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Abstract
Chickpea (Cicer arietinum L.) is an economically and ecologically important food legume crop. Ethiopia has a large
collection of chickpea germplasm accessions; but, it has not been extensively characterized for desirable sources of
agronomic and symbiotic significance for use in breeding programs. A study was conducted at two locations (Ambo and
Ginchi) in 2009/2010 to characterize and evaluate Ethiopian chickpea germplasm accessions for symbiotic and
agronomic performance. One hundred and thirty-nine germplasm accessions were evaluated with 16 other genotypes
including non-nodulating reference checks. Differences among genotypes, locations and genotype by location interaction
effects were significant for a number of characters. A number of accessions better performing over the improved
genotypes were identified for both symbiotic and agronomic characters. The amount of fixed nitrogen ranged from 13 to
49% in foliage, 30 to 44% in grain and 28 to 40% in total above-ground biomass. Grain yield performance varied from 31
to 70g per 5 plants and seed size ranged from 82 to 288g per 1000 seeds. For both symbiotic and agronomic characters,
landraces were found to be overwhelmingly superior to introduced genotypes, except for seed size, where the best
genotypes were all from exotic sources. The result indicated that Ethiopian chickpea landraces have better genetic
potential for improving a number of symbiotic and agronomic characters over the varieties currently in use. Selection of
best individuals within and among the accessions would be expected to be effective.
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Introduction

Nitrogen is the most essential nutrient required by plants
in large quantities. Its deficiency is the major problem of
crop production in many tropical and subtropical areas1,2,
particularly in East Africa3 including Ethiopia4,5.
Resource-poor farmers have striven to overcome the
nitrogen deficiency problem since antiquity by integration
of legumes in crop rotation systems6, and by manuring
and fallowing. Different studies in many parts of the
world7–11 including Ethiopia12 have shown the impor-
tance of symbiotic nitrogen fixation not only to the
legumes themselves but also to the cereals grown in
association (as a mixed cropping) or rotation with them.
The amount of nitrogen fixed annually with symbiotic

association is far more than the amount industrially

produced13,14. Some estimates show that hundreds of
millions of metric tons of nitrogen are symbiotically fixed
each year14,15. At the farm level, nitrogen fixation with
annual legumes may contribute 20–120kg of nitrogen
ha−1 in a season in the temperate region16 and 15–120
kgha−1 in tropical Africa17.
Among the food legume crops, chickpea (Cicer

arietinum L.) is a crop of manifold economic and
ecological merit at the global level. Evidence indicates
that chickpea fixes atmospheric nitrogen to the tune of
100kgha−1 18,19 and contributes over 500,000 million
tons of nitrogen every year to developing countries20.
Ethiopia, being the first producer of chickpea in Africa in
terms of area coverage, gets a significant amount of
nitrogen fixation from the crop21. As in other legume
crops, however, chickpea’s effectiveness and efficiency to
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fully realize its potential depends on the type of genotype,
compatibility of the micro-symbiont and several environ-
mental factors22–24.
In most cases, farmers in Ethiopia do not use chemical

fertilizers in chickpea production25. With the increasing
price of nitrogen fertilizer and with growing environ-
mental concern, selection of nutrient-efficient host geno-
types with effective endosymbionts is a good alternative to
overcome the problem of nitrogen deficiency. Efforts

made to enhance nitrogen fixation through selection of
better strains of rhizobacteria in Ethiopia have resulted in
identification of many effective and competitive strains26.
Nevertheless, development of better strains alone may not
provide the required gains in productivity without
compatible host genotypes13,18,27,28. Some reports indi-
cate that host plants play rather a dominant role as
compared to bacterial strain in enhancing symbiotic
nitrogen fixation20,29. Even though genotypic variation
for attributes of host symbiotic and agronomic signifi-
cance have been reported in many legume crops including
chickpea1,30,31, for a variety of reasons, the role of host
plants attracted little attention in Ethiopia and else-
where20,32.
Ethiopia has a large collection of chickpea germplasm

but, apart from some observations in specific trials by
microbiologists, mostly with a few improved varieties, no
systematic assessment was made to exploit these gene
pools especially for improving host symbiotic nitrogen
fixation combined with agronomic performance. This
study was, therefore, conducted to characterize and
evaluate Ethiopian chickpea germplasm accessions and
some varieties, and to identify desirable genotypes for
symbiotic and agronomic performance.

Materials and Methods

Plant materials

In this study, a total of 155 chickpea genotypes were
evaluated. They include 139 accessions collected from
different regions of Ethiopia kindly provided by the
Ethiopian Institute of Biodiversity Conservation (IBC),
five improved genotypes from the International Crop
Research Institute for the Semi-Arid Tropics (ICRISAT),
eight originally introduced commercial cultivars released
in Ethiopia and three genetically non-nodulating refer-
ence checks received from ICRISAT and the International
Center for Agricultural Research in the Dry Areas
(ICARDA). These chickpeas will be called ‘genotypes’
hereafter for experimental purpose. The passport descrip-
tion of the genotypes and the map of the areas of
collection for the Ethiopian accessions are presented as
online supplementary materials in Annexes A and B (at
http://journals.cambridge.org/). All genotypes were reju-
venated during 2008/2009 under the same conditions at
Ginchi to reasonably minimize initial variation due to
differences in seed age and indigenous seed nitrogen
contents33.

