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Bacterial wilt caused by Ralstonia solanacearum is one of the most destructive and widespread
diseases of tomato in Kenya. The objective of this study was to determine the combining ability effects
and gene action conditioning bacterial wilt disease resistance in tomato. Eight parents were crossed in
North Carolina Il mating design scheme to produce sixteen F; hybrids. The F; hybrids and the parental
genotypes were evaluated for bacterial wilt in an alpha lattice design. Among the parents, KLF acc llI
was the best general combiner for area under the disease progress curve (AUDPC) and disease
incidence across the two cropping cycles. Red Diamond x KLF acc lll, Money Makerx KK acc |, Oxylyx
KLF acc lll and Money Makerx KK acc Il were the best specific combiners for AUDPC. Low narrow sense
heritability values of 0.14, 0.16 and 0.20 were obtained for AUDPC, disease incidence and plant survival.
Relative weights of additive versus non-additive gene action obtained for AUDPC, disease incidence
and plant survival were 0.19, 0.20 and 0.50. General predictability ratios (GPR) values of 0.27, 0.29 and
0.50 were obtained for AUDPC, disease incidence and plant survival. These results indicated the

predominance of non-additive gene action in governing the traits.

Key words: Disease resistance, bacterial wilt, combining ability, gene action, tomato.

INTRODUCTION

Tomato (Solanum lycopersicon L.) is one of the most
widely cultivated vegetables worldwide. The area under
production of this vegetable in Kenya has been on the
rise due to the increase in demand (FAOSTAT, 2018;
Ochilo et al.,, 2019). The consumption outstrips the
demand and this result from low production that cannot
meet the need of the population. Further, there is a gap
between the actual and potential yield arising from

limiting factors such as lack of suitable varieties coupled
with inadequate crop management strategies for control
of pests and diseases. Bacterial wilt caused by Ralstonia
solanacearum has been identified as a major biotic
constraint affecting tomato production in Kenya (Laeshita
and Arwiyanto, 2017).

Studies carried out on the inheritance of resistance to
bacterial wilt in tomatoes reported the significance of both
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major and minor genes in regulating the resistance.

Identifying genetic loci responsible for resistance traits,
linkage analysis and genome-wide association studies
(GWAS) have been widely used (St. Clair, 2010).
Quantitative genetic resistance controlled by several
genes/Quantitative Trait Loci (QTL), shows complex
multigenic  inheritance, making breeding efforts
challenging (Pilet-Nayel et al., 2017). In disease
resistance, haplotype association analysis has been used
primarily to characterize diversity at a single target locus
in diverse germplasm in order to facilitate the fine
mapping of genomic regions containing known resistance
loci (Krattinger et al., 2013). A single gene was important
for control of bacterial wilt resistance in tomato (Grimault
et al, 1995; Thakur et al., 2004). In contrast, the
resistance of tomato to bacterial wilt was reported to be
under the control of QTLs (Ishihara et al., 2012).

The difference in the results has been attributed to the
use of different sources of resistance, variations in
environmental conditions and different isolates of R.
solanacearum species complex (Da-Silvia et al., 2018).
The RSSC strains have been classified into the R.
solanacearum species complex, which is composed of
four major phylotypes classified according to their
geographical origins: | (Asia), Il (America), Ill (Africa and
the Indian Ocean), and IV (Indonesia, Australia, and
Japan) based on analyses of sequence data derived from
the internal transcribed spacer (ITS) region between 16S
and 23S (Fegan and Prior, 2005). Recently, the RSSC
was taxonomically divided into three species, with
phylotypes | and Il being classified as R.
pseudosolanacearum, phylotype Il being classified as R.
solanacearum, and phylotype IV being classified as R.
syzygii (Prior et al., 2015).

Heritability is a quantitative measure of the genetic
variance in phenotypic variation and has predictive value
in plant breeding. It indicates the extent to which a
particular set of morphogenetic traits can be transmitted
through successive generations (Wagar-Ul-Haq et al.,
2008). Knowledge of heritability has an effect on the
selection procedures used by the plant breeder in
determining which selection methods would be most
beneficial in improving the traits, predicting gain from
selection and determining the relative importance of
genetic effects (Laghari et al., 2010). Understanding gene
action involved in bacterial wilt resistance in tomato
would provide a basis for planning a breeding strategy for
developing breeding populations that would lead to
identification of superior lines through selection. Alleles
with a dominant, additive, or deleterious phenotypic effect
have a different effect on heritability when they are
homozygous or heterozygous. Understanding how
heterozygosity and homozygosity affect gene action and
interaction will aid in determining whether hybrids or
inbred lines should be used as the end product of
breeding programs (Fasoula and Fasoula, 1997).
Additive gene action is the mode of gene action in which
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each of two alleles makes an equal contribution to the
generation of qualitative phenotypes. Non-additive gene
action is the mode of gene action in which one allele is
more strongly expressed than the other (Fasoula and
Fasoula, 1997). Non-additive gene action was
predominant over additive gene action for the control of
resistance to bacterial wilt (Singh et al., 2014). In
contrast, additive gene action was important in bacterial
wilt resistance (Oliveira et al., 1999). Information on
combining ability can help to establish an effective
breeding programme. Combining ability analyses is
important for facilitating the choice of suitable parents for
hybridisation (Suvi et al., 2021). However, combining
ability analyses and genetic predictions may depend on
the test populations as well as the environment (Suvi et
al., 2021). Studies on combining ability have been carried
out in other diseases of tomato and other crops. For
instance, three tomato lines were identified as potential
donors for resistance to tomato yellow leaf curl virus
disease in a half-diallel mating design (Pandiarana et al.,
2015). Parental lines with negative general combining
ability (GCA) values and families with negative specific
combing ability (SCA) values were selected for breeding
for resistance to rice yellow mottle virus disease (Suvi et
al., 2021)

Additive, dominance, and interaction effects of genes,
genetic variation in quantitative or complex traits can be
partitioned into many components. The additive genetic
variance is the most important since it accounts for the
majority of the association between relatives and the
potential for genetic change via natural or artificial
selection (Hill et al., 2008). Additive genetic variance
occurs when genes have an additive effect on the
guantitative trait. This leads in phenotypic deviation from
the mean as a result of the inheritance of a particular
allele and its relative effect on the phenotype. It quantifies
the degree to which individual phenotype differences may
be predicted as aresult of allelic substitutions additive
effects. Non additive genetic variance is linked with
dominant gene acts that encompass the influence of
recessive alleles at a particular locus (Singh and Singh,
2018).

The North Carolina Il mating design has been widely
employed in parental hybridisation for population
development and investigating the inheritance of
important traits of various crops (Acquaah, 2009;
Makanda et al., 2010; Oppong-Sekyere et al., 2019). The
design, allows a breeder to estimate the General
Combining Ability and Specific Combining Ability
(Acquaah, 2009). GCA is defined as a genotype's
average performance in a series of hybrid combinations.
SCA is defined as those instances in which certain hybrid
combinations outperform or underperform their parental
inbred lines on an average basis (Sprague and Tatum,
1942). On the basis of SCA, observations of the
performance of various cross patterns have been used to
infer the gene action at work. The high SCA effects
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observed in crosses where both parents are good general
combiners may be attributed to additive x additive gene
action (Dey et al., 2014). The high SCA effects derived
from crosses between good and poor general combiner
parents may be attributed to the good general combiner
parent's additive effects and the poor general combiner
parent's epistasis effects, which fit the favourable plant
attribute (Verma and Srivastava, 2004). High SCA effects
manifested by low crosses may be due to a dominance
type of non-allelic gene interaction that results in over
dominance, rendering the interaction unfixable (Wassimi
et al., 1986). Although studies have revealed the
significance of both GCA and SCA in key traits of a
number crops including quality traits, disease resistance
and yield, limited information exists in the estimation of
GCA and SCA from crosses between cultivated and with
wild species of tomato (Tyagi et al., 2018). Hence, the
study focused on understanding the gene action involved
in the control of bacterial wilt and its inheritance.
Knowledge of inheritance will be handy in developing a
breeding strategy for developing bacterial wilt resistant
tomato for both greenhouse and field production.

MATERIALS AND METHODS
Experimental site

The experiment was carried out in the greenhouse at Egerton
University, Njoro Campus in the Department of Crops, Horticulture
and Soils. The site lies approximately at 35°55'58.0 E and
0°22'11.0 S and an altitude of 223 8 m above the sea level. The
area is situated in the lower highland agro-ecological zone 3 (LH 3)
(Jaetzold et al., 2012).

Genetic material

Eight parental genotypes including four commercial susceptible
varieties and four wild tomato genotypes with resistance to bacterial
wilt were used in the study. Detailed description of these parental
materials is provided in Table 1.

Mating parental genotypes

Crossing blocks having eight parents were planted in the
greenhouse. Four male parents were crossed to four female
parents in North Carolina Design Il mating scheme. A total of 16 F;
progenies were obtained. The planting of the parental material was
done by staggering to eliminate the possibility of differential
flowering time in order to ensure a synchronized flowering period to
allow successful crossing. This was achieved by planting the late
flowering parents first followed by the early flowering.

Collection, isolation and preservation of R. solanacearum
inoculum

Samples of five infected tomato plants showing bacterial wilting
symptoms were collected from individual farms in Subukia, Nakuru
County in Kenya for isolation of the pathogen. Geographical
locations of the farms were recorded using the Global Position

System. A quick field ooze test was carried out to distinguish R.
solanacearum from vascular wilts that are caused by fungal
pathogens. The stems of diseased tomato plants showing typical
symptoms of bacterial wilt were cut using sterilized scalpel blades.
The cut ends of the stem were placed in test tubes containing
sterile distilled water. The presence of the pathogen was confirmed
by the proliferation of fine milky white strands when the infected
tissue is placed in water. These white strands are as a result of
masses of bacteria, which come out of the margins of the cut
portions within few minutes (Rohini et al., 2017).

The infected tomato plants collected from the field were washed
under running tap water to remove sand and soil. Vascular tissues
were extracted with a new sterile scalpel blade into sections of
about 10 cm in length from collar region of wilted plants (Ahmed et
al., 2013). The tissues were surface sterilized for thirty seconds in
1% sodium hypochlorite solution, 70% ethyl alcohol followed by
three repeated washings in sterile distilled water and blot dried. The
stem sections weighing one gram were macerated in a test tube
containing 10 ml of clean sterile distilled water to create a stock
solution. The stock solution was serially diluted by adding 1 ml of
bacterial solution to eight test tubes each containing 9 ml of sterile
distilled water. Each test tube was vortexed and allowed to settle for
at least ten minutes.

Isolation of the bacterium was done following streak plate method
as described by Grover et al. (2012) on to 2, 3, 5 Triphenyl
Tetrazolium Chloride (Kelman’s TZC agar) medium (glucose 5 g,
peptone 10 g, casein hydrolysate 1 g, agar 18 g, distilled water
1000 ml), 5 ml of TZC solution filter sterilized was added to the
autoclaved medium to give a final concentration of 0.005%)
according to the procedure of Seleim et al. (2014). One loopful of
bacterial suspension was obtained from the eight test tubes and
streaked on pre sterilized moisture free plates. The plates were
incubated upside down in an incubator at 28 + 2°C for 24-48 h.
Single virulent colonies from the medium were characterized by dull
white colour fluid with irregular round and light pink centres and
these were further streaked on TZC plates to obtain pure culture of
the isolates. The pure culture was transferred to 5 mL of sterile
double distilled water in screw capped bottles where they were
stored for experimental use under refrigeration at -20°C for
maintenance of virulence

Experimental procedure

Sixteen F; alongside eight parents were sowed in a nursery for a
period of about 5 weeks before transplanting. The experimental
design was an alpha-lattice design of 4 blocks and 6 units within the
blocks, in two replicates. The 16F;s with 8 parental genotypes were
inoculated with the cultured pathogen 14 days after transplanting.
Before inoculation, incisions were made using a sterile scalpel on
either side of the main stem to a depth of 5-6 cm each to cause
injury to the secondary roots (Mwangi et al., 2008). Thirty
millimetres of the standardized bacterial suspension containing
1x10° colony forming units (CFU/ml) per ml inoculation of R.
solanacearum was poured over the roots (Singh et al., 2018).
Thereafter, the plants were watered at alternative days to maintain
a high soil moisture for the development of the disease.

