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Drought is a major cause of decreased yield in crops worldwide. Sorghum 
(Sorghum bicolor) and maize (Zea mays) are two of the key crops in Africa 
serving as human food as well as livestock feed. For improved crop production, 
selection for drought resilient genotypes is imperative and the biological basis 
for drought tolerance ought to be fully understood to achieve such selection. 
Sorghum can tolerate drought better than maize and it is a key model for 
studying the physiological and biochemical mechanisms conferring drought 
tolerance. In this study, comparative analyses in terms of changes in growth, 
chlorophyll content, ROS content, lipid peroxidation level and the activity of 
antioxidant enzymes were investigated. Exposure to drought triggered ROS 
generation in both plant species. However, sorghum showed less cell damage 
under water deficit compared to maize. Furthermore, differences in antioxidant 
enzyme activity between maize and sorghum were identified. Our findings 
reveal differences in and association between the physiological and biochemical 
responses of maize and sorghum to drought, which may be relevant for breeding 
drought tolerant crops. 
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1. INTRODUCTION 

Beside the hazardous impacts on the 
environment, climate change is challenging 
socioeconomic development (He et al., 2019). 
Climate change and variability disturbs the basic 
elements of agriculture (soil moisture, heat and 
sunlight) as it leads to disparities in 
temperature, precipitation and the frequency of 
climate extremes such as drought (Raza et al., 
2019). Drought is one of the biggest challenges 
affecting the globe. The lack of drought 
mitigation strategies and limited understanding 
of drought resilience, declined agricultural 
productivity, increases food shortages and global 
food insecurity (Iqbal et al., 2020). Exposure of 
plants to drought conditions induces oxidative 

stress and reduces stomatal conductivity, which 
results in decreased leaf internal carbon dioxide 
(CO2) and leads to over-formation of reactive 
oxygen species (ROS) (Xie et al., 2019). Oxidative 
damage via ROS generation imposes adverse 
changes in fundamental processes of plant 
growth and development, including seed 
germination, plant height, stem girth, leaf area, 
number of leaves, flowering and fruit production 
(Fahad et al., 2017). To counter ROS-triggered 
alterations, plants rely on ROS-scavenging 
systems which include enzymatic antioxidants 
such as superoxide dismutase (SOD), glutathione 
reductase (GR), peroxidase (POD), ascorbate 
peroxidase (APX), and catalase (CAT), or non-
enzymatic antioxidants including carotenoids, 
ascorbic acid (AsA) and glutathione (GSH) (Ren 
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et al., 2020). The degree to which these defense 
systems are activated under drought stress 
notably varies among plant species, and even 
between different genotypes of the same plant 
species (Hasanuzzaman et al., 2020). Drought-
induced oxidative stress causes lipid 
peroxidation as indicated by the increase in 
malondialdehyde (MDA) content. Thus, it is 
essential for plants to maintain greater levels of 
antioxidants in order to cope with drought stress 
(Laxa et al., 2019). Maize and sorghum are 
closely related species which are members of the 
Panicoideae subfamily in the family of 
Gramineae (Kellogg, 2001). Maize is the most 
important crop in the world (Li et al., 2016). In 
Africa, more than 300 million people depend on 
maize as the major staple (IITA, 1967), and is the 
main food crop for 50 % of the population in 
Sub-Saharan Africa (CGIAR, 2012). Under 
sufficient water supply, maize achieves high 
grain yield (Trout and DeJonge, 2017). However, 
maize is sensitive to drought stress (Meng et al., 
2016). In contrast, sorghum is a drought 
resilient crop and the availability of its full 
genome sequence puts it in the lead as a key 
model system for deciphering the physiological 
and biochemical mechanisms of drought 
tolerance (Azzouz-Olden et al., 2020). Sorghum 
is the second major crop in Africa (Mundia et al., 
2019). Besides being used as an animal feed, it is 
processed as traditional food such as semi-
fermented bread, porridges, dumplings and 
couscous (Taylor and Belton, 2002). With the 
growing world population, it becomes crucial to 
improve and sustain crop performance under 
water limited conditions to ensure food security. 
Therefore, screening for drought adaptive 
responses through comparative studies in 
drought sensitive and drought tolerant crops is 
vital. It is on this basis that this study compared 
the physiological and antioxidant responses 
between maize and sorghum. 