The test environment

The experiment was conducted under field conditions at
two locations (Ginchi and Ambo) in the central part of
Ethiopia for 1 year during the main cropping season of
2009/2010 (September–January). The two locations are
assumed to represent the major chickpea production areas

Figure 1. (a) Rainfall (mm) (A) and relative humidity (%) (B)
at Ambo and Ginchi during the growing season. (b) Maximum
and minimum temperatures (°C) at (A) Ambo and (B) Ginchi
during the growing season.
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of Ethiopia. Climatic data of the two locations during the
growing period were taken from Ambo and Holetta
Research Centers (Fig. 1a and b). Soil samples from both
locations were collected from the rhizosphere (top 20cm)
for physico-chemical characterization (Table 1).

Rhizobium inoculant and inoculation

An effective isolate of Rhizobium for chickpea, CP EAL
004, originally isolated by the National Soil Laboratory
from a collection of Ada’a District of East Shewa Zone,
Ethiopia, was used for the study. The isolate was found to
be efficient in nodulation and symbiotic nitrogen fixation
in previous studies26. The inoculum was received at the
concentration of approximately 109cells g−1 of peat
carrier. The concentration and purity of the inoculum
was confirmed in the Soil Microbiology Laboratory at
Holetta Research Center immediately before planting.
Seeds of all genotypes were coated with the inoculant at
the rate of approximately 2g of inoculum for 80 seeds
using 40% gum Arabic as an adhesive.

Experimental design and layout

A randomized complete block design with four replica-
tions was used. A blanket basal application of phosphorus
was made to all plots in the form of superphosphate (TSP)
at the recommended rate (20g for a single row of 4m).
Seed rate was 5cm between plants and 40cm between
adjacent rows. The plot size was 1 row 4m long. The
genotypes were assigned to plots at random within each

block. Nitrogenous fertilizer was totally omitted and all
other crop management and protection practices were
applied uniformly to all genotypes as required.

Shoot and grain nitrogen analysis

After 45 days of growth (shortly before flowering), five
plants from each plot were carefully dug up and their
roots washed free from soils with water running over a
sieve for collection of nodules. Representative shoot and
grain samples collected at 90% physiological maturity
from each plot were oven-dried to constant moisture at
70°C for 18h. The dry samples were ground to pass
through a 1mm mesh sieve to determine nitrogen using
the Kjeldahl technique34 at Holetta and Debre Zeit Soil
Science Research Laboratories. The amount of total
nitrogen accumulated from fixation in shoots and grains
of the test genotypes was estimated by the difference
method using a non-nodulating reference genotype PM
233. TheN-difference method using a non-nodulating line
as a reference plant was found to be both reliable and
economical35. Protein contents of shoot and grain
were determined by multiplying nitrogen percentages
by the standard conversion factor of 6.2534. Based on
the nitrogen contents, the following parameters were
calculated:

N fixed in shoot = (Nsfg−Nsnfg) × 100
Nsfg

where Nsfg is the amount of nitrogen in the shoot of the
fixing genotype andNsnfg is the amount of nitrogen in the
shoot of the non-fixing genotype.

N fixed in grain = (Ngfg−Ngnfg) × 100
Ngfg

where Ngfg is the amount of nitrogen in the grain of the
fixing genotype andNgnfg is the amount of nitrogen in the
grain of the non-fixing genotype.

N fixed in biomass =
(Nfixed in shoot+Nfixed in grain) × 100

Nsfg+Ngfg

Nassimilation efficiency =(Nfixed in grain× 100)
Nsfg+Ngfg

Grain N yield=Grain N content×grain yield
Shoot N yield=Shoot N content×shoot yield
Biomass N yield=Grain N yield+shoot N yield
Nitrogen harvest index (NHI) was estimated as

NHI = GrainNyield
BiomassN yield

.

Data collection of symbiotic and agronomic
characters

Data were collected either on a plot basis or from
randomly selected five plants36.

Table 1. Description of the test locations for geographical
position and physico-chemical properties of the soils.