Data collection

All plants in each experimental unit were used for data collection.
The disease symptoms were observed daily from 30, 45 and 60
days after inoculation (DAI). The percent disease severity in plants
was evaluated using a scale of 0-5 as described by Kempe and
Sequeira (1983) (Table 2 and Figure 1).

The disease evaluation data were summarized using the percent
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Genotype Source Bacterial wilt response  Cultivation status Role in crosses
Cal-J Kenya Seed Company Susceptible Cultivated Female

Money Maker Kenya Seed Company Susceptible Cultivated Female

Red Diamond Continental Seed Company Susceptible Cultivated Female

Oxyly Royal Seed Company Susceptible Cultivated Female

KK acc Il Kakamega County Resistant wild Male

KK acc | Kakamega County Resistant wild Male

KISl Kisii County Resistant wild Male

KLF acc Il Kilifi County Resistant wild Male

KK: Kakamega, KLF: Kilifi.

Table 2. Disease rating scale for bacterial wilt.

Rating scale Description Disease reaction
0 No symptoms Highly resistant
1 1 to 25% leaves wilted Resistant
2 26 to 50% leaves wilted Moderately resistant
3 51 to 75% leaves wilted Moderately susceptible
4 75% but less than 100% of leaves wilted Susceptible
5 All leaves wilted and plant dead Highly susceptible

Source: Moussa et al. (2017).

Figure 1. Disease severity scale of Bacterial wilt on tomato (HR-Highly Resistant, R-Resistant, MR-Moderately Resistant, MS-Moderately
Susceptible, S-Susceptible and HS-Highly Susceptible).

disease severity (PDS) formula as described by Sharma and Saikia
(2013) and expressed as the area under the disease progress
curve (AUDPC). AUDPC values of 0-150, 151-300, 301-500 and >
500 were considered to represent very low, low, moderate and high
levels of resistance, respectively (Jeger et al., 2001). AUDPC was
estimated following Wilcoxson et al. (1975) as:

2

Yityiz1)
AUDPC=}", (u (tis1 — ti))

Where, y; is the % disease severity on the i* scoring; ¢; is the
number of days from sowing to i* scoring; n is the total number of
scores.

Disease incidence was calculated using the following formula
described by Gashaw et al. (2014) as:

Number of infected plants
x 100

Disease incidence =
Total number of plants assessed

Data on plant survival was calculated using the formula described
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by Jyoti et al. (2015) as:

Plant val = Number of healthy plants < 100
ant survivat = Number of plants established

Data analyses

Data for AUDPC were log transformed while data for disease
incidence and plant survival were arcsine square root transformed
to obtain a normal frequency distribution. Data were subjected to
analysis of variance using the computer software programme
GenStat 15™ edition (VSN International, Hemel Hempstead, UK).
The statistical model for the analysis was;

Yikrm = W+ G + R+ By + G + GCyj + €ijpm
Where; Y, is the observed performance from each experimental
unit; Cjis the effect due to | cropping cycle; R; is the effect due to I
replicate; Bygis the effect due to k ™ block within the 1" replicate; Giis
the effect due to i genotype; GC;j is the effect due to interaction
between the genotype and the cycle; &jm is the random error
component.

Genotypes, cycles and replications were considered as fixed
effect while blocks were considered as random effects. Mean
separation was performed using Least Significant Difference (LSD)
test at p < 0.05 given as:

LSD = t«

<cqr X SED

Where t % error df is the t value for a significance level of a/2, error

df is the number of degrees of freedom in the error term of the
analysis of variance. SED is the Standard Error of Difference
Combining ability analysis was done using Line x Tester procedure
developed by Kempthorne (1957) and implemented in R software
package version 4.0.4 in RStudio 1.4.1106 (Team, 2014). The
linear model for combining ability analysis was as follows:

YiR =ut+tg:ityg; +S;+ &

Where; Yjxis the value of the ijk" observation of the cross involving
i cross, and " tester in the kth replication. u is the general mean. g;
is the GCA effect of the i" line. g;is the GCA effect of the | tester.
S; is the specific combining ability (SCA) effect of the cross
involving i line and | tester. & is the error associated with the ijk™
observation.

Narrow sense heritability was estimated, after derivation of the
variance components using the following formula:

0% GCA

h? =
02GCA + 02SCA + c2e

Where h? heritability in narrow sense, ¢? GCA is the variance of
General Combining Ability, ¢?SCA is the variance of Specific
Combining Ability.

Relative weight of additive and non-additive gene action was
estimated according to Verma and Srivastava (2004) which is given
as:

02 GCA
02SCA

Where 62 GCA is the variance of general combining ability, 6> SCA

is the variance of specific combining ability.

Baker's ratios were also computed to estimate the relative
importance of additive and non-additive gene action in the
expression of disease traits using Baker's general predicted ratio
(GPR) as follows:

206%GCA

GPR= 55—
202 GCA + o SCA

Where 62 GCA is the variance of general combining ability, 6 SCA
is the variance of specific combining ability.

A ratio of >0.5 implies that GCA is more important than SCA in
the inheritance of the character and a ratio of < 0.5 implies that
SCA is more important than GCA in the inheritance of the character
(Baker, 1978).

RESULTS

Analysis of variance and phenotypic performance for
AUDPC, disease incidence and plant survival

Significant (p < 0.001) variation among the genotypes
was recorded across the cropping cycles for AUDPC and
plant survival at 30 days and for AUDPC, disease
incidence and plant survival at 45 and 60 days after
inoculation (DAI) (Table 3). Cropping cycles effects were
significant p < 0.001) for plant survival at 30 DAI, disease
incidence and plant survival at 45 DAl and AUDPC,
disease incidence and plant survival at 60 DAI. Effects
due to interaction between genotypes and cropping
cycles were significant (p < 0.05) for plant survival at 60
DAI, (p < 0.01) for plant survival at 30 and 45 DAI and (p
< 0.001) for AUDPC at 60 DAI.

Genotypes expressed variation for AUDPC, disease
incidence and plant survival in the two cropping cycles.
There was a trend of high disease pressure in the first
cropping cycle with mean AUDPC of 543 and 940 at 45
and 60 DAI compared to the second cropping cycle with
mean AUDPC of 543 and at 45 and 563 at 60 DAI. In
contrast, the plant survival was higher in the second
cropping cycle at 45 and 60 DAI with 72 and 58% of the
plants surviving compared to the first cropping cycle
when only 56 and 38% of the plants survived at 45 and
60 DAI (Table 4).

In general, the crosses recorded lower values for
AUDPC and disease incidence and high values of plant
survival as compared to the parents. Three crosses Cal-J
x KLF acc Ill, Oxyly x KLF acc Ill and Red Diamond x
KLF acc lll and four wild parental genotypes KK acc II,
KK acc I, KISII and KLF acc Il with AUDPC and disease
incidence of 0 values and 100% plant survival were
highly resistant compared to commercial varieties which
displayed a susceptible reaction to bacterial wilt across
cropping cycles (Tables 5 and 6). Apparently all the
resistant F;s were progenies of KLF acc Il parent.

Combining ability analyses for parents and crosses

Means squares due to parents and crosses were
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Table 3. Mean squares for AUDPC, disease incidence and plant survival of tomato genotypes at 30, 45 and 60 days after inoculation evaluated for two cropping
cycles in the greenhouse at Egerton University, Njoro in 2020.

30 days after inoculation 45 days after inoculation

60 days after inoculation

Source of variation df

AUDPC DI PS AUDPC DI PS AUDPC DI PS
Cycle 1 0.00 0.18 1.70" 0.00 0.197 0.65 0.06" 045" 1.607
Rep(Cropping cycle) 1 0.01 0.03 0.02 0.00 0.02 0.01 0.00 0.30 0.00
Genotype 23 1.72" 0.14” 0.397 3.04” 0.35" 0.62" 2777 0.73" 1.207
Cycle xGenotype 23 0.00 0.02 0.07" 0.00 0.01 0.02” 0.01” 0.04 0.06"
Residual 47 0.00 0.02 0.02 0.00 0.01 0.01 0.00 0.03 0.03
CV % 0.70 23.20 1.60 0.20 4.50 1.60 0.00 12.90 0.50

* ** %6k Significant at, (p< 0.05), (p< 0.01), (p< 0.001) respectively AUDPC Area under disease progress curve, PS: Plant Survival, DI: Disease Incidence, CV: Coefficient of

variation.

Table 4. Range and mean values of AUDPC, Disease incidence and Plant survival at 45 and 60 days after inoculation for thirty-six tomato.

45 days after inoculation

60 days after inoculations

Cycle AUDPC Disease incidence Plant survival AUDPC Disease incidence Plant survival
Range Mean+ SE Range Mean+ SE Range Mean+SE Range Mean+SE  Range Mean+ SE Range Mean+ SE

1% cycle 0-945 543.£15.25 0-71 27+1.00 20-100 56+1.38 0-1575 940+26.23 0-93 48+1.38 0-100 38+1.76

2" cycle 0-906 534+15.50 0-50 19+0.61 29-100 72+0.95 0-1352 564+23.48 0-79 39 +1.17 0-100 58+1.38

Genotypic variation was displayed among the parents and the crosses for AUDPC, AUDPC: Area Under Disease Progress Curve, SE: Standard Error disease incidence and plant survival.

significant

were significant

disease incidence.
was significant (p<0.01) for AUDPC and disease
incidence and (p<0.001) for plant survival (Table

7).

Among the parents, KLF acc Ill recorded the
lowest negative GCA value of -1.20 for AUDPC

(p<0.001)
incidence and plant survival. Means squares of
Parentsx Crosses
AUDPC and disease incidence. Means squares
due to Crosses were significant (p<0.001) for
AUDPC, disease
Means squares due to Linesx Testers interaction

for AUDPC, disease and -0.52 for disease incidence and high GCA
value of 0.72 of plant survival (Table 8). Among
the F;s, Red Diamond x KLF acc Ill, Money
Makerx KK acc I, Oxylyx KLF acc Il and Money
Makerx KK acc Il recorded the lowest negative
SCA values of -0.41, -0.40 and -0.39. For
AUDPC. Red Diamond x KLF acc lll recorded the
lowest negative SCA value of -0.28 for Disease
incidence (Table 9).

Relative weight of additive and non-additive
gene action obtained for AUDPC, disease
incidence and plant survival were 0.19, 0.20 and
0.50 respectively. Narrow sense heritability values

of 0.14, 0.16 and 0.20 were obtained for AUDPC,

was significant (p<0.001) for

incidence and plant survival.

(p<0.001) for AUDPC and
Means squares due to Testers

disease incidence and plant survival. General
Predictability Ratios (GPR) values of 0.27, 0.29
and 0.50 were obtained for AUDPC, disease
incidence and plant survival. The proportional
contribution to the total variation of the testers was
higher for all the disease measurements as
compared to the lines and the line by testers
interaction (Table 10).

DISCUSSION

Bacterial wilt resistance is a major breeding
objective for tomato improvement. This is because
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Table 5. Mean values of AUDPC, disease incidence and plant survival at 30, 45 and 60 days after inoculation for 8 parents evaluated for bacterial wilt resistance in the greenhouse for two

cropping cycles in the greenhouse at Egerton University, Njoro in 2020.

