelle was significantly and positively
correlated with DF, PH and all leaf traits and negatively
correlated with GFD (Table 5).

We further investigated the association of phenology
and leaf traits with yield and yield components by form-
ing two separate pools of accessions representing top-
yielding and low-yielding groups (based on plot yield at
Arsi Negelle) and comparing their across-location trait
values with each other and with the overall mean. Mean
values for DF, DM, LW and LA for the top-yielding
accessions were remarkably higher than those for the
overall accession mean. Only LN was lower but not sig-
nificantly different from the overall mean (Table 6). For
the low-yielding accessions, mean value for traits were
remarkably lower than the overall mean except DM that
were remarkably higher. Similar to phenology and leaf
traits, there was a marked difference in mean values of
yield components between the top- and low-yielding
accessions. All yield components for the top-yielding
accessions except PL and TKW were markedly higher
than those for the low-yielding accessions and the overall
mean. The TKW for the top-yielding accession was 22%
lower than that for the overall mean and low-yielding
accessions. Similarly, PL in the top-yielding group was

remarkably longer than that in the low-yielding group but
shorter than that for the overall mean. Yield components
for the low-yielding accessions were low compared to the
overall mean except TKW, which was also lower but not
significantly different from the overall mean (Table 6).
However, some members of the low-yielding group had
scores similar to those of the top accession for some traits.
Accession no. 167 had mean PH, DF, DM, GFD and all
leaf traits that were higher than or similar to those of the
top-yielding group but had a significantly low score for all
yield components except TKW.

DISCUSSION

Following the report by SNowpEN (1936) which described
variations among cultivated races of sorghum, a number
of studies confirmed the presence of tremendous vari-
ability among cultivated sorghum for a range of pheno-
typic and physiological traits as well as molecular
markers (HarLan and DeE WEeT 1972; Djg et al. 2000;
GuEeBruU et al. 2002; Menz et al. 2004; ALl et al. 2008;
X et al. 2009). Most of the morphological traits have
shown to be related to each other in certain ways (Ezeaku
and MonaMED 2006), but because of differences in pani-
cle morphology between races, the nature of the relation-
ship in different races may be different. The current
study is focused on elucidating these relationships in the
durra sorghums of Ethiopia.

We noted marked relationships between the various
traits measured. Days to flowering, DM, and PH were
significantly correlated with each other under both envi-
ronments. The positive correlation between DF and DM
was anticipated, and these traits’ positive association
with PH is not surprising for tropical germplasm such as
those used in the present study. A correlation of this type
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both were clearly accelerated at Melkassa. Grain fill dura-
tion accounted for 48% of the entire growth duration at
Arsi Negelle but only 42% at Melkassa, and this differ-
ence appears to be due to accelerated GFD at the later
location. Moreover, GFD was significantly and negatively
correlated with PH and all leaf traits except LL at Melkassa
(Table 5). Genotypes with larger LA and LA components
appeared to have a higher net photosynthesis rate during
the grain filling stage and thus required a shorter time to
fill the grain than genotypes with less LA. The negative
relationship between PH and GFD can be explained in the
same way; taller plants had more number of leaves
(r=0.59) and thus a greater LA (r=0.38), which may
have accelerated the grain filling process.

Relationships between phenological traits, PH, GFD
and yield components were significant and largely posi-
tive with few exceptions. But PL was negatively corre-
lated with all of the traits except PH and also negatively
correlated with all other yield components. To explain
this, we pooled 10 accessions with the longest panicles
and compared their trait means with the overall mean.
Mean panicle length among this pool was 44% longer
than the overall mean. This pool also had 6% longer GFD,
but 8, 34, 29, 13, 22, 13 and 19% lower PWD, PW, PY,
TKW, LA, LW and GY, respectively. But DF, DM, LL
and PH of this pool were not significantly different from
the overall mean. Accessions with long panicles appear
unique in that they have a significantly higher than aver-
age score for one trait and lower than average scores for
most other traits. Those accessions are perhaps introgres-
sions with other races, most likely the bicolor or wild rela-
tives. In another study, we reported the prevalence of wild
and weedy sorghums in major sorghum-growing regions
of Ethiopia occurring either within pollen-reach distance
or in the same field with cultivated sorghum (TEsso et al.
2008) that spontaneous crossing between cultivated sor-
ghums and wild relatives is possible.

Grain yield was significantly and positively correlated
with all traits except DM, GFD and TKW. It is always
assumed that a longer GFD will lead to larger seed size.
However, seed size has been reported often as having no
positive effect on yield in most crops including corn
(GravenN and CARTER 1990; NarziGER 1992), sorghum
(MARANVILLE and CLEGG 1977) and wheat (TALBERT et al.
2001). However, Ezeaku and MoHaMMED (2005) and ABa
and OBILANA (1994) reported positive association between
grain yield and TKW but those results are based on rela-
tively small set of genotypes and among materials of
common pedigree background that such correlation is
possible. But when large number of unrelated accessions
like in the present study is used such correlation may not
necessarily occur. The association of grain yield with
these and other traits was better revealed when mean trait
values of top-and low-yielding groups were compared

with each other and with the overall mean. Mean grain
yield of the top-yielding accessions was eight times as
large as the low-yielding accessions (6929.7 vs 865.8 kg
ha!) and twice as large as the overall mean (Table 3, 6).
Mean DF, PH, LW, LL, NL, LA, PW, PL, PW and PY of
the top-yielding accessions were significantly higher than
those of the low-yielding accessions, but GFD and TKW
were higher for the low-yielding group. Neither group
varied with respect to DM. Scores for most of the traits in
the top-yielding accessions were not markedly different
from the overall mean except DF, LW, PD, PW and PY
(Fig. la—c). Values for some traits, including LN, PL and
TKW, were remarkably lower than the overall mean.
Most traits for the-low yielding accessions had lower
scores than traits for the overall mean except DM and
GFD. As reported by earlier investigators, this result
indicates that extended grain filling period and seed size
do not necessarily contribute to grain yield.