Parameter

Source of soil

Ambo Ginchi

Latitude 09°00′N 09°00′N
Longitude 37°22′E 38°10′E
Altitude (m asl) 2225 2200
% Clay 70.00 65.83
% Silt 15.00 20.42
% Sand 15.00 13.75
Organic C (%) 1.53 (low) 1.30 (low)
N (%) 0.103 (low) 0.103 (low)
C/N ratio 14.85 (high) 12.62 (high)
P (ppm)1 18.07 (high) 4.49 (low)
K (Meq/100g soil) 2.438 (high) 2.485 (high)
Ca (Meq/100mg soil) 59.03 (high) 39.62 (high)
Mg (Meq/100mg soil) 11.20 (high) 9.00 (high)
Na (Meq/100mg soil) 0.70 (high) 0.61 (high)
SO4 S (ppm) 5.23 (optimum) 5.62 (optimum)
Fe (ppm) 27.73 (high) 51.50 (high)
pH (1:1 H2O) 7.23 (optimum) 6.18 (optimum)
EC (μS)2 650.00 (high) 547.33 (high)

1ppm, parts per million; 2μS, micro Siemens. EC, electrical
conductivity.
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Records of symbiotic characters were taken as follows:
(1) number of nodules, (2) nodule dry weight, (3)
nodulation index (nodule weight to shoot weight ratio),
(4) shoot nitrogen and protein contents, (5) shoot nitrogen
fixation, (6) grain nitrogen and protein contents, (7) grain
nitrogen fixation, (8) above-ground biomass nitrogen
content, (9) above-ground biomass nitrogen fixation, (10)
fixed nitrogen assimilation efficiency, (11) shoot, grain
and above-ground biomass nitrogen yields, and (12) NHI.
Agronomic characters recorded include: (1) early vigor

(as shoot dry weight before flowering), (2) shoot dry
weight at maturity, (3) shoot dry weight ratios (of
nodulating to non-nodulating genotypes) before flowering
and at maturity, (4) days to 50% flowering and 90%
maturity, (5) grain filling period (the number of days from
50% flowering to 90% physiological maturity), (6) number
of pods and seeds, (7) total above-ground biomass weight,

(8) harvest index (proportion of grain to total above-
ground biomass), (9) grain production efficiency (grain
filling duration divided by duration of vegetative period
and then multiplied by grain yield), (10) above-ground
biomass production rate (above-ground biomass weight
divided by days to 90% physiological maturity and
then multiplied by 100), (11) economic growth rate
(grain weight divided by grain fill duration and then
multiplied by 100), (12) thousand seed weight and (13)
grain yield.

Statistical analysis

Data based on nodules (number, weight and nodulation
index) were log transformed to offset heterogeneity37,38

for statistical analysis as suggested by Doughton39.
Pooled analysis of variance was conducted to quantify

Table 2. Combined analysis of variance (over locations) for attributes of symbiotic and agronomic performance in 155 chickpea
genotypes tested at two locations.

Character

Mean square

CV (%)L G G×L

Symbiotic characters
No. of nodules (NN, per 5 plants) ** ** ** 24.38
Nodule dry weight (NDW, mg per 5 plants) ** ** ** 14.69
Nodulation index (NI, mg g−1) ** ** ** 21.65
Shoot nitrogen content (SNC,%) NS ** NS 19.00
Shoot protein content (SPC,%) NS ** NS 19.00
Shoot nitrogen fixation (SNF,%) ** ** NS 19.25
Grain nitrogen content (GNC,%) NS ** NS 9.53
Grain protein content (GPC,%) NS ** NS 9.53
Grain nitrogen fixation (GNF,%) NS ** NS 10.73
Above-ground biomass nitrogen content (BNC,%) NS ** NS 9.66
Biomass nitrogen fixation (BMNF,%) ** ** NS 9.35
Fixed nitrogen assimilation efficiency (FNAE,%) ** ** NS 10.38
Grain nitrogen yield (GNY, g per 5 plants) NS ** ** 26.70
Shoot nitrogen yield (SNY, g per 5 plants) ** ** ** 19.55
Biomass nitrogen yield (BNY, g per 5 plants) ** ** ** 27.13
Nitrogen harvest index (NHI) ** ** ** 10.91

Agronomic characters
Early vigor (SDWF, g per 5 plants) ** ** ** 25.61
Shoot dry weight ratio before flowering (SDWRF) ** ** ** 25.61
Days to 50% flowering (DTF) ** ** NS 3.33
Days to 90% maturity (DTM) ** ** NS 2.42
Grain filling period (GFP) ** ** NS 5.71
No. of pods (NP, per 5 plants) ** ** ** 26.54
No. of seeds (NS, per 5 plants) NS ** ** 28.30
Shoot dry weight at maturity (SDWM, g per 5 plants) ** ** * 29.64
Shoot dry weight ratio at maturity (SDWRM) ** ** * 29.55
Biomass weight (BMWT, g per 5 plants) * ** * 29.73
Harvest index (HI) ** ** ** 15.01
Grain production efficiency (GPE, g per 5 plants) ** ** ** 26.53
Biomass production rate (BPR,%) ** ** ** 19.69
Economic growth rate (EGR,%) * ** ** 25.00
Thousand seed weight (TSW, g) NS ** ** 18.39
Grain yield (YLD, g per 5 plants) NS ** ** 24.57