AUDPC DI PS AUDPC DI PS AUDPC DI PS

Genotypes 30 DAI 45 DAI 60 DAI

CC1 CC2 CC1 CC2 CC1 CC2 CC1 CC2 CC1 CcC2 cc1 cc2 CC1 CC2 CC1 CC2 CcC1 CC2
KK acc Il 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
KK acc | 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
KISII 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
KLF acc llI 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
Money Maker 219 235 20 20 40 80 698 784 40 20 20 60 1220 1192 71 51 0 51
Oxyly 272 259 20 20 40 71 841 841 60 40 20 40 1469 1278 79 61 0 23
Red Diamond 299 306 10 5 40 80 902 902 39 29 20 50 1504 1339 71 61 0 9
Cal-J 314 278 50 50 20 50 945 861 71 50 20 29 1575 1278 93 79 0 23
CV % 3.10 1.2 22.30 21.1 0.7 24 10 00 55 1.2 14 1.7 1.50 0.2 11.2 14.9 1.2 1.7
LSD(0.05) 0.32 0.32 0.30 0.30 0.31 0.31 008 008 019 019 019 0.9 0.06 0.06 0.32 0.32 0.35 0.35

AUDPC: Area Under Disease Progress Curve; DI: Disease Incidence; PS: Plant Survival; DAI: Days After Inoculation; CC: Cropping Cycle; KLF: Kilifi; KK: Kakamega; CV: Coefficient of Variation, LSD:
Least Significant Difference. °LSD values based on transformed data.

of the magnitude of yield loss inflicted by the
disease which impacts negatively on tomato
grown either in the field or under greenhouse
conditions. Screening for bacterial wilt resistance
has in the past resulted in identification of
resistant cultivars (Acharya et al., 2018; Oussou
et al., 2020). Despite the existing reports on
resistance to bacterial wilt in tomato, local
varieties in Kenya are largely susceptible.
Introgression of novel sources of resistance from
diverse sources including cultivated species and
wild relatives is a necessity towards deployment
of bacterial wilt resistant tomato cultivars (Kim et
al., 2016). Such genetic improvement not only
results in reduced yield gap but also helps to
reduce production costs and limits the
environmental hazards caused by overuse of
bactericides.

To determine differential performance among
tomato germplasm, AUDPC, disease incidence

and plant survival were measured. The results
from the analysis of variance revealed the
importance of cropping cycle on the performance
of tomato against bacterial wilt (Table 3).
Significant  genotype-by-cropping cycle (GC)
interaction for plant survival at 30 and 45 days
after inoculation (DAI) and AUDPC and plant
survival at 60 DAI suggested that the genotypic
performance was not independent of the
difference among the cropping cycles. These
findings agree with earlier reports (Ganiyu et al.,
2017; Guiji et al., 2019) and implicate the screening
conditions to be key in determining the outcome of
disease screening experiment. The variation
arising from effects of cropping cycle may result
from inconsistent temperature and humidity within
the greenhouse. High temperature coupled with
high relative humidity accelerate disease
development (Velasquez et al., 2018).

Significant main effects due to genotypes for

AUDPC, disease incidence and plant survival at
30, 45 and 60 DAI explained the presence of
genetic  differences among the evaluated
genotypes. The trend of higher mean values for
AUDPC and disease incidence and lower plant
survival at 45 and 60 DAI, observed in the first
cropping cycle as opposed to the second cropping
cycle suggested higher disease pressure in the
second cycle among the genotypes (Table 4). The
differential performance may be explained by an
increase in temperature during the first cropping
cycle. Namisy et al. (2019) found that high
temperatures of between 28 to 36°C triggered
increased disease pressure.

The observed genetic variation and mean
performance of parents and their progenies was
based on AUDPC, disease incidence and plant
survival which revealed mixed levels of resistance
and susceptibility (Tables 5 and 6). Parents with
low mean values for AUDPC and disease
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Table 6. Mean values of AUDPC, disease incidence and plant survival at 30, 45 and 60 days after inoculation for 16 F; hybrids evaluated for bacterial wilt resistance in the greenhouse for
two cropping cycles in the greenhouse at Egerton University, Njoro in 2020.

AUDPC DI PS AUDPC DI PS AUDPC DI PS

Genotype 30 DAI 45 DAI 60 DAI

CCl CcC2 CC1 CC2 CCl CC2 CCl cCcCc2 CC1 CcCc2 CcC1 Ccc2 CcCc1 cc2 Ccc1 cc2 cc1o o cez
Cal-J x KLF acc llI 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
Oxyly x KLF acc IlI 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
Red Diamond x KLF acc llI 0 0 0 0 100 100 0 0 0 0 100 100 0 0 0 0 100 100
Cal-J x KK acc Il 172 199 0 0 100 100 579 651 29 20 80 80 1037 967 61 23 42 79
Money Maker x KK acc Il 190 122 0 0 50 95 636 259 40 20 29 60 1138 427 79 51 4 51
Money Makerx KLF acc lll 199 224 0 0 80 100 636 714 29 20 60 80 1165 1086 61 32 32 42
Oxyly x KISII 230 214 0 0 60 100 714 698 20 29 40 60 1249 1220 42 79 4 23
Cal-J x KK acc | 235 247 0 0 95 100 749 803 20 20 71 80 1308 1220 51 23 32 79
Cal-J x KISl 235 259 0 0 61 95 714 822 29 29 39 71 1192 1220 51 51 9 23
Oxyly x KK acc Il 241 253 0 0 60 100 766 731 29 20 40 80 1308 1112 71 42 23 61
Money Maker x KK acc | 247 285 5 0 50 95 766 881 40 29 29 60 1308 1308 71 51 4 51
Oxyly x KK acc | 247 224 0 0 100 95 749 651 29 20 71 71 1435 990 61 32 32 42
Red Diamond x KK acc Il 253 292 29 5 39 71 749 861 50 29 29 40 1278 1278 79 61 4 42
Money Maker x KSlI 265 230 5 5 50 95 803 714 29 20 29 71 1370 1086 51 32 4 42
Red Diamond x KK acc | 292 285 5. 0 61 95 881 841 40 20 39 60 1469 1278 71 42 32 51
Red Diamond x KISII 306 272 29 5 40 60 902 822 60 40 20 40 1539 1220 79 79 0 0
Cv % 310 090 2230 211 0.7 2.4 1.0 0.0 55 1.2 1.4 1.7 1.50 0.2 11.2 149 1.2 1.7
LSD(0.05) 0.32 0.32 0.30 030 031 031 008 008 019 019 019 019 006 006 032 032 035 0.35

AUDPC Area Under Disease Progress Curve, DI Disease Incidence, PS Plant Survival, DAl Days After Inoculation CC Cropping Cycle, KLF Kilifi, KK Kakamega, Cv Coefficient of variation, LSD Least

Significant Difference. ?LSD values based on transformed data.

Incidence and high mean values for plant survival
indicated the presence of genes for resistance
and the possible potential of transmitting these
genes to their progenies (Fellahi et al., 2013). The
difference in performance among the parents and
the crosses for AUDPC, disease incidence and
plant survival indicated the existence of genotypic
variation among the parents and the crosses. Suvi
et al. (2021) reported genotypic variation for rice
yellow mottle virus mottle disease among parents
and crosses in rice.

Significant mean squares due to testers for the
diseases variates suggested the prevalence of
additive genetic variance among the male parents
in conferring resistance to bacterial wilt (Table 7).
These results concur with the earlier findings
(Ajjappalavara et al., 2010; Mosa et al., 2017;
Kargbo et al., 2019) and therefore indicate that
the genetic advance for the disease traits can be
realised through hybridisation and selection.
Significant mean squares for line x tester
interaction for all the traits measured demonstrated

the existence of non-additive genetic variance in
bacterial wilt resistance. Presence of non-additive
genetic variance in the current breeding
populations  presents the  possibility  of
implementing a hybrid breeding programme that
would exploit heterosis in addition to additive gene
action to develop new varieties. Tomato hybrids
are high yielding and widely cultivated in Kenya
and therefore pyramiding resistance genes in
inbred lines for deployment of resistant hybrid
varieties would greatly improve (Ashkani et al.,
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Table 7. Combining ability mean squares for AUDPC, disease incidence and plant survival during two cropping cycles in the

greenhouse at Egerton University, Njoro in 2020.

Source of variation Df AUDPC DI PS
Replications 1 0.00 0.17 0.00
Treatments 23 1.96™ 0.44" 079"
Parents 7 2697 0.73” 1417
Parents vs. Crosses 1 4.28™ 0.39™ 0.36
Crosses 15 1.46" 0.317 0.53"
Lines 3 0.51 0.21 0.34
Testers 3 5.14" 1.04" 1.95"
Linesx Testers 9 0.54™ 0.107 0.11
Error 23 0.00 0.01 0.04

* xx kkk - Significant at (p< 0.01), (p< 0.001) and (p< 0.000) respectively, AUDPC: Area Under Disease Progress Curve, DI: Disease

Incidence, PS: Plant Survival.

Table 8. General combining ability (GCA) effects of eight parents for AUDPC, disease incidence,
plant survival during two cropping cycles in the greenhouse at Egerton University, Njoro in 2020.

GCA AUDPC DI PS
Lines

Cal-J -0.16 -0.16 0.19
Money Maker 0.38 0.20 -0.29
Oxyly -0.12 -0.10 1.06
Red Diamond -0.10 0.06 -0.01
SE 0.10 0.04 0.07
Testers

KK acc Il 0.36 0.28 -0.20
KK accl 0.43 0.17 -0.11
KISl 0.42 0.07 0.40
KLF acc Il -1.20 -0.52 0.72
SE 0.10 0.04 0.07

AUDPC: Area Under Disease Progress Curve, DI: Disease Incidence, PS: Plant Survival, KK: Kakamega,

KLF: Kilifi, SE: Standard error.

2015; Dormatey et al., 2020). QTL for resistance to
tomato late blight was identified in a wild tomato
accession (Arafa et al., 2017). QTL linked to bacterial wilt
resistance in tomato have been reported by Wang et al.
(2018). The QTL identified exhibited a stable and
consistent expression. Kumar et al. (2018) identified
QTLs linked to bacterial wilt resistance. The QTLs was
found to be significantly associated with bacterial wilt
resistance. However, bacterial wilt still remains a
challenge in tomato production and information on
stability of the identified QTLs and their utilization in
breeding for resistance is limited. Negative and lower
GCA effect for AUDPC and disease incidence recorded
by the parent KLF acc Il indicated that it was the best
general combiner for resistance to bacterial wilt disease
(Table 8). Similar findings were reported by Odogwu et
al. (2016) bean rust resistance in common bean

(Phaseolus vulgaris). The crosses Money Makerx KK acc
II, Oxylyx KLF acc Ill and Red Diamond x KLF acc Il
recorded negative and lower SCA) effects for AUDPC
which showed that these crosses were good specific
combiners for resistance to bacterial wilt (Table 9).
Bokmeyer et al. (2009) reported that negative SCA
effects are desirable for disease resistance.

Heritability is possibly the most important statistic that
can be obtained from variance components (Kearsey et
al., 1996). Narrow sense heritability measures the
proportion of phenotypic variation which arises from
additive effects of genes in a given population. Low
narrow sense heritability estimates of 0.14, 0.16 and 0.20
obtained for disease traits (Table 10) indicated that
dominance gene action was critical in expression of
disease resistance for the traits. Low heritability estimates
imply that prediction of progeny performance would
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Table 9. Specific combining ability (SCA) effects of 16 F1s for AUDPC, disease incidence, plant survival during two
cropping cycles in the greenhouse at Egerton University, Njoro in 2020.

Genotype AUDPC DI PS

Cal-Jx KK acc Il 0.01 0.02 0.09
Cal-Jx KK acc | 0.13 0.02 -0.10
Cal-Jx KISl 0.13 0.02 -0.05
Cal-Jx KLF acc Il -0.36 -0.07 0.06
Money Makerx KK acc Il -0.39 -0.12 0.12
Money Makerx KK acc | -0.40 -0.12 0.03
Money Makerx KISII -0.37 -0.23 0.32
Money Makerx KLF acc Il 1.17 0.47 -0.46
Oxylyx KK acc Il 0.17 0.08 -0.05
Oxylyx KK acc | 0.14 0.08 -0.02
Oxylyx KISII 0.08 -0.03 -0.08
Oxylyx KLF acc IlI -0.39 -0.12 0.14
Red Diamondx KK acc Il 0.13 0.02 -0.16
Red Diamond x KK acc | 0.13 0.02 0.09
Red Diamond x KISlII 0.15 0.24 -0.19
Red Diamond x KLF acc Il -0.41 -0.28 0.30
SE 0.02 0.08 0.14

AUDPC: Area Under Disease Progress Curve, DI: Disease Incidence, PS: Plant Survival, KK: Kakamega, KLF: Kilifi, SE:

Standard Error.

Table 10. Estimates of genetic variance components and percentage contribution of the lines, testers and their
interaction to the total variation for AUDPC, disease incidence and plant survival.