2. MATERIALS AND METHODS  

2.1. Plant growth and drought treatment 

Seeds of sorghum (Sorghum bicolor L.) 
Moench cv. Super Dan] and maize (Zea mays L.) 
cv. Border King] were surface sterilized and then 
imbibed in aerated 10 mM calcium sulphate for 
16 hours prior to germination. Germinated seeds 
were sown in Perspex tubes (100 x 10 cm), filled 
with 18 L of Promix Organic (Windell 
Hydroponics, South Africa) saturated with water 
containing 1% fertilizer (v/v) [Nitrosol®, 
Envirogreen (Pty) Ltd)]. Seedlings were grown 

until the V1 stage of development by irrigating 
the tubes every two days with 500 ml of water. 
The plants were grown in controlled greenhouse 
under 16/8 h day/night cycle with average 
temperature of 25˚C. The photosynthetic photon 
flux density was 400 µmol.m⁻².s⁻¹. At the V1 
stage, control plants continued to receive 500 ml 
of water every second day until the day of 
harvest (V8 growth stage), while water-deprived 
plants were provided with 20% (100 ml) of that 
amount of water on a weekly basis until the V3 
stage of development. Thereafter, the water-
deficit plants were subjected to complete water 
deprivation until the symptoms of drought stress 
(leaf rolling or oldest leaves turning brown) 
were observed. At this point, the growth 
parameters of control and water-deprived plants 
were measured and the four youngest leaves 
were harvested. The harvested leaves were 
immediately frozen and ground into a fine 
powder using liquid nitrogen and then stored at 
-80°C.  Cell viability and O˙2 were determined 
using fresh leaves. 

2.2. Trichloroacetic Acid (TCA) Extraction 

A protein-free extract was obtained by 
homogenizing 5 volumes of 6% trichloroacetic 
acid (TCA) with 100 mg of powdered plant 
material. The homogenate was then centrifuged 
at 13000 x g for 15 minutes at 4˚C and the 
supernatant was used for measuring the MDA 
and H2O2 content. 

2.3. Determination of lipid peroxidation 
degree 

Lipid peroxidation was determined by the 
method of Dhindsa et al. (1981). To a 200 µl 
aliquot of TCA extract, 400 μl of a solution 
containing 0.5% thiobarbituric acid (TBA) and 
20% TCA was added. The mixture was boiled at 
90 ˚C for 20 minutes and then cooled on ice. 
After centrifugation at 12 000 x g for 5 minutes, 
200 μl of supernatant was transferred into a 
microtiter plate and the absorbance was 
recorded at 532 nm and 600 nm using a 
POLARstar Omega microtiter plate reader (BMG 
Labtech, Offenburg, Germany). The data 
obtained were used to calculate the MDA content 
based on the extinction coefficient of 1.56 x 105 
cm-1M-1.  

2.4. Evaluation of Cell Viability 

Cell viability was measured according to the 
method of Sanevas et al. (2007). A 1 cm2 cutting 
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from the second youngest leaf was stained in 
0.25% Evans Blue in the dark for 30 minutes at 
room temperature. The leaf material was then 
transferred into an Eppendorf tube filled with 
distilled water and incubated overnight at room 
temperature to eliminate any free dye. After the 
water was discarded, Evans Blue was extracted 
by incubating the samples in 1.5 ml of 1% 
sodium dodecyl sulfate (SDS) at 65°C for 1 hour. 
Samples were then centrifuged at 13000 x g for 5 
minutes and the absorbance of the supernatant 
was measured at 600 nm on a POLARstar Omega 
microtiter plate reader (BMG Labtech, 
Offenburg, Germany). 