**Highly significant (P40.01), *significant (P40.05), and NS=non-significant (P>0.05).
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the total variation among the genotypes using the
following model of analysis of variance:

Pijk = μ+ b/l
( )

ik + gj + lk + gl
( )

jk+eijk

where Pijk is the phenotypic observation on genotype j in
block i (at location k) (i=1, . . ., B, j = 1, . . .,G, and k=
1, . . ., L) and G, L and B are the number of genotypes,
location and block, respectively, μ is the grand mean,
(b/l)ik is the effect of block i (within location k), gj is the
effect of genotype j, lk is the effect of location k, (gl)jk is the
interaction effect between genotype j and location k and
eijk is the residual or effects of random error.
Existence of significant differences among the geno-

types, locations and genotype× location interaction ef-
fects were determined using the F-test. Mean separation
was done using Duncan’s multiple range test (DMRT) at
5% probability levels38.

Results and Discussion

Description of the test locations

The two locations received more or less similar amounts
of rainfall with different patterns of distribution, but
Ambo was more humid than Ginchi (Fig. 1a). It was
witnessed that the weather variables recorded did not
deviate much from the long-term trends at both
locations40, indicating that the present findings will be
reproducible over seasons.

The physico-chemical properties of the soils from the
two test locations, Ambo and Ginchi, showed equally low
levels of nitrogen contents (0.103%) but high levels of K,
Ca,Mg, Na and Fe41 with variable amounts. The levels of
exchangeable cations were also high with pH values close
to neutral. The level of soil phosphorus was high at Ambo
and low at Ginchi (Table 1). Similar results were reported
from previous analysis of soils at the same locations42.

Symbiotic performances of the genotypes

Differences among the genotypes were significant for
symbiotic nitrogen fixation and a number of associated
characters (Table 2 and see supplementary material
Annex C). The larger coefficients of variation (CV) values
(>20%) inmany traits may be related to the production on
residual moisture, where the crop was highly stressed, or a
sample-based estimation of mean performances from only
a few plants grown on small plots or both. Depending on
host genotype, the amount of fixed nitrogen varied from
13 to 49% (X̄ = 30%) in foliage, 30 to 44% (X̄ = 36%) in
grain and 28 to 40% (X̄ = 34%) in total above ground
biomass. The potential of fixation by the genotypes may
be generally limited because of a shortage of soil moisture
as the crop was grown with residual moisture. In Syria43,
for instance, fixation in winter-sown chickpea reached
over 80–81%, where as spring-sown chickpea, where
moisture was a limiting factor, fixed only 8–27%. The
difference method of determination of the amount of
nitrogen fixation may also underestimate the magni-
tude42. Protein contents of the shoot, grain and biomass,
being derivative characters of plant tissue nitrogen,
obviously followed the same pattern of variation as
nitrogen contents. Other associated characters also
showed wider ranges of variation.
Comparison of the test genotypes with a recently

released variety, Natoli, and with the overall mean
performances of eight released varieties (Shasho, Arerti,
Worku, Akaki, Ejere, Teji, Habru and Natoli) identified a
number of accessions with superior symbiotic perform-
ance including the amount of nitrogen fixation in shoot,
grain and total above-ground biomass (Figs 2 and 4). The
best 5% of the accessions for total (shoot+grain) nitrogen
fixation include accession nos. 41222, 41029, 41021,
41074, 41075, 41129, 41320 and 41026.
These landraces could register additional fixation

ranging from 18.52 to 23.88% over the standard check,
Natoli, and 17.44 to 22.75% over the mean performance
of the released varieties. These accessions also had the
highest above-ground biomass nitrogen contents, which
varied from 5.24 to 5.61%, the content of Natoli being
4.56%. As protein content follows the same trend as
nitrogen contents, these accessions also contained the
highest amount of protein in their biomasses (see
supplementary table Annex C). There were some other
genotypes that had better fixation of nitrogen, either in
their shoots (e.g. 41103) or grains (e.g. 207734). Two

Figure 2. Proportion by number of the 155 chickpea genotypes
superior and inferior to the recently released check, Natoli, for
(A) symbiotic and (B) agronomic characters showing
superiority of a number of landraces to the standard check (see
Table 2 above for abbreviations of the characters).
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introductions from ICRISAT, namely ICC 5003 and
ICC 4973, were also among the best 5% for shoot fixation.
The best genotypes for NHI, with superiorities of 13.79–
18.97% over Natoli and 15.79–21.05% over the mean
performances of the released varieties, were also

landraces. This contradicts the tendency that modern
cultivars usually show better NHI than landraces44.
The best assimilators of fixed nitrogen were accession

nos. 41115, 207659, 219799, 207150, 41277, 41113
and 207894. A genotype introduced from ICRISAT as a

Table 3. Comparison of mean performances of 5% of the accessions selected for best symbiotic performance with Natoli, a recently
released variety, and with mean performances of released varieties.

