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Abstract: Teff is the most strategic cereal crop grown from high rainfall to drought prone areas
of Ethiopia, where it covers nearly 30% of the land allotted for cereals. However, its productivity
remains very low due to lack of knowledge and research interventions. To investigate the grain
yield potential, estimate the genetic parameters, and the diversity, a pot experiment with intensive
management and a field experiment with conventional management at two contrasting locations for
two seasons using the same 317 genotypes and additional 3 improved cultivars in the field experiment
were carried out. The results showed highly significant variation among the genotypes for grain yield,
biomass, harvest index, and phenological traits under both experiments. The best linear unbiased
predictor (BLUP)-adjusted grain yield performance of the genotypes ranged from 4.2 to 8.8 g/plant
in the intensive management and 1.8 to 4.3 g/plant in the field growing condition with conventional
management. Coefficient of genetic variation, heritability, and expected genetic advance for grain
yield were the highest in both experiments. Among the phenological traits, the grain filling period in
the intensive growing condition exceptionally showed the highest genetic coefficient of variation and
genetic advance. The high grain yield performance and wider range of the harvest index observed
under the intensive management condition with moderate to high heritability signifies the genetic
potential of teff for further improvement through trait recombination.

Keywords: BLUP; genetic diversity; harvest index; heritability; phenology; teff

1. Introduction

Global climate trends such as recurrent drought and warming due to elevated carbon
dioxide are the concerns of diminishing crop production [1–3]. Consequently, the levels of
poverty, food insecurity, and malnutrition are becoming a routine pain for human beings
particularly in less developed countries [4]. On the other hand, food demand is expected to
increase as the world population keeps increasing [5,6]. The increased grain yield achieved
in most common cereals during the Green Revolution largely resulted from improved
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partitioning of biomass to grain which is usually expressed as increased harvest index.
However, such an improvement seems to have stagnated since the 1990s on major cereal
crops [5,7–10] mainly due to the fact that attainable yield reached a plateau in favorable
environments on the one hand and the challenging biotic and abiotic production factors are
still threatening the agricultural system on the other hand. Investigations witnessed that
modern wheat cultivars have reached a harvest index of greater than 0.50 which is close
to the maximum hypothetical value of 0.62 [7,11]. In the world’s leading rice producing
countries, yield gain, which reached 36% during the 1980s has declined to 7% [12]. These
facts suggest that to further increase productivity, the biological yield potential ceiling
needs to be raised, or mechanisms to enable crops to cope with unfavorable growing
conditions need to be improved. Clearly, without another breakthrough, the task of ending
world hunger remains daunting.

In addition to exerting a substantial effort to increase grain yield in unfavorable
environments through crop stress resistance and resource use efficiency in traditional cereal
crops, it is also important to consider some niche crops that could contribute to food and
nutrient security with a potential for improvement. Several food crops play an important
role in the food security and income of small-scale farmers in less developed countries [4,13],
yet despite their importance and significant area coverage in the center of diversity, the
grain yield per unit area is very low due to less scientific research interventions, and they
have remained under-utilized for centuries. Among those crops, the Ethiopian small cereal
called teff is known for food and nutrition security and income for the local population.
Currently, because teff is gluten free [14,15] and has high dietary fiber content [16], it is
attracting global attention from consumers, researchers, and food processing companies.
This interest indicates that teff has the potential to be adapted as one component of the
healthy food and beverage production industry. Consequently, adaptation and pilot level
production has been underway in India, China, Australia, and Europe, while the United
States has increased its teff production and supply to the world market [13].

Teff (Eragrostis tef (Zucc.) Trotter) is a C4 cereal and the major staple food crop grown
in Ethiopia. Although the productivity is still regarded as low, grain yield of teff shows an
increasing trend during the past decades mainly due to wide dissemination and adoption
of improved cultivars [17,18]. In Ethiopia, teff productivity, which was only 0.7 t/ha in
1995, when the seed supply of the improved cultivars was limited, reached 1.76 tone/ha in
2018 [19]. Teff production keeps its first rank in terms of area coverage among the other
cereal crops which accounts about 30% of the land allotted to cereal production followed by
maize (23%), sorghum (18%), and wheat (17%) [19]. However, the lowest in its productivity
which is only one third of the average wheat productivity of the nation [19]. Today, nearly
three million hectares of land are covered annually by teff and more than six million small
scale farmers are involved in teff cultivation.

In addition to susceptibility to lodging, low grain yield potential has been supposed as
one of the major production constraints of teff [20]. Grain yield is a complex trait influenced
by the growing environment, the genotype, and their interactions. The success of any
crop management interventions to boost the productivity in a given environment is highly
dependent on the genetic yield potential of the cultivars used. This is mainly because an
increase in yield potential will uplift the actual farm yield. Yield potential is defined as
the maximum yield that can be achieved by a cultivar when grown under nutrient and
water non-limited environments to which it is adapted with stresses such as pests, diseases,
weeds, and lodging effectively controlled [21]. Understanding the yield potential among
the teff germplasm collections could play an important role in selecting best parental lines
for desirable genetic recombination as it indicates how far breeders can attempt to increase
the grain yield. However, how to quantify the yield potential continues debating. Although
most yield potential studies used model-based prediction [22], experimental quantification
is also another option of estimating the yield potential with all the stresses being controlled
as much as possible.
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Genetic variability for yield and desirable traits is the backbone of any improvement
program. The existence of considerable genetic variability has been reported in teff [23–25].
As the main yield determining factor, the variability, heritability, and genetic advance of
harvest index in teff has been reported to be exceptionally low [20]. Unlike the achievements
observed during the Green Revolution on wheat and rice, reports in teff witnessed that the
grain yield improvement achieved has been found due to an increase in plant height [26].
Consequently, the harvest index of teff is low and significant improvement has not been
made despite decades of breeding efforts [25–27]. On the other hand, due to differences
in the nature of the genotypes used and the target environments, reports showed highly
variable results of the genetic parameters on grain yield and related traits. Thus, further
investigation of the genetic parameters using large number of germplasm collections of
teff is important to implement guided breeding strategies. Therefore, the objectives of this
study were to evaluate the yield potential and determine the variabilities of teff genotypes
under pot experiment with known stresses being controlled and field experiments with
conventional management condition.