2.5. Reactive oxygen species (ROS) 
measurements 

2.5.1. Hydrogen peroxide content 

A 50 μl aliquot of TCA extract was mixed with 
100 μl potassium iodide (KI) and 50 μl of 
potassium phosphate (K2HPO4), pH 5.0, to a 
total volume of 200 μl. A standard curve with 
known concentrations of H2O2 was prepared by 
mixing 10 μM H2O2 with varying volumes of 
dH2O, 0.5 M KI and 20 mM K2HPO4, to give a 
total volume of 200 μl. The absorbance was 
recorded at 390 nm and the extinction 
coefficient 39.4 mM-1.cm-1 was used to calculate 
the concentration of hydrogen peroxide in the 
sample. 

2.5.2 Superoxide 

Superoxide content was quantified according 
to Able et al. (1998), with modifications. A leaf 
disc (1 cm2) and a 4 cm cutting of the root (from 
the tip) collected from fresh plant tissue were 
incubated in a 50 mM potassium phosphate 
buffer (KPO4) containing 10 mM potassium 
cyanide (KCN), 10 mM H2O2, 2% sodium 
dodecyl sulphate (SDS), 80 μM Thiazolyl Blue 
Tetrazolium Blue (MTT), for 20 minutes at room 
temperature. The plant tissue was then crushed 
with a small pestle and centrifuged at 13000 x g 
for 10 minutes. A 200 μl aliquot of the obtained 
supernatant was loaded onto a microtiter plate. 
Absorbance was recorded at 570 nm and the 
extinction coefficient 13.0 mM−1 cm−1 for the 
MTT was used to calculate super oxide content. 

2.6. Total Protein Extraction and 
quantification 

A 200 mg sample of plant tissue was 
homogenized in 400 µl of protein extraction 
buffer [40 mM phosphate buffer at pH 7.4; 1 mM 

ethylenediaminetetraacetic acid (EDTA) and 5% 
(w/v) polyvinylpolypyrrolidone (PVPP)]. The 
homogenate was centrifuged at 13000 x g for 20 
minutes at 4˚C and the supernatant was used as 
enzyme source for APX, CAT, SOD and GR assays. 
The concentration of protein in the extracts was 
estimated by the method of Bradford (1976) 
using bovine serum albumin (BSA) as a standard. 

2.7. Assays of antioxidant enzyme 
activities 

For native in-gel assays, the staining of all 
enzymes was done using non-denaturing 
discontinuous gel electrophoresis formed of 15 
% separating gel [except for CAT (in which case 
the separating gel was a 7.5 % gel)] and 5 % 
stacking gel. The gels were electrophoresed with 
a running buffer containing 25 mM Tris, 192 mM 
glycine, and additionally (in the case of APX) 2 
mM ascorbic acid (AsA) at 4˚C and 80 mV. All 
gels were run until the loading dye reached the 
bottom edge of the gel except for CAT (the gel 
was allowed to run for 2 hours after the dye ran 
off the gel to allow for good separation of 
isoforms). 

2.7.1. Assay of APX activity 

Following electrophoretic separation, the 
ascorbate peroxidase gels were stained 
according to Seckin et al. (2010) in order to 
determine the activity of each of the APX 
isoforms in maize and sorghum. The ascorbate 
peroxidase total activity was determined by the 
method of Nakano and Asada (1981). APX 
activity was estimated by measuring the 
decrease in absorbance at 290 nm as ascorbate 
was oxidised and using the extinction coefficient 
of 2.8 mM-1 cm-1 for ascorbate. One unit of APX 
activity was defined as the amount of protein 
required to hydrolyse 1 µmole of H2O2/minute. 

2.7.2. Assay of CAT activity 

The staining of catalase gels was performed 
as described by Yamashita et al. (2007). The 
catalase total activity was measured by following 
the consumption of hydrogen peroxide as 
described by Lück (1965). The calculations were 
done by monitoring the decrease in absorbance 
at 240 nm (ε = 39.4 mM-1 cm-1), one unit of 
enzyme is the amount necessary to convert 1 
µmole of H2O2/ minute. 

2.7.3. Assay of SOD activity 
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Superoxide dismutase (SOD) activity staining 
was assayed according to Beauchamp and 
Fridovich (1971). One unit of SOD activity 
represented the amount of enzyme required to 
inhibit 50 % of NBT.   