Accession No. Mean of selected accession1

Comparative
advantage
(% over)

Accession No. Mean of selected accession

Comparative
advantage
(% over)

Natoli MRV2 Natoli MRV

---------------------------Shoot N fixation (%)---------------------------- --------------------------Grain N fixation (%)-----------------------------
41222 48.67a 53.73 70.59 41021 43.54a 27.09 22.72
41026 47.29ab 49.37 65.76 41029 43.41ab 26.71 22.35
41074 46.05a–c 45.45 61.41 41222 42.79a–c 24.9 20.6
41103 45.63a–d 44.13 59.94 41074 42.48a–d 23.99 19.73
41075 45.04a–e 42.26 57.87 41320 42.07a–e 22.8 18.57
ICC 4973 42.85a–f 35.34 50.19 207734 42.05a–e 22.74 18.52
ICC 5003 42.80a–f 35.19 50.02 41129 42.04a–-e 22.71 18.49
41320 42.11a–g 33.01 47.6 41075 41.75a–f 21.86 17.67
Natoli 31.66b–v – 10.97 Natoli 34.26e–u – −3.44
MRV 28.53 −9.89 – MRV 35.48 3.56 –

------------------------Biomass N fixation (%)---------------------------- -----------------------------------NHI-----------------------------------------
41222 40.20a 23.88 22.75 41115 0.69a 18.97 21.05
41029 40.11ab 23.61 22.47 207150 0.67ab 15.52 17.54
41021 39.86a–c 22.84 21.71 231328 0.66a–e 13.79 15.79
41074 39.31a–d 21.14 20.03 207741 0.66a–e 13.79 15.79
41075 38.85a–e 19.72 18.63 209036 0.66a–e 13.79 15.79
41129 38.70a–e 19.26 18.17 207895 0.66a–e 13.79 15.79
41320 38.54a–g 18.77 17.68 219799 0.66a–e 13.79 15.79
41026 38.46a–g 18.52 17.44 41113 0.66a–e 13.79 15.79
Natoli 32.45e–y – −0.92 Natoli 0.58d–z – 1.75
MRV 32.75 0.92 – MRV 0.57 −1.72 –

------------------------Shoot N yield (g per 5 plants)-------------------- -------------------Grain N yield (g per 5 plants)------------------------
41275 1.83a 37.59 45.24 41274 2.46a 35.91 44.71
41103 1.82ab 36.84 44.44 41111 2.34ab 29.28 37.65
41026 1.76a–c 32.33 39.68 207763 2.33a–c 28.73 37.06
207734 1.71a–d 28.57 35.71 207734 2.33a–c 28.73 37.06
41289 1.70a–e 27.82 34.92 207742 2.29a–d 26.52 34.71
41185 1.69a–e 27.07 34.13 ICC 19180 2.28a–e 25.97 34.12
41284 1.67a–f 25.56 32.54 41268 2.23a–f 22.65 30.59
41320 1.66a–g 24.81 31.75 41316 2.22a–g 22.65 30.59
Natoli 1.33a–o – 5.56 Natoli 1.81a–p – 6.47
MRV 1.26 −5.26 – MRV 1.70 −6.08 –

---------------------Biomass N yield (g per 5 plants)-------------------- ------------------Fixed N assimilation efficiency (%)-------------------
207734 4.05a 28.57 36.82 ICC 19180 90.61a 15.38 10.16
41274 3.87ab 22.86 30.74 41115 90.15ab 14.8 9.6
41275 3.80a–c 20.63 28.38 207659 89.74a–c 14.27 9.11
41185 3.80a–c 20.63 28.38 219799 89.03a–d 13.37 8.24
41111 3.75a–d 19.05 26.69 207150 88.74a–e 13 7.89
41284 3.70a–d 17.46 25 41277 88.10a–f 12.19 7.11
41103 3.69a–d 17.14 24.66 41113 87.79a–g 11.79 6.74
41289 3.68a–e 16.83 24.32 207894 87.10a–h 10.91 5.9
Natoli 3.15a–m – 6.42 Natoli 78.53d–r – −4.52
MRV 2.96 −6.03 – MRV 82.25 4.74 –

1Values sharing the same letter(s) or ranges of letters within the same column are non-significantly different; 2MRV=mean of
released varieties. NHI, nitrogen harvest index.
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non-nodulating check, ICC 19180, was found to be
nodulating with best performance for grain nitrogen
yield and assimilation efficiency of fixed nitrogen
(Table 3). Whether a change in environment alone
can induce nodulation of a genotype that is naturally

non-nodulating in another environment needs to be sorted
out in the future.
These are accessions with desirable attributes of both

symbiotic and agronomic significance. For example,
accession no. 41274 possessed both better symbiotic

Table 4. Comparison of mean performances of 5% of the accessions selected for best agronomic performance with Natoli, a recently
released variety, and with mean performances of released varieties.