2. Materials and Methods
2.1. Description of Experimental Sites and Materials

Two separate experiments were carried out. A pot experiment—hereafter, intensive
growing condition—which was conducted at Adet Agricultural Research Center, Ethiopia
in a screenhouse with full irrigation, high fertilizer rate application, and lodging controlled
by providing a string support during 2017/18 off-season (December 2017 to May 2018). The
second, field experiment with conventional management—hereafter, field growing condition—
was conducted at two representative teff growing locations of Ethiopia. The same 317 teff
genotypes were used for both experiments except three improved cultivars added in the field
experiment. The locations were Adet (11◦28′ N, 37◦48′ E; 2216 m above sea level) and Bichena
(10◦46′ N, 38◦19′ E; 2541 m above sea level) during the 2018 and 2019 main cropping seasons.
Adet represents the Nitosol teff production areas whereas Bichena represents poorly drained
Vertisol production areas (Figure 1). Adet received about 1512 mm annual rainfall, whereas
Bichena received about 1156 mm with 75% comes from June to September. The average
minimum temperature which is about 11 ◦C was similar at both locations. The maximum
average temperature was 26 ◦C and 24 ◦C at Adet and Bichena, respectively. The germplasm
panel used in this study was composed of 312 landrace collections from different teff growing
regions of Ethiopia with an altitude range of 1200 to 3000 m above sea level, 2 breeding
lines, and 6 improved cultivars (Kora, Quncho, Etsube, Abola, Dega-Tef, and DZ-Cr-37). The
genotypes were accessed from Adet Agricultural Research Center, Ethiopian Biodiversity
Institute, and Debre Zeit Agricultural Research Center. Seeds of all the landrace accessions
were derived from individual panicle selections with a subsequent purification so that true to
types were maintained. The seeds of improved cultivars were taken from the breeder seed
stocks of Adet Agricultural Research Center.

2.2. Experimental Set Up and Management
2.2.1. Intensive Growing Condition

Non-transparent pots of 22 cm surface diameter and 18 cm depth were filled with
soil leaving the top 3 cm empty for proper watering. The soil from the same paddock
of Adet experimental station taken from the forest area within the top 10 cm depth was
mixed with chicken manure in a 10:1 ratio. In total, 317 teff genotypes (312 landrace
collections, 2 breeding lines, and 3 improved cultivars) were used for this particular study.
The genotypes were assigned to each pot following the randomized complete block design
with two replications. Folded blocks were created with 50 pots aligned in one row. Prior to
planting, the pots were watered three days and planting was done on the fourth day at
a seeding rate of 10 kg/ha. NPKS fertilizers were applied in the rate of 194, 120, 46, and
22 kg/ha respectively. The whole P and S, one-fifth of the N, and half of the K were applied
at planting, while the remaining K and two-fifths of the N were applied at early tillering
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stage and the last two-fifths of the N was applied at early flowering stage. After two weeks
from emergence, thinning was carried out to keep only 10 seedlings per pot. Each pot was
watered on a daily basis with roughly equal volume of tap water to avoid moisture stress
throughout the growing period. To reduce the effect of lodging, string supports at four
different heights spanning 30 cm following the growth stage of the crop were made.
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2.2.2. Field Growing Condition

The same genotypes used in the intensive growing condition and three additional
improved cultivars (Kora, DZ-Cr-37, and Dega-tef)—in total 320 teff genotypes—were
planted in an 8 × 40 alpha lattice design with two replications. Each plot was 2 m long
and 0.6 m wide and composed of three rows with 0.2 m spacing between rows. Following
the local farming practice, teff sowing was done in mid-July at Adet station and in the
first week of August at Bichena station in both experimental years. Teff seeds were sown
in each row by hand drilling and three weeks after seedling emergence, thinning and
transplanting were carried out to maintain 8 cm spacing between plants. N, P, and S
fertilizers were applied in the form of urea (46% N) and NPS (19% N, 38% P, 7% S). N was
applied at 64.5 kg/ha at Adet and 87.5 kg/ha at Bichena. Equal rates of P (60 kg/ha) and S
(11 kg/ha) were applied at both stations. The whole P and S and half of the N were applied
at planting, while the last half split of the N was applied at the tillering stage. All other
field management practices were applied as per the recommendations of the crop.

2.3. Data Collection and Measurements

In both experiments, the heading date was taken when approximately 50% of the
plants in the experimental units (plot/pot) had emerged heads, whereas the maturity date
was determined when 90% of the plants in the plot reached physiological maturity or when
the stem turns to golden yellow color. The plant height, panicle length, panicle weight, and
peduncle length were measured on five representative plant samples. In both experiments,
all plants in each experimental unit were harvested, threshed, and cleaned by hand. The
grain yield per plot/pot was then converted into grain yield per plant according to the
stand counts at harvest. The biomass yield was recorded after sufficient sun dying of the
harvested samples.
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2.4. Statistical Data Analysis

Single environment and combined over environments analysis of variance were
computed following the Proc ANOVA (analysis of variance) model of the alpha lattice
design for the field growing condition experiment data and Proc ANOVA model of the
randomized complete block design for the intensive growing condition experiment using
the Statistical Analysis System software program [28]. The genotypic, environmental,
genotype by environment interaction, and residual variance components were determined
using META-R software program of CIMMYT (CIMMYT, Mexico City, Mexico) using the
residual maximum likelihood (REML) method [29]. Broad sense heritability (H) as a ratio
of genotypic variance (σ2

G) to phenotypic variance (σ2
P) was computed using the same

META-R software program with the best linear unbiased predictors (BLUP) procedure.
The phenotypic variance under the intensive growing condition (σ2

Pi
) and under the field

growing conditions combined over environments (σ2
Pij

) were estimated using the formula
in Equations (2) and (3), respectively, as outlined in [30,31]. The genotypic coefficient of
variation (GCV), phenotypic coefficient of variation (PCV), and genetic advance as percent
of mean (GA) assuming 5% selection intensity were calculated with the formula described
in [32] as indicated in Equations (1), (4), and (5), respectively. Clustering of accessions
based on grain yield and related traits was carried out using agglomerative hierarchical
clustering procedure with square Euclidean distance as a measure of dissimilarity and
incremental sum squares as a grouping strategy in the R software program.