2.7.4. Assay of GR activity 

Following native PAGE separation, 
Glutathione reductase (GR) activity staining was 
done as reported by Rao et al. (1996). The total 
activity of GR was estimated by the method of 
Foyer and Halliwell (1976). GR activity was 
expressed as μmol of NADPH oxidized/minute 
per mg of protein.   

2.8 Statistical analysis 
Data generated were subjected to a one-way 

analysis of variance (ANOVA) and significance 
was determined by the Tukey-Kramer test at a 
5% level of significance using GraphPad Prism 
6.0.  

3. RESULTS AND DISCUSSION 

3.1. Reduction in growth under drought is 
more severe in maize than in sorghum 
 

Exposure of crops to drought can adversely 
affect their growth and yield (Hussain et al., 
2019). Under drought stress, maize suffered a 
greater reduction of shoot length (approximately 

29 %) than sorghum which showed only 16 % 
decrease in shoot length (Fig. 1. a). Both maize 
and sorghum exhibited a significant increase in 
their root length under drought as shown in Fig. 
1. b. However, the increase in root length was 
even greater in sorghum (approximately 44 %) 
than in maize (approximately 14 %), similarly to 
the study reported by Wright et al. (1983). 
Drought decreased the shoot fresh weight in 
both maize and sorghum by approximately 84 % 
and 77 % respectively (Fig.1. c). The longer root 
length in sorghum is likely an adaptive response 
in order to reach deeper soil layers to acquire 
moisture.  
 

3.2. Oxidative stress is higher in maize 
than sorghum under water deprivation 
 

Fig. 2 illustrates hydrogen peroxide content, 
superoxide content and the level of lipid 
peroxidation (MDA content) in maize and 
sorghum. Drought stress increased the 
acummulation of H2O2 in the leaves of maize and 
sorghum, while no marked changes in H2O2 

content were observed in the roots of both 
species (Fig. 2. a and b). However, maize plants 
showed a much higher increase in H2O2 content, 
as it increased by approximately 70%, than the 
approximately 55% increase in H2O2 content 
observed in sorghum. Under drought stress, O2-˙ 
content was increased by approximately 38.6% 
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Fig. 1. The effect of drought stress on shoot length (a), root length (b) and shoot fresh weight (c) in Zea 
mays and Sorghum bicolor. The stress parameters of well-watered and water-deprived plants were 
determined at V8 stage of growth. Values are means ± SE of ten plants, P ≤ 0.05. 
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in the leaves of maize, whereas no significant 
change in O2-˙ content was observed in sorghum 
(Fig. 2. c). Similarly, an increase of 
approximately 25% in O2-˙ content in the roots 
occurred in water-deprived maize, whereas no 
significant difference in O2-˙ was observed in 
sorghum (Fig. 2. d).   Drought increased MDA 
content by approximately 58% in maize leaves 

and by approximately 41% in sorghum leaves 
(Fig. 2. e). In the roots (Fig. 2. f), maize plants 
showed a 70% increase in MDA content in 
response to drought while sorghum plants 
showed a 55% increase in MDA content. 
The above results show that maize suffers 
greater oxidative damage than sorghum under 
the same drought conditions. The drought-
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Fig. 2. The degree of oxidative stress exhibited in Zea mays and Sorghum bicolor under well-watered 
and water-deprived conditions. Hydrogen peroxide (H2O2) content in leaves (a) and roots (b), and  
O2-˙ in leaves (c) and roots (d) were measured as the indication of ROS accumulation; and lipid 
peroxidation in leaves (e) and roots (f) was measured as an indication of oxidative stress. Data 
presented are means (±SE) of three independent experiments (n=3). Different letters above error bars 
denote mean values that are significantly different at P ≤ 0.05.  
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induced accumulation of H2O2 and O2-˙ content 
demonstrated here are the cause of the higher 
lipid peroxidation and the differences in their 
accumulation between maize and sorghum 
partly explain the differing degree of tolerance to 
drought stress between these two species.  
Oxidative stress occurs when the critical balance 
between ROS formation and ROS scavenging by 
antioxidant enzymes is disturbed due to 
decreased antioxidant enzyme activity or excess 
formation of ROS, or both (Poljsak et al., 2013).  
This excessive ROS accumulation is caused by a 
wide range of environmental stresses, including 
drought (Cruz de Carvalho, 2008). 
 