Accession No. Mean of selected accession1

Comparative
advantage
(% over)

Accession No. Mean of selected accession

Comparative
advantage
(% over)

Natoli MRV2 Natoli MRV

------------------------No. of pods (per 5 plants)------------------------ ------------------------No. of seeds (per 5 plants)------------------------
41289 515a 94.34 105.18 41111 595a 144.86 146.89
41274 497ab 87.55 98.01 207658 575a 136.63 138.59
41215 486a–c 83.4 93.63 41185 566a–c 132.92 134.85
41284 485a–c 83.02 93.23 41274 556a–d 128.81 130.71
209091 480a–d 81.13 91.24 41215 556a–d 128.81 130.71
41015 471a–e 77.74 87.65 ICC 4948 541a–e 122.63 124.48
207563 466a–f 75.85 85.66 207764 535a–f 120.16 121.99
41114 464a–g 75.09 84.86 209084 535a–f 120.16 121.99
Natoli 265u–z – 5.58 Natoli 243z – 0.83
MRV 251 −5.28 – MRV 241 −0.82 –

------------------------Biomass weight (g per 5 plants)------------------ ----------------------------------Harvest index------------------------------
41284 224.32a 32.55 45.1 231328 42.88a 29.59 34.21
41274 204.41ab 20.79 32.22 209093 42.58ab 28.68 33.27
207734 198.76a–c 17.45 28.56 209094 42.07a–c 27.14 31.67
41275 194.41a–d 14.88 25.75 41002 40.41a–d 22.12 26.48
Habru 191.06a–e 12.9 23.58 231327 40.27a–e 21.7 26.04
ICC 19180 188.92a–e 11.64 22.2 207764 40.12a–f 21.25 25.57
41185 183.47a–f 8.41 18.67 207741 40.08a–f 21.12 25.45
207563 182.83a–g 8.04 18.26 41115 39.47a–g 19.28 23.54
Natoli 169.23a–m – 9.46 Natoli 33.09g–w – 3.57
MRV 154.6 −8.65 – MRV 31.95 −3.45 –

------------------------Grain production efficiency----------------------- -----------------------Biomass production rate (%)----------------------
207763 70.65a 63.69 57.17 41284 198.82a 37.65 47.06
41111 70.35ab 63 56.51 41274 181.47ab 25.64 34.22
41274 69.71a–c 61.52 55.08 ICC 19180 175.17a–c 21.28 29.56
207742 69.14a–d 60.19 53.82 207734 170.96a–d 18.36 26.45
41053 68.21a–e 58.04 51.75 41275 169.91a–e 17.63 25.67
209093 67.70a–f 56.86 50.61 Habru 169.65a–f 17.45 25.48
207658 67.57a–f 56.56 50.32 207743 162.38a–g 12.42 20.1
219800 66.70a–g 54.54 48.39 207563 161.98a–g 12.14 19.81
Natoli 43.16q–z – −3.98 Natoli 144.44b–n – 6.83
MRV 44.95 4.15 – MRV 135.2 −6.4 –

------------------------Economic growth rate (%)------------------------ ------------------------Grain yield (g per 5 plants)------------------------
41274 125.02a 18.6 34.65 41274 70.10a 30.76 42.22
ICC 19180 118.90ab 12.8 28.06 207763 66.05ab 23.2 34
207763 113.75a–c 7.91 22.51 41111 65.16a–c 21.54 32.2
41268 112.48a–d 6.71 21.14 207742 64.22a–d 19.79 30.29
231328 111.83a–e 6.09 20.44 231328 63.62a–e 18.67 29.07
41293 111.58a–e 5.85 20.17 207563 63.10a–f 17.7 28.02
41111 110.44a–f 4.77 18.94 41053 62.59a–g 16.75 26.98
207563 109.29a–g 3.68 17.71 212589 62.52a–g 16.62 26.84
Natoli 105.41a–l – 13.53 Natoli 53.61a–t – 8.76
MRV 92.85 −11.92 – MRV 49.29 −8.06 –

1Values sharing the same letter(s) or ranges of letters within the same column are non-significantly different; 2MRV, mean of
released varieties.
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(grain and biomass nitrogen yields) and agronomic
(pod and seed setting, biomass weight, production
efficiency, biomass production rate, economic growth
rate and grain yield) attributes. Among the introductions,
ICC 19180 demonstrated relatively better grain nitrogen
yield and assimilation of fixed nitrogen with better
biomass production and economic growth rates.
Comparison of nitrogen fixation patterns between

modern cultivars and landraces does not appear to follow
a simple trend as there are conflicting reports. Some found
better nitrogen-fixing genotypes from among the old
cultivars, landraces or wild relatives than commercial
varieties44,45. In another study, field pea landraces
introduced from Ethiopian to Germany were found to
fix more nitrogen than a commercial cultivar46. A similar
result was also reported in Phaseolus vulgaris in Austria47.
Our experience with primitive forms of Pisum sativum
contrarily showed superiority of improved cultivars

over the landraces48. In chickpea, both nodulation
efficiency and grain yield were improved as the result of
selection from commercial cultivars1. Therefore, specific
tests for specific breeding materials, strain and environ-
ments may be needed to improve the selection process.