GCV =

√
σ2

G

x
× 100 (1)

σ2
Pi
= σ2

G +
σ2

e
r

(2)

σ2
Pij

= σ2
G +

σ2
GE
l

+
σ2

e
rl

(3)

PCV =

√
σ2

P

x
× 100 (4)

GA =
K× H ×

√
σ2

P

x
× 100 (5)

where σ2
e , σ2

GE x, r, l represents the residual variance, variance due to genotype by en-
vironment interaction, grand mean of the trait, number of replications, and number of
environments, respectively, and K is the selection differential having a value of 2.06 at 5%
selection intensity.

3. Results
3.1. Grain Yield, Biomass, and Harvest Index

The analysis of variance results in the intensive growing condition revealed a highly
significant difference (p < 0.01) among the test genotypes for grain yield, biomass, harvest
index, and all other yield-related traits considered in this study. The performance of the top
ten high yielding genotypes, cultivars, and the bottom three low yielding genotypes under
the intensive growing condition are presented in Table 1. The grain yield performance of
the test genotypes ranged from 4.2 to 8.8 g/plant with overall mean yield of 6.2 g/plant. Ac-
cession 242138-1, 236756-2, and 242200-1 were among the top yielding genotypes, whereas
accession 55069-3, 239373-2, and 219850-1 were among the low yielding genotypes. Among
the improved cultivars included in this study, Etsub recorded about 6.7 g/plant, while
Quncho and Abola each gave about 6.4 g/plant grain yield which is equivalent to the
overall mean grain yield. BLUP-adjusted mean grain yield also showed nearly 30% yield
advantage of the high yielding genotypes over the best yielding cultivar. The above ground
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biomass yield ranged from 14.6 g/plant to 23.1 g/plant (Table S1). Accession 234431-1 and
229971-2 were the lowest in biomass yield while accession 204596-3 and 234430-1 were the
highest in biomass. The harvest index ranged from 0.25 to 0.45 with a mean value of 0.34
(Table S1). Under the intensive growing condition, high yielding genotypes showed higher
harvest index, tall plant stature, and relatively late maturing with high grain filling period.

Table 1. Best linear unbiased predictor (BLUP)-adjusted mean grain yield and yield-related traits of the top ten high yielding,
cultivars, and the bottom three low yielding teff genotypes under the intensive growing condition.

Genotypes Accession Number GY BM HI DH DM GFP PH PL PDL PW

Ten high yielding
genotypes

242138-1 8.8 18.7 0.45 63 129 67 128.1 35.7 26.6 1.9
236756-2 8.7 19.0 0.44 59 131 73 128.9 33.3 25.6 2.2
242200-1 8.5 21.6 0.38 65 130 66 136.0 30.7 28.2 1.8
235671-1 8.3 19.4 0.41 63 123 60 141.1 31.1 29.8 1.8
227786-4 8.2 17.8 0.45 66 130 65 130.9 32.9 25.3 1.9
229101-1 8.2 19.3 0.41 60 125 65 134.5 35.8 26.9 2.3

Abishlemne 8.1 21.1 0.38 63 125 63 115.4 35.1 24.0 1.7
229971-3 8.1 20.3 0.40 57 123 66 139.5 31.0 24.4 1.8
244783-3 8.1 17.9 0.44 58 130 73 134.4 33.3 25.8 2.3
234430-1 8.1 23.1 0.34 59 130 72 128.3 32.4 24.7 2.2

Cultivars
Etsub 6.7 22.4 0.30 60 130 71 138.5 36.8 25.6 2.1

Quncho 6.4 17.8 0.36 60 123 63 128.5 32.7 27.9 1.8
Abola 6.4 19.6 0.33 63 121 58 144.2 42.1 21.9 2.3

Low yielding
genotypes

219850-1 4.3 16.7 0.27 62 108 46 102.9 34.5 25.6 1.7
239373-2 4.3 18.0 0.25 63 111 48 100.7 28.0 28.4 1.4
55069-3 4.2 16.1 0.28 60 109 49 115.3 21.6 25.2 1.6

Grand mean 6.2 18.4 0.34 60 121 60 126.9 32.2 26.4 1.8
LSD 0.9 4.0 0.1 6.7 11 12 15.0 6.1 6.0 0.4

GY = grain yield (g/plant), BM = above ground biomass (g/plant), HI = harvest index, DH = days to heading, DM = days to maturity,
GFP = grain filling period, PH = plant height (cm), PL = panicle length (cm), PDL = peduncle length (cm), PW = panicle weight (g),
LSD = least significant difference at 5% level of significance.