3.3. Drought stress induces cell death in 
maize and sorghum 
 

Drought stress affects photosynthesis and 
enhances photorespiration, disrupts normal cell 
homeostasis and leads to increased formation of 
reactive oxygen species (ROS) (Miller et al., 
2010). The excess ROS may cause severe 
oxidative stress and ultimately cell death 
(Sharma et al., 2012). However, an effective ROS 
scavenging system and low levels of cell death 
under drought conditions are associated with 
plant tolerance to drought stress (Laxa et al., 
2019).  
Fig. 3. shows the level of cell death as 
determined by Evans Blue uptake. Under 
drought, maize showed nearly 12 % increase in 
the level of cell death, while cell death in 
sorghum was approximately 7 % higher when 
compared to their relative controls. The more 
pronounced increase of cell death in maize could 
be attributed to the higher oxidative stress in 
maize compared to sorghum as a result of 
excessive ROS accumulation under drought 
conditions (Fig. 2. e and f), similar findings were 
described for salinity stress by Keyster et al. 
(2013). 
 

3.4 Drought stress significantly alters the 
activity of antioxidant enzymes 

During ROS-triggered oxidative stress, plants 
regulate their antioxidant defense system to 
scavenge ROS, thus avoiding excessive ROS 
accumulation and contributing to plant survival 
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Fig. 3. The effect of drought stress on cell 
viability in Zea mays and Sorghum bicolor. Data 
presented are means (±SE) of three independent 
experiments (n=3). Different letters above error 
bars denote mean values that are significantly 
different at P ≤ 0.05. 

 
Fig. 4. Changes in ascorbate peroxidase (APX) isoforms in response to drought stress in the leaves (a) 
and roots (b) of Zea mays and Sorghum bicolor. WW represents well-watered, WD represents water-
deprived. White bands in dark-blue background signify isoforms of APX. 
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(Huang et al., 2019). Based on APX native PAGE 
activity staining, four isoforms were detected in 
maize while only three isoforms were identified 
in sorghum (Fig. 4.). As a result of exposure to 
drought, ascorbate peroxidase isoform activity 
was differentially regulated between maize and 
sorghum. Interestingly, drought increased APX 
total activity by approximately 38% in the leaves 
of maize and by approximately 19% in the leaves 
of sorghum when compared to their respective 
controls (Fig. 5. a). However, in response to 
drought, APX total activity was decreased by 
approximately 73% in the roots of maize, 
whereas it remained unchanged in sorghum (Fig. 
5. b). The increase in APX activity could be 

attributed to efforts to avoid oxidative damage 
caused by the excessive generation of H2O2. 
Similar findings were reported by Chugh et al. 
(2011), who observed a significant increase in 
APX activity in maize when exposed to water 
deficit stress. The greater increase of APX 
activity in the leaves of maize could be a result of 
the higher increase of H2O2 content in maize 
than in sorghum under drought. 

According to the native PAGE analysis, three 
CAT isozymes were detected in the leaves of 
maize and sorghum. In the roots, only one CAT 
isoform was identified in maize, while two CAT 
isoforms were detected in sorghum. The activity 
of all CAT isoforms was significantly attenuated 
in both maize and sorghum in response to 
drought stress (Fig. 6.). In response to drought, 
the total CAT activity was decreased by 
approximately 45% in the leaves of maize and by 
approximately 33% in the leaves of sorghum 
(Fig. 7. a). Similarly, an approximately 41% and 
66% reduction in CAT activity was observed in 
the roots of maize and sorghum plants, 
respectively, under water deprivation (Fig. 7. b). 

The results obtained above are in agreement 
with a study done by Bakalova et al. (2004) in 
wheat and Pan et al. (2006) in liquorice. 
Decreased catalase activity could be the reason 
for the observed increase in H2O2 content in 
response to drought. 
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Fig. 5. Determination of the total APX activity in leaves (a) and roots (b) of Zea mays and Sorghum bicolor 
by spectrophotometry. Error bars represent the means ± SE; n= 3. Different letters indicate statistically 

different means (P ≤ 0.05). 
 