Parameter AUDPC DI PS

GCA 0.05 0.01 0.02
SCA 0.27 0.05 0.04
GCA/SCA 0.19 0.20 0.50
(h?) 0.16 0.14 0.20
GPR 0.27 0.29 0.50
% contribution

Lines 7.08 13.41 13.01
Testers 70.61 66.54 73.82
Lines x testers 22.31 20.04 13.17

AUDPC: Area Under Disease Progress Curve, DI: Disease Incidence, PS: Plant Survival, GCA: General Combining Ability,
SCA: Specific Combining Ability, h? Narrow sense heritability, GPR: General Predictability Ratio.

be difficult because of prevalence of non-heritable
variation (Schmidt et al., 2019). Therefore, a selection
procedure that could accumulate positive resistance
genes should be adopted. Nsabiyera et al. (2013)
reported similar low narrow sense heritability value of
0.16 for bacterial spot. In contrast, Da- Silva Costa et al.
(2018) reported narrow sense heritability values of 0.26
and 0.53 for bacterial wilt.

Relative weights of additive and dominance gene
action of 0.19, 0.20 and 0.50 respectively for disease
traits indicated the superiority of non-additive gene action
in their expression (Table 10). Verma and Srivastava

(2004) reported the preponderance of non-additive gene
action in the expression of traits. General predictability
ratio of 0.27, 0.29 and 0.50 for disease traits revealed the
predominance of non-additive gene action over additive
gene action. This implies that the selection will not be
effective and therefore the traits can be improved through
use of hybrid vigour. The results are in agreement with
Nsabiyera et al. (2013) who reported the predominance
of non-additive gene action in the expression of disease
traits. In contrast, the inheritance of bacterial wilt has
been reported to be controlled by a single dominant gene
(Grimault et al., 1995; Thakur et al., 2004). Oliveira et al.
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(1999) reported additive gene action for resistance to
bacterial wilt. Monma et al. (1997) reported the
inheritance of bacterial wilt to be partially recessive.
Sharma and Sharma (2015) reported the genetic control
of bacterial wilt to be oligogenic. In addition, Da- Silva
Costa et al. (2018) reported the predominance of additive
gene action in the expression of bacterial wilt. Da- Silva
Costa et al. (2018) reported the predominance of additive
gene action in the expression of bacterial wilt. The
proportional contribution of lines, testers and their
interaction for the disease traits indicated that testers
played an important role in inheritance of disease
resistance. The testers contributed more positive alleles
for the disease traits (Kargbo et al., 2019). Although both
the gene action and both general and specific combining
ability effects were evidenced, the predominance of non-
additive gene action showed the presence of
heterozygosity among the genotypes. From the results,
all the four parents were resistant to bacterial wilt. One
parent out of four was identified as the best general
combiner for bacterial wilt disease. Out of the sixteen
crosses, three crosses were resistant to bacterial wilt and
had good specific combining ability for bacterial wilt
disease resistance. The parent and the three crosses
would be useful in tomato breeding programme for the
development of a resistant tomato genotypes against
bacterial wilt.

Conclusion

This study revealed the significance of non-additive gene
action in conferring resistance to bacterial wilt. The
parental genotype KLF acc Il is the best general
combiner for bacterial wilt disease. The cross
combinations Money Makerx KK acc Il, Oxylyx KLF acc
Il and Red Diamond x KLF acc Il had good specific
combining ability for resistance to bacterial wilt. From the
results, a good breeding strategy would be to concentrate
resistance genes in inbred lines with good genetic
background through a backcrossing scheme followed by
testing for general and specific combing ability for
development of hybrids and potential future deployment
of genetic resistance in tomato production in Kenya.
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Drought stress contributes significantly to economic yield losses in finger millet (Eleusine coracana)
production. This study evaluated morpho-physiological and agronomic traits among 25 finger millet
genotypes for drought tolerance under field conditions. Out of the 25 genotypes, 24 were advanced
lines preselected for drought tolerance from ICRISAT, KALRO and Egerton University seed units and
one check cultivar P-224. The study was conducted at two drought endemic locations (Koibatek,
Baringo County and Soin, Kericho County) in Kenya during 2020 cropping season using 5 x 5 triple
Lattice design with three replicates. Results revealed that genotype was significant (P<0.001) for
seedling vigour, peduncle length, plant height, number of productive tillers number of fingers and
harvest index (P<0.01) and finger length (P<0.05). Location was significant (P<0.001) for plant stand,
number of fingers, finger length and days to 50% flowering and peduncle length. The interaction effect
between genotype and location was significant (P<0.001) for number of fingers, yield and harvest index.
There were significant and positive correlation between ET and HI (r = 0.537**), ET and grain yield (r =
0.611***), root relative water content (RRWC) and HI (r=0.442***). Lines ICFX 1420314-2-1-1-1 (7), KNE
814 X Ex Alupe (P) P8-1-1-1-1 (24) and ICFX 1420415-3-1-1-2 (14) were identified as the most suitable
genotypes for drought tolerance based on their superior morpho-physiological traits to withstand soil
water deficit with higher grain yield. These identified genotypes can be recommended to farmers and
incorporated in breeding programs to improve production in the semi-arid areas.

Key words: Finger millet, drought tolerant, genotypes, morpho-physiological traits, agronomic traits.

INTRODUCTION

Finger millet is one of the most nutritious food crops
extensively grown in Asia and Africa (Rodriguez et al.,
2020). The crop covers 12% of millets that are in the
world and is ranked fourth after sorghum, pearl millet and

*Corresponding author. E-mail: jaelmwangy@gmail.com.

foxtail millet (Vetriventhan et al., 2016). In arid and semi-
arid regions, soil moisture stress is the major abiotic
constraint that adversely affects crop productivity
(Choudhary and Padaria, 2015). Finger millet has been
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Table 1. Climatic conditions of ATC Koibatek, Baringo County and ATC Soin, Kericho County.

. - i Altitude Rainfall Temperature (°C _
Location Agro-ecological itu i 1 (@S] Soil type
zone (masl) (mm per annum) Min. Max.
Agricultural Training Centre,  Upper midland 24.3- .
Koibatek zone 4 (UM 4) 1890 500-800mm 10.9-18.2 288 Vitricandosols
Agricultural Training Centre, Lower midland 2002 700-1400 12-15 21-28  Volcanicrocks

Soin zone 3 (LM 3)

Source: Jaetzold et al. (2012). Note: masl: metres above sea level

reported to be drought resilient as compared to other
cereals such as maize (Zea mays) (Gupta et al., 2017).

Studies carried out on finger millet genotypes showed
that there exists genotypic variation in the degree of
drought tolerance among different varieties (Bartwal et
al., 2016; Bartwal and Arora 2017). Finger millet is well
adapted to temperature ranges of 11 to 28 °C. However,
it can thrive well under hot conditions where
temperatures are as high as 35°C. Although finger millet
is drought tolerant, its growth is adversely affected by
both intermittent and terminal droughts. The crop is
largely grown by subsistence farmers who rely on rain fed
agriculture, hence prone to the risk of economic yield loss
due to drought.

Feeding the fast-growing human population with
balanced nutritional diet under unpredictable severe
weather events is a challenging task globally. The climate
change crisis is expected to cause shifts in food
production and yield loss, causing a severe threat to food
security (Dhankher and Foyer, 2018). A key strategy to
adapt to a changing climate is to develop and promote
elite germplasms with stable yields that can survive under
changing weather conditions (Bhat et al., 2018). There
exist great potential in underutilized crops such as finger
millet that are well adapted to extreme weather conditions
and can act as an alternative food resource towards
ensuring food and nutritional security (Mabhaudhi et al.,
2019). Despite the many advantages offered by the
cultivation of finger millet in Africa including, Kenya, there
is limited research on tolerance to drought in finger millet.
The production of finger millet is restricted to low yielding
and poorly adapted genotypes (Mgonja et al., 2013).
However, there is great potential to increase production
through screening and selection of well adapted
genotypes to low soil moisture with better grain yield.

Numerous morpho-physiological and biochemical traits
such as shoot length, root length, shoot to root ratio,
relative water content and stomatal conductance among
others are considered important under drought stress
conditions (Murtaza et al., 2016). In a related study,
Mude et al. (2020) reported that water use efficiency,
harvest index and biomass are important for resilience to

drought in cereal crops. In contrast, decrease in root
growth, relative water content and lipid peroxidation was
found to show a considerable level of tolerance to
drought stress (Mukami et al., 2020). Finger millet
improvement in Kenya in the past has laid emphasis on
selecting for high yielding lines with little regard on
drought tolerance traits (Mukami et al., 2020). Drought
tolerant finger millet lines have not yet been developed in
Kenya where arid and semi-arid land covers 80%.
Therefore, the present investigation was conducted to
identify finger millet lines with enhanced tolerance to
drought based on morpho-physiological traits with the
intention to be used in future breeding programmes to
develop improved drought tolerant cultivars.

MATERIALS AND METHODS
Description of the experimental sites

The study was conducted in the field at two locations; Agricultural
Training Centre (ATC) Koibatek in Baringo County and ATC Soin in
Kericho County in 2020. ATC Koibatek is located at 1°35'S, 36°66'E
and elevated at an altitude of 1890 meters above sea level and falls
in the Upper Midland zone 4 (UM4) agro-ecological zone (AEZ).
ATC Soin is located between latitude 0°23'S and longitude 35° 02'E
with an altitude of about 2002 m above the sea level and falls in the
Lower Midland zone 3 (LM3) AEZ. The climatic conditions of the
respective study sites are represented in Table 1.

Finger millet genotypes

The planting material used in this study consisted of 25 genotypes
(24 advanced finger millet lines and one commercial check cultivar,
P224). These genotypes were obtained from International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Kenya
Agricultural and Livestock Research Organization (KALRO) and
Egerton University Seed Units (Table 2).

Experimental design and agronomic practices

The field experiment was conducted under rain-fed conditions
during the long rainy season (June to November 2020). Land
preparations were done according to ICRISAT recommendations
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Table 2. List of finger millet genotypes used in the study.

Entry no. Genotype Source of germplasm
1 EX Alupe(G) X KNE 814 P1-1-2-3-1 ICRISAT

2 EX Alupe (G) X KNE 814 P4-2-1-4-1 ICRISAT

3 ICFX 1420311-3-6-1-2 ICRISAT

4 ICFX 1420312-3-2-1-1 ICRISAT

5 ICFX 1420313-1-2-3-1 ICRISAT

6 ICFX 1420313-3-2-1-1 ICRISAT

7 ICFX 1420314-2-1-1-1 ICRISAT

8 ICFX 1420314-6-2-1-1 ICRISAT

9 ICFX 1420315-2-2-1-2 ICRISAT

10 ICFX 1420342-3-1-2-2 ICRISAT

11 ICFX 1420396-5-5-1-1 ICRISAT

12 ICFX 1420414-7-12-1-1 ICRISAT

13 ICFX 1420414-7-4-1-1 ICRISAT

14 ICFX 1420415-3-1-1-2 ICRISAT

15 ICFX 1420419-3-2-1-1 ICRISAT

16 ICFX 1420420-9-6-3-1 ICRISAT

17 ICFX 1420424-2-1-1-1 ICRISAT

18 ICFX 1420431-1-3-1-2 ICRISAT

19 ICFX 1420431-2-5-1-1 ICRISAT

20 ICFX 142036-3-3-1-1 ICRISAT

21 ICFX 1420437-1-4-1-1 ICRISAT

22 ICFX 1420448-1-1-1-1 ICRISAT

23 KNE 814 X Ex Alupe (P) P7-9-3-2-2 EGERTON UNIVERSITY SEED UNIT
24 KNE 814 X Ex Alupe (P) P8-1-1-1-1 EGERTON UNIVERSITY SEED UNIT
25 P224- check KALRO

(ICRISAT, 1992). The seeds were planted on June 13, 2020 and
June 14, 2020 in Soin and Koibatek locations, respectively. Lattice
design with five blocks consisting of five plots per block with three
replications was used to carry out the experiment. The plot size was
4 m? with four rows, 2-m length. The seeds were drilled by hand at
a depth of 2 cm in rows, 15 cm apart, with seed rate of 3.2 kg ha™!.
At planting, Di-ammonium phosphate (DAP) fertilizer was applied at
20 kg ha™ to each experimental plot to supply a basal fertilizer dose
of 10 kgPha™l. Two weeks after emergence, the plants were
thinned to one plant per hill. Topdressing was done using Calcium
ammonium nitrate (CAN) at the rate of 30 kg ha™ to supply 8 kg N
ha~1, applied in three split doses, (50% two weeks after emergence,
25% at five leaf and 25% at the time of flowering). Weeding was
done twice by hand, two weeks after emergence and two weeks
after the first weeding. Insect pest and disease control was carried
out as required.