In the field growing condition, single environment analysis of variance showed a
highly significant variation (p < 0.01) among the genotypes for grain yield, biomass, and
harvest index (data not presented). Similarly, the combined analysis of variance showed a
highly significant difference among the genotypes for all the traits considered in this study.
BLUP-adjusted mean genotype performance across the four environments indicated that
accession 229971-3, and 236765-3 were the highest yielding genotypes with 10% yield ad-
vantage over the best yielding improved cultivar (Table 2). The grain yield performance of
the genotypes combined over the four environments ranged from 1.8 g/plant to 4.3 g/plant
with a mean value of 3.1 g/plant. Among the improved cultivars, the highest grain yield
was recorded with the cultivar Estub about 3.9 g/plant with 12.8 g/plant biomass yield and
0.30 harvest index. Quncho, one of the most widely grown improved cultivar gave about
3.0 g/plant grain yield. The biomass yield was ranged from 7.4 g/plant to 13.5 g/plant
with a mean value of 10.7 g/plant (Table S2). The harvest index ranged from 0.23 to 0.34
with an overall mean value of 0.29. Maximum grain yield about 5.7 g/plant was recorded
at Adet during the 2018 season whereas the least, 1.4 g/plant, was at Bichena during 2019
season (Figure 2). Generally, the average grain yield of the two seasons at the Nitosol
location (Adet) was higher (3.5 g/plant) than the Vertisol location (2.7 g/plant). However,
the harvest index was higher in the Vertisol location (0.30) than the Nitosol location (0.27).
The environmental and the genotype by environment interaction effect were also highly
significant on the genotypes tested for grain yield, biomass, harvest index, and other yield
related traits.
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Table 2. BLUP-adjusted mean grain yield and yield related traits of the top ten high yielding, cultivars, and the bottom
three low yielding teff genotypes under field growing condition with conventional management (combined over years and
locations).

Genotypes Accession Number GY BM HI DH DM GFP PH PL PDL PW

Ten high yielding
genotypes

229971-3 4.3 10.9 0.33 55 127 71 107.7 31.5 22.7 1.5
236765-3 4.3 11.1 0.33 62 129 67 109.7 32.1 24.0 1.5
234430-1 4.3 11.6 0.32 60 129 68 104.8 33.2 25.8 1.5
236756-2 4.2 11.4 0.31 59 129 70 113.6 35.2 26.5 1.5

DZ-01-3502 4.2 11.2 0.31 58 130 71 94.1 31.0 21.8 1.3
RIL-260 4.1 12.6 0.30 61 131 69 128.6 42.2 25.1 1.8
203010-4 4.1 13.5 0.27 61 131 69 125.0 38.7 26.2 1.5
202978-2 4.1 11.0 0.32 62 129 67 108.7 33.8 24.5 1.3
238223-2 4.0 11.9 0.29 58 128 69 104.1 30.1 25.1 1.0
235659-3 4.0 12.1 0.30 59 127 67 110.1 32.3 25.9 1.2

Cultivars
Etsub 3.9 12.8 0.30 60 128 68 110.2 34.8 23.4 1.4

Quncho 3.0 10.6 0.28 58 123 65 106.7 32.2 21.0 1.4
Abola 3.4 12.8 0.27 64 130 66 113.4 37.4 23.3 1.5

Low yielding
genotypes

229101-3 1.8 8.3 0.22 62 124 62 93.0 31.4 25.2 0.9
234775-4 1.8 7.5 0.24 62 130 65 97.7 32.6 22.9 0.9
219882-4 1.8 8.3 0.22 64 125 62 94.1 33.0 24.3 0.9

Grand mean 3.1 10.7 0.29 60 126 65 99.3 31.2 24.5 1.1
LSD 0.5 2.0 0.1 2.7 4.3 5.0 8.3 4.3 3.0 0.2

GY = grain yield (g/plant), BM = above ground biomass (g/plant), HI = harvest index, DH = days to heading, DM = days to maturity,
GFP = grain filling period, PH = plant height (cm), PL = panicle length (cm), PDL = peduncle length (cm), PW = panicle weight (g),
LSD = least significant difference at 5% level of significance.
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Figure 2. Genotype performance across the test environments for grain yield, biomass, and harvest
index based on BLUP-adjusted mean values. E1 = Adet 2018, E2 = Adet 2019, E3 = Bichena 2018, and
E4 = Bichena 2019. E5 refers the intensive growing condition and the data were analyzed separately.
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3.2. Phenology

The analysis of variance in both growing conditions showed a highly significant
difference (p < 0.01) among the genotypes for days to heading, days to maturity, and grain
filling period. Under the intensive growing condition, days to heading of the test genotypes
ranged from 51 to 73 days with overall average of 60 days (Table S1). Accession 237709-2,
237572-1, and 234431-1 were among the early genotypes, whereas 212930-4, 212929-1, and
239373-2 were among the late heading genotypes. The maturity date ranged from 107 to
140 days with average value of 121 days. The grain filling period, the number of days
from heading to maturity, ranged from 35 to 79 days (Table S1). Under the field growing
condition, the early genotype took about 51 days to heading and 108 days to maturity
with 53 days for grain filling (Table S2) whereas the late maturing genotypes took about
66 days to heading and 131 days to maturity. Accession 234431-1 and 204569-1 were early
and 203008-5, 229766-5, and 234782-2 were late maturing genotypes. Despite the rank
differences, most of the early genotypes performed consistently across the two growing
conditions while considerable rank difference was noted among the late genotypes across
the two growing conditions. It was also noted that most early genotypes were associated
with short plant stature.

3.3. Variance Components, Heritability, and Genetic Advance

Estimates of genetic parameters and mean squares of the important traits in the
intensive growing condition are summarized in Table 3. Among the traits, peduncle
length and harvest index showed the lowest heritability, 0.59 and 0.67, respectively. Genetic
advance generally ranged from moderate to high. The lowest genetic advance was observed
for days to maturity and days to heading whereas the highest genetic advance was observed
in grain filling period, grain yield, panicle length, and panicle weight. Grain filling period,
grain yield, panicle length, and panicle weight also showed the highest coefficient of
genetic variation, while the days to maturity and days to heading were the lowest in
genetic coefficient of variation. The grain filling period which varied from 35 to 79 days
showed the highest genetic coefficient of variation, and heritability with the highest genetic
advance. On the other hand, the genetic coefficient of variation for the harvest index was
small, 8.82% with a genetic advance of 15.2%.