 
Fig. 6. Catalase isoforms activity was decreased under water stress in leaves (a) and roots (b) of Zea 
mays and Sorghum bicolor. WW represents tissue obtained from well-watered plants, WD represents 
tissue obtained from water-deprived plants. 
 

a) b) 
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Fig. 7. Determination of total catalase activity in leaves (a) and roots (b) of Zea mays and Sorghum 
bicolor by a spectrophotometry assay. Error bars represent the means ± SE; n = 3. Different letters 
indicate statistically different means (P ≤ 0.05). 

 

 
Fig. 8. Changes in superoxide dismutase (SOD) isoenzyme activities in native gels in leaves and roots of 
Zea mays and Sorghum bicolor in response to drought stress. The three in-gel assays represent the 
detection of different SOD isoforms (a) without inhibitors, (b) treated with 5 mM KCN and (c) treated with 
6 mM H2O2. WW represents tissue from well-watered plants, WD represents tissue from water-deprived 
plants, L represents leaves and R represents the roots.  

 
Fig. 9.  Spectrophotometric determination of total SOD activity in the leaves (a) and roots (b) of Zea mays 
and Sorghum bicolor.  Error bars represent the means ± SE; n= 3. Different letters indicate significant 
differences between means at P ≤ 0.05. 
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 Based on the sensitivity to selective SOD 
inhibitors (5 mM KCN and 6 mM H2O2), a total 
of six SOD isozymes were identified in maize and 
sorghum (Fig. 8.). Two isoforms were identified 
as manganese superoxide dismutase (MnSOD), 
three as copper/zinc superoxide dismutase 
(Cu/Zn SOD) and one as iron superoxide 
dismutase (Fe-SOD). As shown in Fig. 9. a, 
overall SOD activity slightly increased (by 
approximately 12%) in the leaves of water-
deprived maize plants, while no significant 
change was observed in the leaves of water-
deprived sorghum plants. The upregulation of 
SOD activity in maize is likely a response to the 
higher O2-˙ accumulation in maize than in 
sorghum in response to drought, similarly to 
work described by Luna et al. (1985), where 
higher SOD activity was observed in maize than 

wheat when subjected to water deprivation. 
Drought decreased total SOD activity in the roots 
of both maize and sorghum (by 20% and 22%, 
respectively) (Fig. 9. b). The downregulation of 
SOD activity in maize roots is likely the 
underlying reason for the elevation of O2-˙ 
content.  

Although the SOD activity was also inhibited 
in sorghum roots by drought, no significant 
difference in O2-˙ content was observed, 
suggesting that sorghum has superior SOD 
capacity than maize. 

Glutathione reductase enzyme (GR) is 
essential for restoration of the reduced 
glutathione (GSH) pool by converting the 
oxidised glutathione disulphide (GSSG) back into 
the sulfhydryl form [GSH donates an electron to 
dehydroascorbate reductase (DHAR), which 

 
Fig. 10. Changes in glutathione reductase (GR) isozyme activity in native gels in leaves and roots of Zea 
mays and Sorghum bicolor in response to drought stress. WW represents well-watered plants, WD 
represents water-deprived plants, L represents the leaves and R represents the roots. 

 
Fig. 11.  Spectrophotometric determination of total GR activity in the leaves (a) and roots (b) of Zea mays 
and Sorghum bicolor. Error bars represent the means ± SE; n= 3. Different letters indicate significant 
differences between means at P ≤ 0.05. 
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reduces dehydroascorbic acid (DHA) to 
ascorbate] (Meloni et al., 2003). Based on native 
PAGE gel analysis, a total of six GR isozymes are 
present in maize and sorghum. Drought stress 
significantly altered the glutathione reductase 
isoform activity between maize and sorghum as 
shown in Fig. 10. The overall activity of GR 
increased by approximately 33% in the leaves of 
maize under drought stress, whereas no 
statistically significant difference was observed 
in sorghum in response to drought (Fig. 11. a). 
The increase in GR activity observed in the 
leaves of maize is likely due to the upregulation 
of APX activity in the leaves of maize as the cells 
may be driving GR activity for reformation of 
both GSH and ascorbate. GR total activity in the 
roots of maize was decreased by approximately 
16% in response to drought, while the GR 
activity was significantly higher (by 
approximately 22%) in sorghum roots (Fig. 11. 
b). The reduction in GR activity in the roots of 
maize could similarly be attributed to the 
downregulation of APX activity in the roots of 
maize as the cells may have less need for driving 
GR activity for reformation of both GSH and 
ascorbate. 