Agronomic performance of the genotypes

Differences among the genotypes were significant for a
number of agronomic characters (Table 2). The compari-
son of the different genotypes with the recently released
variety Natoli showed the superiority of a number of
landraces for a number of agronomic traits (see sup-
plementary table Annex D). Accordingly, the best 5% of
the accessions for yield include accession nos. 41274,
207763, 41111, 207742, 231328, 207563, 41053 and
212589. These accessions recorded yield advantages of
16.62–30.76% over Natoli and 26.84–42.22% over the
mean performance of the released varieties. There were
many other landraces that were superior for many other
traits. The improved cultivars that were originally from
exotic sources might be more affected by moisture stress
than the primitive landraces that have co-existed with the
stress, but the detail will be discussed later. Experience
with soybean (Glycine max) also showed that exotic of
genotypes are usually lower yielding than domestic
cultivars when released directly49. Nevertheless, no land-
race was comparable to the improved genotypes for seed
size (Fig. 2), the top 5% of genotypes for this trait being
ICC 4918, ICC 5003, ICC 19180, Natoli, Teji, Ejere,

Figure 3. Comparison of phenological characters in 155
genotypes for days to flowering (DTF), grain filling period
(GFP) and days to maturity (DTM), showing shorter relative
periods of vegetative and longer grain-filling periods in
landraces than in improved genotype.

Figure 4. Proportion by number of the 155 chickpea genotypes
superior and inferior to mean performances of all the released
varieties for (A) symbiotic and (B) agronomic characters,
showing superiority of a number of landraces to the standard
check (see Table 2 above for abbreviations of the characters).
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Arerti and Habru, which are introductions either from
ICRISAT or ICARDA.
The landraces make the majority of the top 5%

performers to the improved introductions for many
attributes. Some of them, such as accession no. 41274,
have displayed superiority for grain yield, pod and seed
setting, biomass dry weight and production rate, grain
production efficiency and economic growth rate. Another
accession, accession no. 207563, was also among the top
performers for grain yield, economic growth rate and pod
setting. A number of other superior accessions for
multiple traits of agronomic significance, including grain
yield, were also identified (Table 4).
Detailed physiological reasons for the superiority of the

landraces over the improved genotypes may need future
study. From our observations, the landraces had relatively
shorter period of vegetative growth and longer
grain-filling periods. The comparison of the 5% best
yielders for phenological characters with the 5% poorest

yielders may also show, at least in part, that the genotypes
tested here differed in grain yield for a similar reason
(Fig. 3). Ideotypes with the faster developmental switch to
reproductive growth earlier in the growing season when
the soil moisture level is still adequate might have a better
comparative advantage to mobilize assimilates and use
them more efficiently for reproductive growth. The same
mechanism might have provided the landraces with
adequately longer period of time for grain filling. A
similar observation was made in Ethiopian fenugreek
(Trigonella foenum-graecum) landraces as compared to a
released variety50. On the contrary, improved genotypes
showed delays in flowering; the consequence may be
higher investment in vegetative growth and longer
exposure of their reproductive growth to an end-of-season
moisture stress. It may be implied, therefore, that land-
races may have better structural and functional fitness to
survive and reproduce under moisture deficit condition
than the improved genotypes.

Table 5. Mean performances of 155 chickpea genotypes for attributes of symbiotic nitrogen fixation and agronomic performance at
two locations in Ethiopia.

Character Ambo Ginchi Mean

Symbiotic characters
No. of nodules (NN, per 5 plants) 12.33b 14.06a 13.19
Nodule dry weight (NDW, mg per 5 plants ) 683.39a 156.99b 420.19
Nodulation index (NI, mg g−1) 2.48a 0.38b 1.43
Shoot nitrogen content (SNC,%) 1.19a 1.17a 1.18
Shoot protein content (SPC,%) 7.41a 7.30a 7.36
Shoot nitrogen fixation (SNF,%) 35.77a 24.18b 29.97
Grain nitrogen content (GNC,%) 3.52a 3.51a 3.51
Grain protein content (GPC,%) 21.99a 21.92a 21.95
Grain nitrogen fixation (GNF,%) 35.74a 36.15a 35.95
Total biomass nitrogen content (BNC,%) 4.70a 4.67a 4.69
Total nitrogen fixation (BNF,%) 34.26a 32.22b 33.24
Fixed nitrogen assimilation efficiency (FNAE,%) 77.21b 83.35a 80.28
Grain nitrogen yield (GNY, g per 5 plants) 1.87a 1.83a 1.85
Shoot nitrogen yield (SNY, g per 5 plants) 1.30a 1.20b 1.25
Biomass nitrogen yield (BNY, g per 5 plants ) 3.17a 3.03b 3.10
Nitrogen harvest index (NHI) 0.59b 0.61a 0.60