Table 3. Mean squares, variance components, and estimates of variability for important traits of
317 teff genotypes under the intensive growing condition.

Traits
Mean Square

Means
Variance GCV

(%)
PCV
(%) H GA

(%)G σ2
e σ2

G σ2
P

DH 40.46 ** 6.69 60.39 16.88 20.23 6.80 7.45 0.83 12.73
DM 146.27 ** 30.25 120.77 58.01 73.13 6.31 7.08 0.79 11.52
GFP 192.41 ** 34.71 60.37 78.85 96.21 14.71 16.25 0.82 27.44
PH 307.11 ** 59.43 126.90 123.84 153.56 8.77 9.77 0.81 16.29
PL 51.26 ** 9.59 32.19 20.83 25.63 14.18 15.73 0.81 26.24

PDL 22.54 ** 9.27 26.39 6.63 11.27 9.76 12.72 0.59 15.46
PW 0.12 ** 0.02 1.77 0.05 0.06 12.88 14.01 0.84 24.24
GY 2.24 ** 0.42 6.24 0.91 1.02 15.29 16.19 0.81 27.01
BM 10.54 ** 2.40 18.62 4.07 4.70 10.83 11.64 0.77 18.47
HI 0.004 ** 0.001 0.34 0.001 0.001 8.82 11.00 0.67 15.20

**, indicates significant difference at p < 0.01, G = genotype, σ2e = residual variance, DH = days to heading,
DM = days to maturity, GFP = grain filling period, PH = plant height (cm), PL = panicle length (cm),
PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant), BM = above ground biomass
(g/plant), HI = harvest index, GCV = genotypic coefficient of variation, PCV = phenotypic coefficient of vari-
ation, H = broad sense heritability, GA = genetic advance as percent of mean, σ2G = genotypic variance, and
σ2P = phenotypic variance.

Estimates of genetic parameters and mean squares of the combined analysis of vari-
ance in the field growing condition are summarized in Table 4. The variance compo-
nent partitioning indicated that the environmental variance was consistently higher than
the genotypic variance for all the traits considered (data not presented). Consequently,
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the phenotypic coefficient of variation surpassed the genotypic coefficient of variation.
The phenological traits such as days to heading, days to maturity, and grain filling period
showed the lowest genotypic coefficient of variation with higher heritability value. On
the other hand, grain yield and panicle weight showed the highest coefficient of genetic
variation. Therefore, the genetic advance under selection was higher for grain yield and
panicle weight, but it was the lowest for phenological traits. Harvest index showed the
least heritability compared to other traits with 13.9% genetic advance.

Table 4. Mean squares, variance components, and estimates of variability for important traits of
320 teff genotypes under field growing condition with conventional management (combined over
environments).

Traits
Mean Square

Means
Variance GCV

(%)
PCV
(%) H GA

(%)G E G x E σ2
G σ2

P

DH 69.82 ** 23941 ** 9.70 ** 60.27 7.40 8.58 4.51 4.86 0.86 8.61
DM 165.7 ** 27092 ** 27.42 ** 125.61 17.60 20.84 3.34 3.63 0.84 6.29
GFP 123.0 ** 9017 ** 29.6 ** 65.34 12.20 15.68 5.35 6.06 0.78 9.74
PH 815 ** 58858 ** 27.4 ** 99.26 93.62 98.72 9.75 10.01 0.95 19.59
PL 146.2 ** 35059 ** 39.5 ** 28.20 13.05 17.87 11.58 13.55 0.73 22.50

PDL 63.0 ** 3004.8 ** 8.85 ** 24.52 6.70 7.79 10.56 11.38 0.86 20.17
PW 0.44 ** 32.28 ** 0.08 ** 1.08 0.05 0.05 19.64 21.67 0.82 36.60
GY 3.07 ** 231.0 ** 0.45 ** 3.10 0.33 0.38 20.7 22.36 0.86 35.20
BM 18.3 ** 6087.1 ** 6.08 ** 10.70 1.53 2.25 12.46 15.10 0.68 19.64
HI 0.009 ** 0.385 ** 0.004 ** 0.29 0.0007 0.001 8.79 11.82 0.57 13.90

**, indicates significant difference at p < 0.01. G = genotype, E = environment, G x E = genotype by environ-
ment interaction, DH = days to heading, DM = days to maturity, GFP = grain filling period, PH = plant height (cm),
PL = panicle length (cm), PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant),
BM = above ground biomass (g/plant), HI = harvest index, GCV = genotypic coefficient of variation,
PCV = phenotypic coefficient of variation, H = broad sense heritability, GA = genetic advance as percent of mean,
σ2G = genotypic variance, and σ2P = phenotypic variance.

3.4. Phenotypic and Genotypic Correlations

The phenotypic and genotypic correlation coefficients of grain yield and related
traits under the intensive growing condition are presented in Table 5. Days to maturity
showed a highly significant positive phenotypic and genotypic correlation with grain
yield, biomass, and harvest index. Except non-significant negative phenotypic correlation
with biomass, days to heading generally showed a significant negative phenotypic and
genotypic correlation with grain yield, biomass, and harvest index. Similarly, the grain
filling period, plant height, panicle length, and panicle weight showed a highly significant
positive phenotypic and genotypic correlation with grain yield, biomass, and harvest
index. However, the correlation of harvest index with panicle length and panicle weight
was significant at 0.05 p-value. Grain filling period also showed a highly significant
negative genotypic and phenotypic correlation with days to heading, whereas positive and
highly significant correlation with days to maturity. The genotypic correlation of harvest
index with grain yield and biomass was positive and significant but negligible phenotypic
correlation with biomass. The peduncle length showed a negligible correlation with most
of the traits considered in this study, except a positive significant correlation with days
to heading.