Data collection

Three plants were randomly selected and tagged from the two
middle rows in each experimental plot and data collected on
morphological, physiological, yield and yield parameters. For the
morphological parameters, seedling vigour, plant height, total
number of tillers and productive tillers, finger number and finger size
were recorded following the International Board for Plant Genetic
Resources (IBPGR, 2011) for finger millet. Root to shoot ratio, total

biomass (measured as sum mass of the weight of above ground
parts of the plant and root), and harvest index (measured as ratio of
grain yield to the total biomass) were taken at harvesting where the
plants were uprooted and the biomass was divided into shoot and
root. The shoot was oven dried; whereas the root was washed
using tap water and dried in the oven at 70 °C for 24 h. The
biomass dry weight was taken using an electronic balance.

Physiological traits included leaf area index (LAI), leaf chlorophyll
content (LCC), photosynthetic rate, net leaf exchange rates (CER),
stomatal conductance, transpiration rate and relative water content
(RWC). Leaf area index (LAl) was measured from the selected
plants in each experimental plot using an AccuPAR LP-80
Ceptometer [Simultaneous incident (above canopy) and transmitted
(below canopy) photosynthetically active radiation (PAR)
measurements were recorded] as follows: LAI was then calculated
using the formula: % —Int/i (Francone et al., 2014).

Where k the finger millet extinction coefficient = 0.5, t is the
transmitted light and i is the incident light. Light intensity (LI) was
also calculated using the formula:

Incident light—transmitted light

Incident light

Leaf chlorophyll content was taken using the chlorophyll
fluorescence meter at the vegetative stage, flowering stage and
grain filling stage. Photosynthetic rate was recorded as pumole CO;
m?s™ using an Infrared Gas Analyser. Stomatal conductance and
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instantaneous transpiration on the uppermost fully expanded leaves
were measured at booting stage using the Infrared Gas Analyser
(IRGA). Net leaf CO, exchange rates were measured on selected
leaves using a portable Infrared Gas Analyser, fitted with Parkinson
Leaf chamber. The parameters measured by Infrared Gas Analyser
(IRGA) and their units are Photosynthetic rate (P, pumol €O,
m~2s~1), Stomatal Conductance (GS, molH,0 m2s7!) and
Transpiration rate (E, mmol H,O m~2s~1). Relative water content
(RWC) was calculated using formulas described by Barrs (1968) in
(Mude et al., 2020) as follows:

_ (Fw-Dw)
B Fw

RWC x 100

Where RWC = relative water content, Fw = fresh weight and Dw =
dry weight.

Statistical analyses

The computer program Statistical Analysis Software (SAS) version
9.4 was used for statistical analysis. The data were analysed using
the standard procedure of analysing lattice design as described by
Gomez and Gomez (1984) using the following statistical model.

Yijio = W+ Bi + 7 + ¥ + &ijua

Where Y, denotes the value of the observed trait in the it" block
for j™* treatments within k™" replicate (superblock), u= general
mean, B; = effect of it incomplete block, 7; = effect of jt" treatment
in the i*® incomplete block within the k%" replicate, y, = effect of
k" replicate, &;;,; = experimental error.

The means of treatments and interactions were separated using
Tukey’'s Honestly Significant Difference at 5% probability level
(P<0.05).

W =q[a, P, fe] x /MfE (Gomez and Gomez, 1984)

Where; W= Critical difference, P= number of treatment means,
fe=error degrees of freedom, a= level of significance, MSE =mean
square error and r= number of replicates.

RESULTS

Mean squares and mean
genotypes for agronomic traits

performance of the

Significant (P<0.001) main effects were observed due to
genotype for seedling vigour, peduncle length, plant
height and number of productive tillers. Genotype effect
was also significant for the number of fingers and harvest
index at P<0.01 and for finger length at P<0.05 (Table 2).
Effect due to location was significant for plant stand
count, number of fingers, finger length and days to 50%
flowering at P<0.001. Location was also significant for the
peduncle length and yield at P<0.05 level. Genotype x
location interaction had significant effects on number of
fingers, grain yield and harvest index at P<0.001 (Table
2).
Figure 1 illustrates the variation for yield performance

of the lines across the two study locations. Most of the
genotypes were scattered closed to the origin indicating
low adaptability to drought stress in the two locations.
However, genotype KNE 814 X Ex Alupe (P) P8-1-1-1-1
was the most adapted to Soin while genotypes ICFX
1420314-2-1-1-1 and ICFX 1420437-1-4-1-1 were the
most adapted in Koibatek. Line KNE 814 X Ex Alupe (P)
P8-1-1-1-1 had the shortest days to 50% flowering with
lowest plant height in Soin (Table 5). Line ICFX 1420424-
2-1-1-1 had the shortest days to 50% flowering in
Koibatek. The difference between the earliest flowering
88 days (ICFX 1420342-3-1-2-2), and latest 95 days
(ICFX 1420419-3-2-1-1) was 6 days in Koibatek and
early flowering 71 days (ICFX 1420431-2-5-1-1) and late
flowering 77 days (ICFX 1420414-7-12-1-1 and ICFX
1420314-2-1-1-1) in Soin was 6 days.

Generally, Koibatek had better grain yield performance
compared to Soin among the evaluated finger millet lines.
In Koibatek the highest grain yield was observed in line
ICFX 1420437-1-4-1-1 (358.50 Kg ha™) and lowest in line
EX Alupe (G) X KNE 814 P4-2-1-4-1 (256.50 Kg ha™)
compared to the check P224 (309.58 Kg ha™) (Table 3).
In Soin line KNE 814 X Ex Alupe (P) P8-1-1-1-1 had the
highest grain yield (333.30 Kg ha™) and lowest in line
ICFX 1420424-2-1-1-1 (166.00 Kg ha™) compared to the
check P224 (246.40 Kg ha™) (Table 4). Location was not
significant for plant height however; Soin had the highest
mean plant height of 75.38 cm compared to Koibatek
which had 74.40 cm. In Soin line EX Alupe(G) X KNE 814
P1-1-2-3-1 had the lowest plant height of 50.17 cm
whereas line KNE 814 X Ex Alupe (P) P8-1-1-1-1 had the
highest plant height of 87.33cm (Table 4). In Koibatek,
lowest plant height was observed in line EX Alupe(G) X
KNE 814 P1-1-2-3-1 (51.33 cm) and highest in line ICFX
1420396-5-5-1-1 (84.00 cm) (Table 3). For the number
of productive tillers, lines EX Alupe (G) X KNE 814 P1-1-
2-3-1, ICFX 1420314-2-1-1-1, ICFX 1420315-2-2-1-2 and
ICFX 1420437-1-4-1-1 had the highest with an average
of 7 tillers both in Koibatek and Soin (Tables 3 and 4).

Morpho-physiological traits

Genotype effect was significant for leaf area index
(P<0.05), evapotranspiration rate, leaf RWC, root RWC,
stomatal conductance, chlorophyll content, CO,
assimilation and photosynthetic rate at (P<0.001).
However, genotype effect was not significant for light
intensity (Table 5). The effect of location was significant
for leaf area index, light intensity and evapotranspiration
rate at (P<0.05). Interaction effect due to genotypes and
location were significant for leaf area index, light intensity,
evapotranspiration rate, root RWC, stomatal conductance,
chlorophyll content and photosynthetic rate at (P<0.001)
and shoot biomass at (P<0.05). Generally, root biomass
was highest in Soin (44.10) compared to Koibatek
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Figure 1. Scatter plot of seed vyield for 25 genotypes evaluated for one season at two drought prone
locations, ATC Koibatek (1) and ATC Soin (2). Genotypes are presented in green while the locations are

blue.

(38.62). In the two locations line ICFX 1420314-2-1-1-1
was consistent with highest root biomass in Koibatek
(52.81) and Soin (59.81). Lines ICFX 1420415-3-1-1-2,
ICFX 1420424-2-1-1-1 and KNE 814 X Ex Alupe (P) P8-
1-1-1-1 had high photosynthetic rate across the two
locations with an average rate above 5 umol [CO] 2
m~(-2) s”(-1). Stomatal conductance was highest in line
ICFX 1420415-3-1-1-2 with an average above 7 mol H]
_20m*(-2) s”(-1)) and lowest in line ICFX 1420314-6-2-1-
1 with an average of 0.14 mol [H] _20m~(-2) s”(-1))
both in Koibatek and Soin. However, there were no
significant difference for CO2 assimilation and chlorophyll
content across the two locations, the finger millet lines
varied significantly. CO, assimilation was highest in line
KNE 814 X Ex Alupe (P) P7-9-3-2-2 in Koibatek (532.33)
and Soin (509.67) lowest in line ICFX 1420420-9-6-3-1
with an average of 307.33 both in Koibatek and Soin.
Chlorophyll content was highest in line ICFX 1420314-2-
1-1-1, ICFX 1420415-3-1-1-2 and KNE 814 X Ex Alupe
(P) P8-1-1-1-1 with an average above 13.00 both in
Koibatek and Soin (Tables 6 and 7).

Correlation analysis

There were significant (r = 0.537***, r = 0.650*** and r =
0.611***) positive correlations between evapotranspiration
rate and harvest index, 1000 seed weight and grain yield,
respectively. However, significant negative correlations
were registered between evapotranspiration and leaf
area index (r = -0.544**) and evapotranspiration and
light intensity (r= -0.505***). Root relative water content
had a significant and positive correlations for harvest
index (r = 0.442**) and grain yield (r = 0.191*). There
were significant negative correlations between root
relative water content and number of fingers (r = -
0.243**), finger length (r = -0.242***) and root biomass (r
= -0.603***). Leaf area index had significant and positive
correlation for shoot biomass, root biomass, total
biomass and grain yield (P<0.01). Light intensity was also
significant and positively correlated to shoot biomass,
root biomass, total biomass and grain yield (P<0.01)
(Table 8). Table 9 show the Pearson’s correlation
coefficients for selected agronomic and morpho-



52 Afr. J. Plant Sci.

Table 3. Mean squares for agronomic traits for 25 finger millet genotypes evaluated in Koibatek and Soin.

Source of variation  Df sv NF FL PL PH NPT Days to 50% Yield 1000 i
#) #) (cm) (cm) (cm) #) FL (kg ha™) gw (9)

Replication 2 0.14 1.62 1.06 0.03 31.96 0.07 2.66 3592.09 0.07 0.18

Genotype G) 24 Q.11+ 2.33% 3.99* 3.93% 207.73%* 5.48%+* 4.98 2464.27 0.03 1.48%%*

Location (L) 1 0 3116.76%* 2167.52%*  2.23* 36.02 0.52 11284.01%*  152049.37*  21.69**  73.18**

GxL 24 0.02 1.05%%* 1.87 0.67 18.74 0.19 5.87 2323.55%+* 0.04 0.25%**

Block 26 0.02 0.37 1.3 1.46 83.01 0.15 9.68 403.6 0.05 0.08

* ** xxx gignificance at P< 0.05, P<0.01 and P<0.001, respectively, Df- degree of freedom, SV- seedling vigour, NF- number of fingers, FL- finger length, PL- Peduncle length,
PH- Plant height, NPT- number of productive tillers, Days to 50% FL- Days to 50% flowering, 1000gw- 1000 grain weight and HI- Harvest index.

physiological traits of the finger millet genotypes.