Agronomic characters
Early vigor (SDWF, g per 5 plants) 30.78b 44.03a 37.4
Shoot dry weight ratio before flowering (SDWRF) 1.02b 1.74a 1.38
Days to 50% flowering (DTF) 55.00b 58.22a 56.61
Days to 90% maturity (DTM) 113.72a 114.41a 114.06
Grain filling period (GFP) 58.72a 56.19b 57.45
No. of pods (NP, per 5 plants) 388.26a 363.20b 375.73
No. of seeds (NS, per 5 plants) 423.72a 419.10a 421.41
Shoot dry weight at maturity (SDWM, g per 5 plants) 109.17a 102.57b 105.87
Shoot dry weight ratio at maturity (SDWRM) 1.55a 1.53b 1.54
Total biomass weight (BMWT, g per 5 plants) 155.16a 148.59b 151.88
Harvest index (HI) 34.63b 35.68a 35.15
Grain production efficiency (GPE, g per 5 plants) 57.1a 51.13b 54.12
Biomass production rate (BPR,%) 136.56a 130.07b 133.32
Economic growth rate (EGR,%) 90.47b 93.20a 91.84
Thousand seed weight (TSW, g) 113.21a 114.38a 113.8
Grain yield (YLD, g per 5 plants) 52.85a 52.20a 52.53

*Values within a row sharing the same letter are statistically non-significant.
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Effect of location

The two locations displayed significant differences for a
number of symbiotic and agronomic characters.
However, number and size of seeds, shoot and grain
nitrogen and protein contents, grain and total nitrogen
fixation, grain nitrogen yield and grain yield did not show
marked differences between locations (Table 5).
The number of nodules per five plants was higher at

Ginchi and lower at Ambo, but nodule weight was heavier
at Ambo. As nitrogen fixation was also better at Ambo
than it was at Ginchi, this may imply that weight of
nodules may be more important (within a limit) for
fixation than their mere number. Better fixation at Ambo
may also be attributed particularly to the higher level of
phosphorus in the soil since phosphorus is of paramount
importance in fixation22.

Genotype by location interaction effects

Genotype by location interaction effects were significant
for a number of symbiotic and agronomic characters
(Table 2). Significant genotype by location interaction
effects were mostly a ‘cross-over’ type; i.e., interactions
were associated with rank order changes among the
genotypes (data not shown). This indicated that the two
locations were distinctly different for some of the
characters and that better genotypes at one location
may not also be better performing at another. Even
though the inheritance of the process of nodulation was
considered to be relatively simple13, the genetic control of
the whole process of symbiotic nitrogen fixation is
complicated due to its polygenic nature51,52. Plant
breeding commonly involves dealing with only a single
organism at a time and, while this itself is not simple,
breeding for symbiotic nitrogen fixation demands dealing
simultaneously with both the host plant and the strain,
which interact differently between themselves andwith the
environment18. Most of the traits related to yield and
agronomic yield components, nodulation and nitrogen
yields showed significant genotype by location inter-
action. Fortunately, genotype by location interaction
effects were non-significant for components related to
plant tissue nitrogen contents, including the amount of
fixation. This may indicate lesser sensitivity of traits for
symbiotic nitrogen fixation to changes in the environment.
In our previous study with primitive forms of P. sativum
native to Ethiopia, we also found similar results48.
Therefore, genotypes selected at one location for nitrogen
(and hence protein) content and fixation levels may
perform similarly in other locations.

Conclusions

The present study revealed that the Ethiopian chickpea
landraces had considerable significance as sources of
genotypes with desirable symbiotic and agronomic

characters. Despite the important roles they could have
played in chickpea–breeding programs, unfortunately, the
potential of the Ethiopian chickpea landraces has not
been properly exploited hitherto by the breeding efforts.
Almost all of the released varieties currently under
production in Ethiopia trace their genetic base to the
introductions either from ICARDA or ICRISAT. The
accessions selected here could serve as the basis for
formulating an efficient scheme of multiple trait selection
for both desirable symbiotic and agronomic characters. It
can be expected that individual lines developed through
selection from among the accessions identified here may
result in even better performances than the ‘mother’
accessions themselves.
The past breeding strategy based on direct release of

introduced genotypes has produced special cultivars that
are substantially different from commonly grown land-
races, particularly in terms of seed size and color. As far as
a number of symbiotic and other agronomic merits are
concerned, the Ethiopian chickpea landraces should
constitute the predominant part in the genetic background
of the breeding program.When the desired character does
not exist in the available gene pool, as we indicated for
seed size, screening of exotic germplasm becomes essential
to identify good donor parents. Except for a few
accessions, the majority of the landraces did not show a
better combination of desirable symbiotic and agronomic
characters, which may be of rare natural occurrence. In
order to achieve varieties that combine many desirable
symbiotic and agronomic attributes, therefore, there is a
need to concomitantly incorporate many desirable traits
from different sources into a single genotype through
hybridization.
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