Correlation coefficients based on the combined data under the field growing condition
are presented in Table 6. Days to heading showed negative significant phenotypic and
genotypic correlation with grain yield and harvest index, whereas its correlation with the
biomass yield was non-significant. Days to maturity showed a non-significant correlation
with grain yield and harvest index, but a positive significant correlation with biomass yield.
Days to maturity, on the other hand, showed a highly significant positive phenotypic and
genotypic correlation with grain filling period. Although the magnitude is small, the grain
filling period correlated positively and significantly with grain yield, biomass, and harvest
index. Both plant height and panicle length showed a highly significant positive correlation
with biomass yield, significant correlation with grain yield, but negative significant corre-
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lation with harvest index. Panicle weight showed a positive significant correlation with
biomass and grain yield, but non-significant with harvest index. The correlation between
biomass yield and harvest index was positive and significant. A significant negative pheno-
typic and genotypic correlation was observed between peduncle length and panicle length.
Correlation coefficients based on individual location data are presented in Table S3. The
phenotypic correlation between biomass and harvest index was significantly negative at
Adet but significantly positive at Bichena. Plant height and panicle length showed a highly
significant negative genotypic correlation with harvest index at Adet, but non-significant at
Bichena. Similarly, the relationship between panicle weight and harvest index was highly
significantly negative at Adet but significantly positive at Bichena.

Table 5. Genotypic (above diagonal) and phenotypic (below diagonal) correlation coefficients between the important traits
of 317 teff genotypes under the intensive growing condition.

DH DM GFP PH PL PDL PW GY BM HI

DH −0.06 −0.52 ** −0.24 * −0.13 ns 0.35 * −0.10 ns −0.22 * −0.15 * −0.22 *
DM −0.04 ns 0.89 *** 0.61 ** 0.49 ** −0.07 ns 0.51 ** 0.77 *** 0.71 *** 0.54 **
GFP −0.49 ** 0.89 *** 0.64 ** 0.48 ** −0.22 * 0.48 ** 0.76 *** 0.68 *** 0.56 **
PH −0.19 * 0.65 ** 0.65 ** 0.63 ** 0.02 ns 0.50 ** 0.69 *** 0.70 *** 0.44 **
PL −0.09 ns 0.55 ** 0.52 ** 0.68 *** −0.14 * 0.45 ** 0.52 ** 0.63 ** 0.23 *

PDL 0.20 * −0.02 ns −0.11 ns 0.04 ns −0.08 ns 0.001 ns −0.03 ns −0.03 ns 0.002 ns

PW −0.08 ns 0.55 ** 0.51 ** 0.56 ** 0.51 ** 0.02 ns 0.53 ** 0.55 ** 0.33 *
GY −0.17 * 0.78 *** 0.76 *** 0.74 *** 0.60 ** 0.002 ns 0.58 ** 0.81 *** 0.82 ***
BM −0.11 ns 0.59 ** 0.57 ** 0.58 ** 0.53 ** −0.01 ns 0.47 ** 0.67 *** 0.33 *

HI −0.14 * 0.51 ** 0.51 ** 0.48 ** 0.34 * 0.02 ns 0.37 * 0.74 *** −0.004
ns

*, **, ***, indicates significant correlation coefficients at a p values of 0.05, 0.01, and 0.001 respectively, ns = non-significant at p < 0.05.
DH = days to heading, DM = days to maturity, GFP = grain filling period, PH = plant height (cm), PL = panicle length (cm),
PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant), BM = above ground biomass (g/plant),
HI = harvest index.

Table 6. Genotypic (above diagonal) and phenotypic (below diagonal) correlation coefficients between the important traits
of 320 teff genotypes under the field growing condition.

DH DM GFP PH PL PDL PW GY BM HI

DH 0.56 ** −0.10 ns 0.46 ** 0.34 * −0.18 * 0.38 * −0.23 * −0.05 ns −0.45 **
DM 0.51 ** 0.77 *** 0.42 * 0.31 * 0.09 ns 0.45 ** 0.10 ns 0.15 * −0.03 ns

GFP −0.14 * 0.78 *** 0.16 * 0.12 * 0.25 * 0.25 * 0.30 * 0.21 * 0.31 *
PH 0.41 * 0.36 * 0.11 ns 0.96 *** −0.01 ns 0.89 *** 0.26 * 0.60 ** −0.25 *
PL 0.30 * 0.24 * 0.06 ns 0.83 *** −0.38 * 0.89 *** 0.36 * 0.67 *** −0.14 *

PDL −0.17 * 0.07 ns 0.21 * −0.01 ns −0.36 * −0.06 ns −0.10 ns −0.16 * 0.06 ns

PW 0.34 * 0.39 * 0.20 * 0.80 *** 0.72 *** −0.04 ns 0.46 ** 0.69 *** 0.05 ns

GY −0.22 * 0.09 ns 0.26 * 0.23 * 0.28 * −0.07 ns 0.40 * 0.94 *** 0.88 ***
BM −0.05 ns 0.13 * 0.18 * 0.49 ** 0.49 ** −0.10 ns 0.55 ** 0.84 *** 0.66 **
HI −0.34 * −0.03 ns 0.21 * −0.22 * −0.13 * 0.05 ns 0.02 ns 0.71 *** 0.24 *

*, **, ***, indicates significant correlation coefficients at a p values of 0.05, 0.01, and 0.001 respectively, ns = non-significant at 0.05.
DH = days to heading, DM = days to maturity, GFP = grain filling period, PH = plant height (cm), PL = panicle length (cm),
PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant), BM = above ground biomass (g/plant),
HI = harvest index.