DISCUSSION

In this study environmental and genotypic effects
were significant for the agronomic, morphological
and physiological traits among the evaluated
finger millet genotypes. Plant responses to
drought stress have been shown to vary
depending on drought level, plant species and
plant growth stage (Mukami et al.,, 2019).
Therefore, for drought tolerance agronomic,
morphological and physiological traits can provide
important information to improve crop production
in arid and semi-arid area. Drought adapted crop
genotypes may be considered to have various
mechanisms such as avoidance, escape or
tolerance. However, genotypes that possess
these adaptive mechanisms hardly express
desirable agronomic characteristics, such as grain
yield (Dhami et al., 2018). Evaluation of crops for
traits related to drought adaptation has been
shown to be limited (Nadeem et al., 2020). The
reason being that most of the approaches used
for screening drought tolerance are below ground,

which are tedious and may involve destructive
sampling (Gebreyohannes et al., 2021).

The results from this study revealed a significant
variation among the finger millet genotypes for the
morphological and physiological traits, with
greater implication on the differences under
drought stress conditions. These results can be
useful in the selection of parental stock for
breeding in drought improvement programmes
and possible release for commercial production of
promising lines. In similar studies, drought
tolerance have been reported to vary among
finger millet genotypes evaluated in Uganda and
Ethiopia (Owere et al., 2016). The variation in the
agronomic traits observed across the two study
locations for the number of productive tillers,
number of fingers, finger length and yield could be
attributed to genotypic and environmental
differences (Dramadri, 2018). High grain yields
observed in Koibatek can be directly associated
with high number of fingers, finger length, number
of productive tillers and early flowering. In a
similar study, improved performance for agronomic
traits under drought stress was positively
correlated with grain yield (Shanker and Shanker,
2016). According to Bennani et al. (2016) reduced

number of days to flowering and heading was
considered as one of vulnerabilities of plants to
drought stress. Drought stress severity, plant
species and crop growth stage as well have been
attributed to influence grain yield (Demirevska et
al. 2009).

Seedling vigour is considered as one of the
reliable phenotypic traits towards selection of
drought tolerance at the seedling stage. Among
the evaluated finger millet lines, there was a
significant variation for the seedling vigour,
signalling potential tolerance to soil moisture
deficit at the seedling stage. In a related study by
Struik et al. (2007), seedling vigour was included
in the evaluation of wheat genotypes for drought
tolerance at the early growth stage. Vigorous and
fast growing plant seedlings can compete against
weeds at an early stage, which is critical for better
grain yield (Zhang et al., 2015). Ahmad et al.
(2015) evaluated 50 wheat genotypes for different
seedling traits including seedling vigour, and
successfully identified eight potentially drought-
tolerant genotypes.

Plant height is one of the morphological traits
which can be used for selecting drought tolerance
among crop genotypes. In previous studies, plant



Table 4. Mean performance of 25 genotypes evaluated for agronomic traits in Koibatek.
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Genotype SYY NF FL PL PH NPT Days to 50% FL Yield 1000 gw (g) HI
EX Alupe(G) X KNE 814 P1-1-2-3-1 1.000°  4.943%¢  6.000"" 12.267*¢ 51.333°  7.000 94.333%¢ 287.107" 2.763° 4.310°"
ICFX 1420342-3-1-2-2 1.000°  4.997%¢ 5733 11.933"" 65.667 4.000%" 88.667" 284.213" 3.143%° 4.570°%%9
ICFX 1420396-5-5-1-1 1.000°  4.487% 7.267*° 12.667*" 84.000° 4.333"" 91.333"" 303.643° 3.330° 5.180"
ICFX 1420414-7-12-1-1 1.133°  6.043*° 7.933%° 12.400*" 82.000°  7.333° 92.667%" 334.910*¢ 3.227% 4577°"
ICFX 1420414-7-4-1-1 1.000° 5.680*° 7.333*® 11533 77.667°° 7.333° 93.000*° 343.350%° 2.997%° 4.337%"
ICFX 1420415-3-1-1-2 1.450°°  6.267° 6.733°° 12.667*% 76.333%° 4.333"" 91.333"" 335.563% 2.980°° 5207
ICFX 1420419-3-2-1-1 1.093° 5763*% 7.733%°  11.600® 74.000®° 5.667™ 95.000%" 300.577° 3.070%° 4.940"°
ICFX 1420420-9-6-3-1 1.240 5113  6.000"" 14.000° 77.667*° 5.667° 94.667°* 297.637° 2.933%° 4.747%
ICFX 1420424-2-1-1-1 1.000°  5.113"" 6.867°° 13.267%*° 78.000* 6.667* 92.333%" 337.830* 2.903%° 5.443"
ICFX 1420431-1-3-1-2 1.000° 45579  6.733"° 11.933"¢ 73.333*° 6.000™ 94.667° 299.217° 2.810™ 4.470%%
ICFX 1420431-2-5-1-1 1.227°°  5237°"  7.200*° 11.733° 74.333*°  3.667" 92.333%" 300.850° 3.077*  4.877%%
EX Alupe (G) X KNE 814 P4-2-1-4-1 1.647%°  5593*° 4533  12.667*° 55.333"  7.000? 93.667%° 256.500%" 2.913%°¢ 3.643"
ICFX 142036-3-3-1-1 1.000°  5.200°" 6.000%" 12.800*" 78.000* 5.000% 90.000° 287.487" 3.323° 4.300"
ICFX 1420437-1-4-1-1 1.000°  5.443*¢  7.600*" 12.067*" 72.667° 4.333"" 91.000*" 358.503% 3.113*° 4.650°"
ICFX 1420448-1-1-1-1 1.240  5990° 7.333*° 12.133*% 66.667°° 4.667°" 91.333"" 318.520°°  3.030*° 4.123%"
KNE 814 X Ex Alupe (P) P7-9-3-2-2 1.000°  5.703*¢ 6.400°° 13.733* 73.333%° 4.000%" 91.333"" 326.137"° 3.107%¢ 4,573
KNE 814 X Ex Alupe (P) P8-1-1-1-1 1.000° 4.230° 7.267*° 12.333*% 84.667° 3.667" 92.000%" 232.003" 3.043%¢ 2.880"
P224- check 1.000°  5777*% 8.200" 12.800*" 75.667*° 5.333%° 92.000%" 309.583%"  2.880%° 3.553
ICFX 1420311-3-6-1-2 1.093°  5.657*° 7.133*° 12,000 80.667*° 4.667° 96.000% 323.787°°  3.123%° 3.850"
ICFX 1420312-3-2-1-1 1.133°  5777*% 7.000*° 13.000°*° 78.333%* 5333 93.333%° 335.863*¢  3.067*°  4.460°"
ICFX 1420313-1-2-3-1 1.000°  4.4439 6.733"° 11.933% 72.667*° 4.333%" 91.333"" 317.923°° 2893  4.873"
ICFX 1420313-3-2-1-1 1.000°  4.810°%  7.467*¢ 12.400*" 73.667*° 4.667° 92.000%" 299.803% 3.120%° 5.267°
ICFX 1420314-2-1-1-1 1.000°  6.057* 7.933%*° 10933  81.000* 5.667% 90.667°" 356.377° 3.110% 5.333"
ICFX 1420314-6-2-1-1 1.240°  5093"  8533* 11.800°“ 80.333%°  4.333"" 90.333% 345.320%° 3.310° 4.437°
ICEX 1420315-2-2-1-2 1.000°  5.110%" 6.733°° 12.667*Y 72.667°"° 4.000%" 91.000"" 354.467%° 2.970%° 6.257°
CV (%) 14.90 6.15 11.96 11.53 10.50 7.67 2.44 5.81 9.41 6.99
LSD o.05 0.29 0.85 1.61 1.93 12.18 0.79 4.06 29.99 0.46 0.52

Means in a column followed by the same letter are not significantly different using Fisher’s Least Significant Difference test at P<0.05, CV- Coefficient of Variation, SV- seedling vigour,
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NF- number of fingers, FL- finger length, PL- Peduncle length, PH- Plant height, NPT- number of productive tillers, Days to 50% FL- Days to 50% flowering, 1000gw- 1000 grain weight

and HI- Harvest index.
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Table 5. Mean performance of 25 genotypes evaluated for agronomic traits in Soin.

Genotype SV NF FL PL PH NPT FFLW Yield 1000 gw (Q) HI
EX Alupe(G) X KNE 814 P1-1-2-3-1 1.000° 12.3339  13.367°®°  11.500°  50.167° 6.670°  75.333"°  224.167 2.313%® 2.900™*
ICEX 1420342-3-1-2-2 1.000° 15.667%°  13.900°°  12.333*Y  68.000°  4.000™  75.333*°  207.830* 2.137° 2.600*
ICFX 1420396-5-5-1-1 1.000° 14.333°®  14.033"°  12.333*Y  84.333* 50279  75.333%  250.680"¢ 2.327% 3.533“
ICFX 1420414-7-12-1-1 1.333° 14.667°  15.067*°  10.833"¢  80.333%°  7.417% 76.000®  271.763" 2.280% 2.760%
ICEX 1420414-7-4-1-1 1.000° 14.667™"  13.900°°  11.500°°  74.833"° 6.463"  76.667°  268.630" 2.367% 2.873™
ICFX 1420415-3-1-1-2 1.663% 15.333*°  15.900%°  13.000*Y  77.167*° 4.267™  72.667“ 265.300"" 2.143° 3.540%
ICFX 1420419-3-2-1-1 1.333" 14.667"  14.700""  10.667°" = 72.833°  6.030%  73.333"¢  247.050™ 2.233% 2.953%1
ICFX 1420420-9-6-3-1 1.133" 13.333%9  15.267%"°  14.167*  80.667*°  6.090° 76.000% 232.373" 2.193% 3.487°%%
ICFX 1420424-2-1-1-1 1.000° 13.333%9  14.367°°  14.167*  78.500®°  6.563°  76.000%" 166.000' 2.297% 3.633"
ICFX 1420431-1-3-1-2 1.000° 13.333%¢  14.667°°  11.667*%  73.667*°  6.157"  76.000%" 239.900" 2.313% 2.987"
ICEX 1420431-2-5-1-1 1.133"  15.333*°  14.133"“  11.833*Y  73.667*°  3.893" 70.667° 235.3679" 2.290% 3.627™
EX Alupe (G) X KNE 814 P4-2-1-4-1 1.227° 14.333°° 12700  12.500*°  69.833° 6.887°  73.333"¢  193.353" 2.197% 2.230'
ICFX 142036-3-3-1-1 1.000° 13.667% 11.600° 12.667%%  77.333*° 5583  76.000°  256.267"" 2.377%® 3.1179"
ICFX 1420437-1-4-1-1 1.000° 15.667*  13.833b-°  11.500°¢  71.333"  4.437% 74667  275.867™ 2.307% 3.477%%
ICFX 1420448-1-1-1-1 1.240° 15.667% 17.400? 12.167*%  73.833°° 4740  75.333*°  263.783"" 2.370% 3.017"
KNE 814 X Ex Alupe (P) P7-9-3-2-2 1.000° 14.333°*®  15533*°  13.167°"°  69.000°  4.330“"  76.000% 280.700° 2.260% 3.260%¢
KNE 814 X Ex Alupe (P) P8-1-1-1-1 1.000° 13.000¢  14.800"¢  12.833*"  87.333*  4.223™  72.667" 333.333° 2.277% 3.173°"
P224- check 1.000° 14.000%"  13.933"°  10.833"¢  79.167%°  5.530' 76.000®  246.437™ 2.357% 2.613%
ICFX 1420311-3-6-1-2 1.000° 14.667°%  14.467°°  11.667*°  80.000™°  4.440" 75333  250.640%" 2.500° 2.973%"
ICFX 1420312-3-2-1-1 1.333" 13.000¢  13.567°°  13.333*  80.167°"° 5.293%"  75.333%° 279.777° 2.370% 3.337¢"
ICFX 1420313-1-2-3-1 1.000° 14.667°  16.000®  11.167°°  74.500°°  4.343“™  75333%°  267.377°° 2.233% 3.510%
ICFX 1420313-3-2-1-1 1.000° 14.667°  15.600%°  12.000%Y  74.667°°  4.860" = 74.667°°  230.617" 2.207% 2.997"
ICFX 1420314-2-1-1-1 1.000° 15.667*  14.900°°  10.500°  82.167%°  5.3439 76.667% 241.277% 2.363% 3.917°
ICFX 1420314-6-2-1-1 1.227° 14.333°*®  15167*%  12.000Y  76.667*°  5.187" = 75.333%°  235.863%" 2.177° 2.577¢
ICFX 1420315-2-2-1-2 1.000° 16.333*  15.667*°  12.833*Y  74.333%°  4.170™  72.667“ 281.917" 2.337% 4.843°
CV (%) 14.90 6.15 11.96 11.53 10.50 7.67 2.44 5.81 9.41 6.99
LSD o.05 0.22 1.21 2.49 2.62 14.46 0.46 3.32 26.82 0.32 0.35

Means in a column followed by the same letter are not significantly different using Fisher’'s Least Significant Difference test at P<0.05, CV- Coefficient of Variation, SV- seedling vigour, NF-
number of fingers, FL- finger length, PL- Peduncle length, PH- Plant height, NPT- number of productive tillers, Days to 50% FL- Days to 50% flowering, 1000gw- 1000 grain weight and HI-
Harvest index.

height was directly linked to grain yield, where al., 2014). Short plants were found to reduce In wheat (Triticum aestivum), reduced plant height
short plants had higher grain yield compared to moisture demand and prevent plant moisture loss was reported to reduce photosynthesis and
taller plants (Mohammadi et al., 2012; Koocheki et due to transpiration (Zhang et al., 2018). nutrient translocation, especially during the stem
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Table 6. Analysis of variance for 25 finger millet genotypes based on morpho - physiological traits evaluated in Koibatek and Soin.