Results of this study confirm that breeding for yield
improvement is a complex endeavor; several traits are
directly or indirectly associated with yield. The greatest
challenge is on systematically interpreting the complex
association among the traits and exploiting them to
enhance the genetic potential of the crop. Comparison of
the top- and low-yielding accessions showed that the dif-
ference in yield was not proportional to the difference in
any of the other traits (Fig. 1d), proving that yield is a
cumulative or multiplicative result of a multitude of traits,
including those not considered in this study. The approach
to enhancing sorghum yield should thus be comprehen-
sive and take into account the direct and indirect contribu-
tion of each individual trait. But there is obviously a limit
to the number of traits that can be improved at the same
time in any breeding scheme. Even with the use of molec-
ular markers to aid selection, not many traits can be effec-
tively handled at one time because many of these traits are
polygenic and several genes or genomic regions may
account for their expression. Thus, the breeder must make
a choice between the many apparently relevant traits and
focus on those that are most important. In the present
study, we investigated the complex interactions among
several traits and then identified three key areas that we
suggest breeders to focus on in order to enhance sorghum
yield for this and similar environments: 1) directly target-
ing the high yield potential traits (yield components),
2) focusing on traits that enhance LA development, and
3) reducing the period and increasing the rate of grain fill.

The first focus area is on identification and use of key
characteristics among a suite of traits commonly targeted
by most sorghum breeding programs. It capitalizes on few
major yield components that are closely associated with
grain yield. But all yield components considered in
this study are positively correlated with each other and
with grain yield. Based on our results, we identify PW as
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Fig. 1a-d. Differences in vegetative growth characteristics and yield components between a subset of experimental accessions

representing high- and low-yielding groups.

representative trait for the entire yield components
included in this study. We believe that improving this trait
along with other compatible plant characteristics should
result in improved yield. However, there are other traits
that may have positive correlation with grain yield that are
not considered in the present study such as number of
kernels per panicle and number of panicles per unit area.
Those can be considered along with panicle weight in
selection of genotypes with improved yield potential.

The other group of traits that needs to be improved
along with the yield component is the LA. Improving the
LA involves manipulation of leaf characteristics and other
traits related to LA development. Our results indicate that
several traits contribute to LA development including LL,
LW, LN, PH and DF Delayed flowering contributed to
LA either by allowing more time for additional leaves to
initiate and develop or through permitting optimal growth
and expansion of the leaves; similarly, taller plants con-
tributed to LA by having more leaves. All these traits have
been shown to have positive relationship with grain yield.
Therefore, for sub-Saharan countries such as Ethiopia,
breeding for dwarf extra early cultivars may not be the
best approach. Although such cultivars have shown excel-
lent promise in Africa, the yield potential could be further

enhanced if maturity and height were considered. In the
temperate environments, sorghum has to fit in a 120- to
130-d growing window, but in tropical Africa, sorghum
can be grown over an extended period of time, which pro-
vides an opportunity to exploit growth resources for max-
imum yield. In addition to allowing more LA development
and thereby contribute to improved yield, this approach
would also contribute to improved stover yield to help
meet other needs, serve as animal feed and as source of
fuel.

The third approach is based on increasing the rate and
reducing the duration of grain fill. An extended grain fill-
ing period has always been perceived as indicator of
potential for yield improvement. Theoretically, it makes
sense to assume that a longer grain filling period allows
more time for photosynthesis and storing more carbohy-
drate in the grain, but this has rarely been translated to
increased yield in several crops (Hawkins and CooPErR
1979). The accessions included in this study had a mean
maturity period of 172 d, and the grain filling period
accounted for nearly half of this entire growing period.
Also, some accessions in the current study had a grain fill-
ing period of only 38 d, and their seed weight was lower
but not significantly different from the entire accession
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mean. On the other hand, the low-yielding accessions had
an average grain filling period of 102 d, compared with
only 82 d for the high-yielding accessions. It appears that
long grain fill types have low grain fill rate that they
needed much longer period of time to fill an average size
grain. But the long grain fill accessions are widely grown
in the country where this study was conducted even though
there is no yield benefit associated with long grain filling
period. The use of accessions with extended grain fill
duration is rather a disadvantage in that it increases the
likelihood of exposure to damage by both man-made and
natural calamities. We believe that substantially reducing
the GFD and enhancing the grain filling rate while main-
taining average DF will lead to increased yield if the traits
are bred into backgrounds that have enhanced yield com-
ponents (e.g. PW and number of panicles per unit area)
and large LA. But this endeavor should first examine the
positive values of the long grain fill types that farmers rec-
ognize as worthy to maintain them in production.

Conclusions

There is significant variability for various phenological
traits and yield components among durra sorghums. Days
to flowering, PH, and LA and LA components are signifi-
cantly correlated with grain yield and yield components.
This shows that in a tropical environment where freezing
temperatures do not restrict crop growth, extended vege-
tative growth may positively contribute to grain yield per-
haps through bigger sink size (yield components) and
improved LA development. However, extended grain fill-
ing period of 45 d or longer seem to have no or little ben-
efit to enhancing sorghum yield. Our results suggests that
variety development approach that focuses on exploiting
long vegetative growth period (taller plant and extended
flowering) and major yield components (e.g. head size
and number of heads per unit area) by reducing prolonged
grain filling period may contribute to enhanced yield in
durra sorghums under a tropical environment.
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