3.5. Cluster Analysis

The hierarchical cluster analysis using Ward’s method in the intensive growing con-
dition revealed 7 different groupings of the 317 teff genotypes with 16 to 89 member
genotypes (dendrogram not presented). The cluster mean values of the 10 important traits
under the intensive growing condition are summarized in Table 7, and cluster members
are reported in Supplementary Table S4. Cluster-I particularly composed of teff genotypes
with shorter peduncle length and moderate grain yield. Most members in cluster-II were
characterized by high in biomass yield, longer grain filling period, and late to mature.
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Cluster-III consisted of higher grain yielding, higher harvest index, and late maturing
member genotypes. Cluster-VII consisted of genotypes with shorter grain filling period
due to late heading date of the member genotypes, and lower harvest index and grain
yield. Similarly, cluster-V consisted of low yielding genotypes with early heading date and
shorter grain filling period. Cluster-VI consisted of genotypes with longer peduncle length,
moderate grain yield, and average harvest index.

Table 7. Cluster means of grain yield and yield-related traits of teff genotypes under the intensive
growing condition.

Cluster DH DM GFP PH PL PDL PW GY BM HI

I 58.60 121.35 62.73 128.21 33.75 24.14 1.87 6.38 19.32 0.33
II 60.22 128.32 68.35 136.57 35.60 26.50 1.91 6.98 20.28 0.34
III 61.34 126.90 65.78 133.60 33.04 26.96 1.96 7.92 18.71 0.41
IV 63.78 115.62 51.73 127.87 31.39 27.09 1.70 6.01 18.53 0.33
V 58.84 114.32 55.24 117.26 28.48 26.16 1.60 5.26 17.07 0.32
VI 58.91 119.86 60.90 126.18 32.12 27.24 1.76 6.19 18.17 0.34
VII 70.11 114.56 44.42 109.89 28.12 27.14 1.59 5.31 16.77 0.30

DH = days to heading, DM = days to maturity, GFP = grain filling period, PH = plant height (cm),
PL = panicle length (cm), PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant),
BM = above ground biomass (g/plant), HI = harvest index.

Under the field growing condition, six clusters were identified with 27–109 member
genotypes (data not presented). Cluster-I and cluster-VI were both characterized by shorter
plant height, lower panicle weight, and lower grain yield (Table 8). However, cluster-VI
was different from cluster-I having member genotypes with shorter panicle and relatively
better harvest index. Cluster-II composed of higher grain yielding, tall plant stature, higher
in panicle weight, longer panicle, and late maturing genotypes. Cluster-V included late
heading genotypes with intermediate plant height, longer panicle length and shorter
peduncle length. Whereas cluster-III consisted of genotypes with longer peduncle length
with intermediate plant height. Among the improved cultivars, Etsub and Kora were
grouped together with the high yielding genotypes under cluster-II. On the other hand,
relatively older cultivars such as DZ-Cr-37 and Dega-tef were grouped under cluster-III
where the second-high yielding and intermediate plant height genotypes included.

Table 8. Cluster means of grain yield and yield-related traits of teff genotypes under the field growing
condition.

Cluster DH DM GFP PH PL PDL PW GY BM HI

I 60.91 125.80 64.92 97.84 31.37 24.22 0.99 2.60 9.15 0.27
II 60.11 128.52 67.93 121.73 35.37 24.61 1.38 3.81 11.61 0.29
III 60.02 126.69 66.58 101.87 31.45 25.31 1.15 3.32 10.35 0.29
IV 58.74 118.18 59.92 95.67 30.79 23.34 1.01 2.98 9.97 0.29
V 63.13 128.61 65.65 106.26 34.06 21.60 1.21 2.89 10.11 0.27
VI 59.47 125.37 65.88 87.24 26.61 25.87 0.86 2.68 8.95 0.29

DH = days to heading, DM = days to maturity, GFP = grain filling period, PH = plant height (cm),
PL = panicle length (cm), PDL = peduncle length (cm), PW = panicle weight (g), GY = grain yield (g/plant),
BM = above ground biomass (g/plant), HI = harvest index.

4. Discussion

Understanding the existing genetic potential which is highly influenced by the yield-
ing ability of the cultivar could play an important role in designing appropriate use of
genetic variations in the breeding program. Thus, assessment of the genetic potential of
teff genotypes could improve the breeding efficiency and increase the yield gains of the
subsequent selection [33]. For example, a strong positive correlation between grain yield in
irrigated and non-irrigated growing conditions reported in [7] suggests yield potential itself
determines the farm-gate yield that farmers could harvest. Similarly, our results showed
positive correlation between the grain yield under intensive and field growing conditions
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(r = 0.17, p < 0.05). This positive correlation signifies the possibility of the presence of
genotypes that perform consistently well under both growing conditions. The grain yield
performance of genotypes was elevated from 3.1 g/plant under the field growing condition
with conventional management to 6.2 g/plant in the intensive growing condition when
lodging was artificially controlled. The mean grain yield performance of genotypes in
the field growing condition of this study was higher than the previous reports [20,34].
Compared to the respective improved cultivars included, 30% yield advantage of the top
yielding genotypes over the best yielding improved cultivar was observed in the intensive
growing condition. However, this advantage has diminished to 10% in the field growing
condition with conventional management. This clearly indicates that the actual yield is by
far lower than the genetic potential due to poor management practices used and lodging
susceptibility. Poor agronomic practices have been mentioned as the major factor that limits
improved cultivars to express their maximum genetic ceiling and increased yield gaps in
the developing countries [35]. The observed high genetic coefficient of variation, heritabil-
ity, and the corresponding genetic advance for grain yield and important related traits
such as panicle length and weight in this study witnessed the immense genetic diversity
and the potentials for further improvement of teff through desirable trait recombination
and selection.