Source of variation df LAI LI ET LRWC SC cC RRWC SBIO TBIO RBIO COA PR
Replication 2 0.01* 0.06™** 71.79"* 252.23*** 0.018 5.46** 44.34* 157.14* 1800.00*** 168.58*** 3819.34* 7.64
Genotype (G) 24 0.001* 0.009 67.61** 27.68*** 10.77* 30.19* 109.37** 62.79*** 235.69** 236.13*** 9571.79*** 285.38***
Location (L) 1 0.19* 1.49 4429.36* 524.35 0.352 0.396 227.43 839.65 3750 1122.79 52.81 33.77
GxL 24 0.0005** 0.008*** 6.94** 0.28 1.67*** 3410 0.39 7.48* 0 7.31 1051.62 119.70**
Block 26 0.0002 0.003 2.39 18.54 0.17 0.90 0.88 7.94* 161.2 5.5 897.38 21.04

*

, **, ¥** gignificance at P< 0.05, P<0.01 and P<0.001, respectively, df- degree of freedom, LAI - Leaf area index, LI- light intensity, ET- Evapotranspiration rate, LRWC-Leaf relative water

content, SC- Stomatal conductance (mol H,Om~2s~1), CC- Chlorophyll content, RRWC- Root relative water content, SBIO-Shoot biomass (g), TBIO-Total biomass, RBIO-Root biomass (g),
COA- CO; assimilation (molm~2s~1) and PR-Photosynthetic rate (umolC0, m~2s~1).

elongation stage due to low moisture content
(Sarto et al., 2017). Reduced plant height has also
been associated with increased partitioning of
assimilates to the ear (Grover et al., 2018). Short
plants may also result in higher HI and lodging
resistance (Divashuk et al., 2013).

Increased number of productive tillers could be
a desirable trait to higher grain yield. However,
under drought stress, this trait can be detrimental
due increased competition for assimilate
partitioning (Geleta et al., 2019). In this study, the
number of productive tillers was negatively
correlated with harvest index. Similar findings
were reported by Lule et al. (2012), where grain
yield low was registered in finger millet genotypes,
which had high number of productive tillers under
low soil moisture.

Positive correlations were registered between
days to flowering and grain yield. Similar results
were reported by Ganapathy et al. (2011) and
Chandra et al. (2013), who found that late maturity
was associated with grain vyield and yield
components. In this study, 1,000-grain weight,
finger number, finger length, days to maturity and
harvest index were positively correlated with grain
yield; this was in accordance with the results of

Bezaweletaw et al. (2006), who reported a
positive association of 1,000-grain weight with
finger number, finger length, days to maturity,
harvest index and grain yield per plant. Moreover,
Wolie et al. (2013) and Kumar et al. (2016) found
grain yield to be positively correlated with biomass
and harvest index in finger millet.

Harvest index (HI) can influence yield, as it is
the proportion of the whole plant mass that is
partitioned to the seed (Pachepsky et al., 2011).
Harvest index is the partitioning of dry matter into
the reproductive parts; hence, it can be used as
an important indicator for drought tolerance. In
this study, results showed a significant positive
relationship between HI and grain yield. Similar
results have been also reported by Jyothsna et al.
( 2016) and Reddy (2020), where harvest index
was positively correlated with number of tillers per
plant, finger length and grain yield. Grain yield is
considered a complex trait that is highly
influenced by genotypic and environmental
factors. Therefore, high variation observed for
yield among the finger millets can be attributed to
genotypic and environmental difference across
the two locations. However, lines ICFX 1420314-
2-1-1-1 (7), KNE 814 X Ex Alupe (P) P8-1-1-1-1

(24) and ICFX 1420415-3-1-1-2 (14) displayed
consistency with relatively high grain yield both in
Koibatek and Soin. Similar findings reported that
high variation in grain yield was attributed to both
genetic and environmental factors (Malambane
and Jaisil, 2015; Mukami et al., 2019).
Physiological traits were noted to vary across
the finger millet genotypes and location. Similarly,
a change in physiological traits has been
demonstrated to be triggered by both genetic and
environmental conditions (Anjum et al., 2011;
Mukami et al., 2019). Reduced photosynthetic
rate and chlorophyll content have been widely
associated with soil moisture deficits. Drought
influences nutrient uptake such as nitrogen, which

affects  chlorophyll content that regulates
photosynthetic activities (Fathi and Tari, 2016).
The reduction in chlorophyll content is a

mechanism that responds to drought in order to
reduce the light absorbed by chloroplasts (Gu et
al., 2017).

Root and shoot biomass accumulation has been
used as an indicator of drought tolerance.
Genotypes allocate biomass differently between
roots and shoots (Weiner, 2004); and there are
indications that drought tolerance can be improved
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Table 7. Mean performance of 25 genotypes evaluated for morpho - physiological in Koibatek.

Genotype LAI LI ET LRWC SC cC RRWC SBIO RBIO TBIO COA PR
EX Alupe(G) X KNE 814 P1-1-2-3-1 0.077¢9 0.415%® 24.867¢ 62.82324 4.537¢ 6.337™ 30.087¢%f 33.990 67.9234¢ 33.900i 357.667¢ 30.033¢9
ICFX 1420342-3-1-2-2 0.097b¢ 0.408b¢ 24.500¢f 56.713¢f 2.600i 11.670% 25.843k 27.840i 68.4732b¢ 36.927¢ni 337.667% 59.6332
ICFX 1420396-5-5-1-1 0.0820 0.318¢ 20.920" 63.6832 2.770ik 11.3370de 29.887¢f9 25.837i 66.00030c 36.250Mi 363.000cd 24.967¢
ICFX 1420414-7-12-1-1 0.0890- 0.317% 23.923¢19 57.88004 0.203m 7.553m 39.357° 38.2872 78.463%® 40.273¢f 363.667¢ 31.480cf
ICFX 1420414-7-4-1-1 0.075¢9 0.3114 26.3530 556301 2.690i 12.993b¢ 26.853i 28.4809N 76.840% 50.9302 372.333 24.463"
ICFX 1420415-3-1-1-2 0.0870- 0.3370 28.467°¢ 58.0230 7.6232 10.6930ef 23.343m 25.777i 66.27780c 41.950de 379.333% 21.283n
ICFX 1420419-3-2-1-1 0.074¢9 0.297% 23.707¢h 62.80724 3.1039h 8.590n* 27.547hi 29.7909" 74.73380c 44,940 351.000< 25.870%h
ICFX 1420420-9-6-3-1 0.067¢fo 0.281" 24.163¢19 62.557%¢ 0.117m 8.510M 28.627" 29.823fon 62.837abc 33.010 307.333¢ 20.433n
ICFX 1420424-2-1-1-1 0.077¢9 0.282" 23.383foh 67.2572 5.190¢ 8.290M 34.887¢ 28.513" 64.410abc 33.547i 368.000cd 24.767¢
ICFX 1420431-1-3-1-2 0.072¢9 0.286° 23.587¢h 58.11304 1.908' 8.457™ 24,6674 33.323« 69.68020 38.993eh 337.333¢ 34.2070°
ICFX 1420431-2-5-1-1 0.078¢9 0.246' 25,033¢f 61.47321 3.483¢f 8.820¢4 31.773¢ 29.077n 59.053¢ 32.993k 350.333¢ 31.467¢
EX Alupe (G) X KNE 814 P4-2-1-4-1 0.0549 0.258" 24.883¢ 62.5372¢ 4.280¢ 7.593+m 28.623" 324674 72.25030¢ 40.780¢f 374.333 17.930'
ICFX 142036-3-3-1-1 0.068¢fo 0.289¢ 25,377 63.00324 2.913hi 15.8832 31.6600 36.947a0 69.7802 32.790% 355.000< 27.513¢"
ICFX 1420437-1-4-1-1 0.068¢f 0.278" 26.040c 60.4170 1.960' 7.167m 28.1379ni 27.673ni 69.38030c 42.113de 356.667% 26.267¢0
ICFX 1420448-1-1-1-1 0.080< 0.323 25.423¢%f 57.1170%f 5.797° 12.0500cd 21.850™m 28.4400N 78.1803 49.3632 368.333 39.1130
KNE 814 X Ex Alupe (P) P7-9-3-2-2 0.075¢9 0.328" 25.987¢f 57.710¢f 3.470¢f9 11.860° 24,3601 35.277b¢ 69.69020¢ 41.987¢ 454.667° 31.893¢de
KNE 814 X Ex Alupe (P) P8-1-1-1-1 0.1392 0.4992 41.9202 61.477af 4.494¢ 9.620e 28.487" 30.660¢f 68.90030c 38.643¢h 369.333 25.367¢h
P224- check 0.095b 0.367> 24 5874 56.0271 3.697¢ 7.960Mm 29.0507" 29.420" 82.3602 46.573b 360.667¢ 20.467"
ICFX 1420311-3-6-1-2 0.0820 0.3360 26.040¢f 60.60701 2.670k 13.657° 26.9071 30.347¢f9 79.0232 52.8102 352.000cd 24.0679n
ICFX 1420312-3-2-1-1 0.093bcd 0.34909 28.1000cd 61.2570 2.867"i 10.497%9 27.260ni 37.2102 73.3873b¢ 36.7809hi 345.6670d 29.133¢9
ICFX 1420313-1-2-3-1 0.06879 0.300% 23.633¢h 59.21004 2.450k 15.5932 38.3200 37.8302 68.3402¢ 29,700k 351.333 25.333¢h
ICFX 1420313-3-2-1-1 0.0940c 0.3750 23.5039n 63.18020¢ 2.807ik 6.800m 28.930fo" 29.160f9n 67.827abc 38.2039n 532.3332 26.800¢"
ICFX 1420314-2-1-1-1 0.106° 0.378bcd 21,6509 62.0602¢ 3.210fh 11.910< 30.173¢f 26.770i 65.95320¢ 38.820e" 380.667¢ 32.313bcd
ICFX 1420314-6-2-1-1 0.0830 0.356°9 24.280¢'9 57.533¢f 0.140m 6.980km 24.967¢ 36.57020 70.03020¢ 34.357i 364.333 25.050¢
ICFX 1420315-2-2-1-2 0.061f 0.2760hi 28.940° 61.387af 3.437¢f 9.260" 41.9472 33.137¢ 52.080¢ 18.953 360.000cd 66.7302
CV (%) 11.39 12.26 8.01 6.73 9.59 9.09 4.39 6.16 19.92 5.18 7.84 13.07
LSD o.05 0.03 0.09 2.79 5.93 0.38 1.72 1.86 2.16 22.74 3.74 42.18 719

Means in a column followed by the same letter are not significantly different using Fisher’s Least Significant Difference test at P<0.05, CV- Coefficient of Variation, LAI - Leaf area index, LI-
light intensity, ET- Evapotranspiration rate, LRWC-Leaf relative water content, SC- Stomatal conductance (mol H,Om~2s~1), CC- Chlorophyll content, RRWC- Root relative water content,
SBIO-Shoot biomass (g), TBIO-Total biomass, RBIO-Root biomass (g), COA- CO, assimilation (molm~2s~1) and PR-Photosynthetic rate (umolC0, m~2s™1).

via traits, such as root length, shoot and root genotypes have been reported to have higher root absorption. Increased root biomass has also been
biomass accumulation (Paustian et al., 2016; dry matter per unit of leaf area, signalling that they linked to drought avoidance in which plants
Griffiths and Paul, 2017). Drought-tolerant would invest more in deeper rooting for water accumulate more root biomass compared to
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Table 8. Mean performance of 25 genotypes evaluated for morpho — physiological traits in Soin.

Genotype LAI LI ET LRWC ST cC RRWC SBIO RBIO TBIO COA PR
EX Alupe(G) X KNE 814 P1-1-2-3-1 0.142fen 0.521b9 1227391 59.463*d  3.823¢f 6.427m 27.190%%  38.687%¢ 39.233Im 77.9238bc 357.667cd 30.033¢"
ICFX 1420342-3-1-2-2 0.120' 0.4484M 14.263¢1  52.903¢h 2.487" 12.547¢ 23.027¢ 32.840i 43.510ik 78.47380c 323.333¢ 37.567°
ICFX 1420396-5-5-1-1 0.18220 0.5432 10.857i 59.9372b 2217 12.033¢ 27.127¢"  35.620e 41.250km 76.00020¢ 348.667¢de 28.633%
ICFX 1420414-7-12-1-1 0.144fen 0.512¢9 13.603¢1  54.607°" 0.153 11.907¢ 36.530° 43.2872 47.760¢f 88.46320 363.667% 32,0130
ICFX 1420414-7-4-1-1 0.123 0.428hi 13.203H 51.683" 3.737¢fs 14.323b 26.043 33.48091 52.990 86.84020 372.333 34.3800¢
ICFX 1420415-3-1-1-2 0.163cde  (.585a¢ 16.983%d  53.647¢h 7.0602 10.693¢%  21.047m 30.777i 46.950¢" 76.27730¢ 463.3332 21.000
ICFX 1420419-3-2-1-1 0.159¢ 0.6092 15.827%%  58.9332¢ 2.683" 8.6239M 25.190i 34.800e1 49.940¢e 84.733ab¢ 347.000¢de 30.480¢"
ICFX 1420420-9-6-3-1 0.160° 0.587a¢  16.093cd 58,6472  3.847d9 85109 26.543" 34.820¢ 38.010mn 72.83720¢ 307.333¢ 19.433
ICFX 1420424-2-1-1-1 0.151¢fg 0.588ab¢ 12.413" 63.6772 5.077° 9.977¢f 33.083¢ 33.51391 38.547m 74.41020¢ 368.000< 24767
ICFX 1420431-1-3-1-2 0.144fsh 0.497¢4 11.807i 54,5500 2.703" 8.400Mi 22.080' 38.323¢f 43,633 79.68020c 337.333cde 34.1830cd
ICFX 1420431-2-5-1-1 0.153df 0.53239 14.193¢1  57.453>0  3.587¢f 7.9801k 28.610% 34.077" 33.2900 69.053¢ 350.333¢de 28.667¢1
EX Alupe (G) X KNE 814 P4-2-1-4-1 0.134gni 0.425h 8.280¢ 59.0132d  4.443« 7.717+ 25.993 37.467¢9 45.780% 82.2502¢ 374.333¢ 23.900+
ICFX 142036-3-3-1-1 0.146e" 0.515¢9 14.397¢0 59,8832 34701 15.8832 29.270¢ 42.6432¢ 43.730M 79.78020c 340.000¢de 27.513¢
ICFX 1420437-1-4-1-1 0.147eh 0.5682¢ 13.693¢4 562430 3.997¢%f 7163 25.41091 32.673Mi 43.773k 79.3802b¢ 372.333¢ 25.0009"
ICFX 1420448-1-1-1-1 0.118 0.398 12.070"  52.803%h 4913 11.790% 19.793m 33.433¢1 54.3300¢ 88.18020 335.000¢de 54.4802
KNE 814 X Ex Alupe (P) P7-9-3-2-2 0.150¢fs 0.496%"  16.040c% 535074  3.470f 11.757¢ 22.387' 34.807¢1 48.987¢f 79.69020c 447.667° 31.583¢f
KNE 814 X Ex Alupe (P) P8-1-1-1-1 0.17520¢ 0.49651 30.6432 57.727&"  3.470f 9.620e 25.877" 37.660%9 44 80391 78.90020¢ 369.333¢ 25.4809*
P224- check 0.1902 0.6052 14.657%9  52.327¢" 3583 7.153km 26.610" 36.717eh 56.8202 92.3602 360.667° 25.7179
ICFX 1420311-3-6-1-2 0.151¢fs 0.514¢9 14.827df 56,7200 4.154¢e 14.0200 24 497k 34.890¢ 59.8102 89.023a 352.000¢de 20.413K
ICFX 1420312-3-2-1-1 0.162¢de 0.534a 17.003%  57.86729 3.3609 11.573 24 84k 34.387¢ 41.780K 83.387abe 345.667¢d 29.133¢
ICFX 1420313-1-2-3-1 0.150¢fs 0.521b9 19.883P 55,9930 24071 9.740¢f0 35.5300 43.1632 34.700m° 78.34020c 342.000¢de 26.113%
ICFX 1420313-3-2-1-1 0.171bcd 0.5802d 131307 59.683a¢  2.357" 7.077Km 26.463 34.160¢ 41.213Km 77.82720¢ 509.6672 26.800%
ICFX 1420314-2-1-1-1 0.1882 0.6142 12.037" 5783729 0.193 11.910%  27.447%f 31.770i 44,030 75.95380¢ 351.000¢de 28.733¢
ICFX 1420314-6-2-1-1 0.183a 0.591abe 11.900" 54,1370 0.143 6.567m 22.260' 4152324 39.350Im 80.0302b° 364.333 26.297¢
ICFX 1420315-2-2-1-2 0.132ni 0.478" 17.487bc  57.75729 3,503 9.260fn 39.1272 35.423¢ 28.163p 62.080¢ 439.667° 30.533¢9
CV (%) 11.39 12.26 8.01 6.73 9.59 9.09 4.39 6.16 19.92 5.18 7.84 13.07
LSD 0.5 0.02 0.08 2.55 6.05 0.61 1.24 1.99 4.59 22.74 3.33 50.89 5.72

Means in a column followed by the same letter are not significantly different using Fisher’s Least Significant Difference test at P<0.05. CV- Coefficient of Variation, LAI - Leaf area index, LI-
light intensity, ET- Evapotranspiration rate, LRWC-Leaf relative water content, SC- Stomatal conductance (mol H,Om~2s~1), CC- Chlorophyll content, RRWC- Root relative water content,
SBIO-Shoot biomass (g), TBIO-Total biomass, RBIO-Root biomass (g), COA- CO, assimilation (molm~2s~1) and PR-Photosynthetic rate (umolC0, m~2s™1).

above ground biomass (Zhou et al., 2018). Root increased water uptake. Therefore, increased root an increase in one, or combinations of, these root
biomass is directly associated with the root length biomass displayed among the selected finger system components.
and number of root hairs, which are important for millet genotypes in this study can be attributed to These results agree with those of Chen et al.
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Table 9. Pearson’s correlation coefficients for selected agronomic and morpho- physiological traits of the finger millet genotypes.

Traits RRWC NF FL NPT FFLW HI TSW LAI LI SBIO RBIO TBIO Yield

ET 0.191~ -0.794**  -0.713**  -0.253***  0.736*** 0.537*** 0.650***  -0.544***  -0.505*** -0.31 -0.27 -0.223 0.611***
RRWC -0.243** -0.242** 0.131 0.218** 0.442%* 0.224 -0.271 -0.257 0.094 -0.603*** -0.269 0.191*
NF 0.934*** 0.024 -0.945*%**  -0.699***  0.841*** 0.803*** 0.753*** 0.429%** 0.359%** 0.315%** 0.635***
FL -0.011 -0.903***  -0.652***  0.809*** 0.815%** 0.761*** 0.406*** 0.344*** 0.312%** 0.553***
NPT 0.030 -0.174* -0.092 -0.027 -0.008 0.174 0.168 0.175 0.161

FFLW 0.676*** 0.818**  -0.814*** 0.776 0.437*** 0.274%** 0.269%**
HI 0.651**  -0.650***  -0.606***  0.483*** 0.581*** 0.493*** 0.687***
TSW -0.729%**  -0.717**  0.426*** 0.426** 0.316*** 0.316%**
LAI -0.932%**  0.425*** 0.349*** 0.341*** 0.544***
LI 0.422%** 0.308*** 0.333*** 0.565***
SBIO 0.059 0.383*** 0.262**
RBIO 0.566*** 0.164*

TBIO 0.200*

***P<0,001, ** P<0.01, ET— evapotranspiration rate, RRWC- root relative water content, NF — number of fingers, NPT— number of productive tillers, FL—finger length, FFLW- days to 50%
flowering, HI — harvest index, TSW — thousand seed weight, LAl — leaf area index, LI — light intensity, SBIO — shoot biomass, RBIO — root biomass, TBIO — total biomass.

(2020), who established that biomass allocation
pattern influences drought tolerance in wheat.
Plants that invest significantly in root biomass
increase their potential for water and nutrient
absorption, which directly influences their growth
potential (Wasaya et al., 2018). Large root
biomass is important in dryland farming conditions
where crops have to explore large volumes of sail
to extract enough moisture for growth (Ehdaie et
al., 2012).

Changes in stomata conductance cause
changes in leaf water potential by changing the
transpiration rate. High photosynthesis and
stomatal conductance among the evaluated finger
millet genotypes indicated that photosynthetic CO,
fixation in the genotypes was not affected by a
water stress condition across the two locations.
Furthermore, the high photosynthesis and stomatal
conductance exhibited by these genotypes can be

an indicator for improved water use efficiency. In
a related study by Chen and Hao (2015),
transpiration rate, stomatal conductance and
water use efficiency (WUE) were found to have no
correlation with grain yield in wheat. In contrast,
Sharma et al. (2015) observed a positive
correlation between water use efficiency and grain
yield in pearl millet. Photosynthetic and
transpiration rates, which depend on stomatal
conductance, have been widely proven to be
regulated by soil moisture levels (Frih et al.,
2021).

The leaf area index showed a significant
positive relationship with shoot biomass as well as
grain yield. Reduced leaf area resulted in a lower
shoot biomass and grain yield in all the
genotypes. Low light intensity reduces the leaf
expansion rates and delays the complete
expansion of a leaf; thus, leaf area per plant is

decreased under shade conditions (Fan et al.,
2018). In the present study, the leaf area was
reduced under low light intensities, which might be
due to higher allocation of biomass towards stem
elongation than to leaf expansion (Wu et al.,
2017). Furthermore, low light intensity reduces the
photosynthesis rate, slowing down other
physiological processes in plants (Anjum et al.,
2020).

Conclusion

Morphological and physiological traits have been
widely used in the screening and selection for
drought among the cultivated crops.
Morphological traits (such as the number of root
hairs, lateral roots, root volume, root length, root
density and root surface area) have been directly



linked to higher water uptake from water-deficient soils.
Deep and proliferate root systems avoid drought stress
due to their ability to acquire more water from deeper soll
horizons.

Improved water uptake is considered a key strategy
towards drought tolerance in crops. Therefore, the
development and distribution of root systems can be
regarded as key factors for more efficient water uptake;
and thereby is a means for managing the performance of
finger millet under drought stress. Physiological traits as
well have been widely exploited for drought tolerance.
Results of this study revealed the genotypic and
environmental differences for the physiological traits
assessed. The wide variability that existed among the
finger millet genotypes and in locational differences could
be used to generate important information towards
selection for drought tolerance among the evaluated
finger millet genotypes. Finger millet lines ICFX 1420314-
2-1-1-1 (7), KNE 814 X Ex Alupe (P) P8-1-1-1-1 (24) and
ICFX 1420415-3-1-1-2 (14) proved to be consistent for
better morpho-physiological traits across the two
locations. Therefore, the named finger millet lines can be
considered for further evaluations and breeding programs
towards drought tolerance.
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