Harvest index was higher in the intensive growing condition compared to the field
experiment which is in agreement with previous results that prevail harvest index is gener-
ally higher in favorable growing environments [36]. Similarly, a relatively higher harvest
index of teff has been reported when the supplemental irrigation frequency increased in
the semi-arid areas of Ethiopia [37]. Contrary to the present results under field condition,
[38] reported lower heritability for harvest index but equivalent genetic advance under
selection as percent of the mean. On the other hand, [25] reported lower heritability but
higher genetic advance for harvest index. This discrepancy might arise due to differences
in the genotypes used. This further emphasizes the need of combined use of both higher
heritability and genetic advance during decision making for selection as it is also outlined
by [31]. The wider range and relative increase of harvest index under the intensive growing
condition when lodging being controlled (0.25–0.45) over that of field growing condition
with conventional management (0.23–0.34) might indicate the existing genetic potential
to improve the harvest index of teff. However, its positive correlation with plant height
might complicate the improvement of harvest index in teff due to lodging. In addition,
the observed significant positive genotypic and phenotypic correlations of both panicle
length and weight with harvest index under the intensive growing condition, but negative
significant correlation of the harvest index with panicle length and a negligible correla-
tion with panicle weight under the field growing condition indicates how improved crop
management and lodging control options could alter the harvest index.

In a crop–livestock mixed farming system, particularly in the drylands of Ethiopia,
crop residues played an important role as the livestock feed [39,40]. The teff straw is
repeatedly reported as a well-known feed resource for animals [41,42] mainly during the
dry season when the availability of pasture is limited and as a supplement during the
rainy season when pasture is available [43]. Therefore, with respect to the livelihood of
small-scale farmers in Ethiopia, straw yield is as important as grain yield. Despite that
fact, however, straw yield is rarely considered a target trait for teff improvement. Taking
this into account, our results demonstrated a wide genotypic variability for dry above
ground biomass production and straw yield of teff with high heritability and moderate
genetic advance. This finding, coupled with the modest but significant positive correlation
between aboveground biomass and grain yield under the intensive growing condition,
suggests the opportunity to improve both grain yield and straw yield to a certain extent.
This is mainly due to the strong positive correlation of plant height with both grain yield
and above ground biomass. Although [44] and [20] identified relatively better lodging
tolerance in the tall plant stature teff genotypes, this kind of correlation might not be
desirable in the practical point of view mainly because an increase in plant height could
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aggravate lodging severity in most cereal crops [45,46]. Previous reports [26,44] indicated
improved teff cultivars are tall in plant height. This might be due to selection for higher
grain yield alone without considering the harvest index as an important component of the
selection tool kit favored tall genotypes.

Under the current and future unpredictable weather conditions combined with re-
stricted adaptation range of cultivars, growing opportunities of the traditional cultivars of
several crop species will be limited. Recently, [47] pointed out that the suitability of teff
cultivation in Ethiopia will decrease due to elevated temperature, causing production to
decline in the future. In this regard, adjusting the phenology of the new cultivars would
reduce the risk and maximize the yield gain. The genotypic coefficient of variation for
days to heading and maturity was relatively low compared to other traits under both the
intensive management and field growing conditions. Similarly, lower genetic coefficient
of variation for phenological traits have been reported in teff and white lupin [23,34,48].
However, the observed wide range and moderate expected genetic advance with high
heritability of days to heading and maturity, and the highest genetic coefficient of vari-
ation and genetic advance in grain filling period under the intensive growing condition
could suggest the presence of sufficient diversity to develop teff cultivars suitable to the
prevailing weather variabilities of the target mega-environments. More specifically, this
diversity in teff might enable the development of early maturing cultivars with better yield
performance that could adapt better in the dryland areas where rain fall is erratic and
unpredictable. In the Mediterranean environments for example, yield improvement in
wheat and barley has been achieved through early cultivar development [49–51]. Early
maturing cultivars could therefore be used to intensify the agricultural system by adopting
double and relay cropping systems. It could also play a significant role in reducing the risk
associated with failure of the main crop due to intermittent drought or other environmental
hazards as both practices are common in Ethiopia [52]. The negative correlation between
days to heading and harvest index indicates that shortening the vegetative growth period
in teff increases the grain filling period which in turn creates a good opportunity to enhance
the harvest index provided lodging being controlled. The strong positive correlation of
the grain filling period with both grain yield and harvest index in the intensive growing
condition implies grain yield of teff could be maximized by selecting early heading but
late maturing genotypes in suitable environments where rainfall is sufficient or irrigation
water is available.

The important features of conventional breeding are the identification, creation, and
exploitation of heritable genetic variations for desirable traits. The common way of doing
this is assessing the diversity within the landrace collections of a species. Multivariate anal-
ysis, such as clustering and principal component analysis, of a large number of genotypes
could provide ample information about which genotypes to select as a potential parental
line for recombination. The cluster analysis in this study grouped the teff genotypes into
seven and six clusters under the intensive and field growing conditions, respectively. In
both growing conditions, high yielding genotypes were tall in plant stature, late matur-
ing, and had relatively higher harvest index. Similarly, [20] reported high yielding teff
genotypes were associated with tall plant height and late maturity. The current results
demonstrated the presence of wide genetic diversity in the yielding potential of teff.

5. Conclusions

The coefficient of genetic variation, heritability, and expected genetic advance for
grain yield were the highest in both experiments. Among the phenological traits, the
grain filling period in the intensive growing condition exceptionally showed the highest
genetic coefficient of variation, heritability, and genetic advance. This signifies the presence
of immense genotypic variation for important traits. The high grain yield performance
and wider range of the harvest index observed under the intensive growing condition
further indicates the extent of genetic potential available in the teff germplasm collections.
However, its strong positive correlation with plant height could limit the selection efficiency
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of the conventional breeding approach. Thus, desirable trait recombination and selection
for high grain yield together with higher harvest index could benefit the future breeding
program. Therefore, to exploit the genetic potential and narrow the yield gaps, improving
the harvest index of teff should come to the front page.
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5/11/2/220/s1, Table S1: Descriptive statistics of grain yield and related traits of 317 teff genotypes
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traits of 320 teff genotypes under the field growing condition (combined across locations and years),
Table S3: Individual location based genotypic (above diagonal) and phenotypic (below diagonal)
correlation coefficients of important traits of 320 teff genotypes under the field growing condition,
Table S4: Cluster members of the 317 teff genotypes under the intensive growing condition.
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