4. CONCLUSION 
 

Drought stress significantly inhibited the growth 
of maize and induced ROS, lipid peroxidation 
and cell death. In contrary, sorghum exhibited 
less effects on growth and oxidative stress in 
response to drought, which may be due to 
differing levels of antioxidant enzyme activity in 
these plant species. From our results, it appears 
that adaptive responses in enzymatic 
antioxidants in maize were less sufficient than in 
sorghum to prevent oxidative damage caused by 
drought stress. This may provide the foundation 
for further elucidating the differences in 
molecular events that determine differences in 
drought tolerance between maize and sorghum, 
likely through omics-based analyses that could 
assist in improvement of maize drought 
tolerance. This can be achieved if regulation of 
the expression of genes discovered to be key to 
sorghum tolerance can be manipulated in maize 
to emulate the expression profile of sorghum. 
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Selection strategies for increased salt tolerance in Medicago sativa must involve 
several growth stages, with the germination stage as a particularly important 
stage. At this stage, M. sativa is known to be more sensitive to salt than later 
growth stages. Cultivars differ significantly in their capacity to germinate under 
saline conditions. For this consideration and in order to analyze the response to 
salinity, initial screening at the germination stage for two varieties of M. sativa 
was undertaken. Seeds were germinated in Petri dishes under control treatment 
(0 mM NaCl) and four concentrations of NaCl (100, 150, 200 and 250 mM). 
Results from ANOVA showed that variation in root length (RL), fresh root weight 
(RFW) and shoot fresh weight (SFW) was explained by variety effect. The 
variation in hypocotyl length, (HL) SFW and RL was explained by the interaction 
of variety x treatment. Under salt stress, there was a major reduction (46, 66%) 
in final germination rate (GR) when seeds were geminated in 250 mM NaCl. The 
RL and HL were affected by salt stress and their respective values were reduced 
by more than 40% in 200 mM NaCl. The Californian variety was lesser affected 
by salt stress for RL and RFW while the local variety from El Hemma showed the 
lowest reduction for SFW. Further work is needed to asses these effects in later 
growth stages and in field conditions under salt stress. 
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1. INTRODUCTION 

Salinity is a major abiotic stress that limits crop 
production (Ashraf, 2009). Hu and Schmidhalter 
(2005) reported that about 40000 ha of land 
becomes unavailable for agricultural production 
worldwide each year due to salinization, and 
approximately 50% of irrigated lands are 
currently affected by salinity (Elwan and El 
Shatoury, 2014). Salinity can affect seedling 
germination and growth by creating an osmotic 
pressure that prevents water uptake or by 

toxicity driven by sodium and chloride ion 
accumulation. Seed germination capacity is one 
of the most critical phases of plant 
establishment, and hence, is greatly influenced 
by salinity (Záborszky et al., 2002). Selection 
strategies for salt tolerant genotypes must 
involve several growth stages and great 
emphasis must be placed on the germination 
stage because it is a key factor in the lifecycle of 
a plant (Guan et al., 2009). According to Flowers 
and Flowers (2005), efforts to produce salt-
tolerant crops have involved the use of artificial 
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selection like in vitro selection and the 
development of transgenic plants, molecular 
biology techniques and conventional breeding 
approaches such as the domestication of 
halophytes and the manipulation of cultivated 
crop species through breeding programs 
(Ashraf, 2004). These approaches used the 
extent of genetic variation available within 
species. For some species, the genetic variation 
is a determinant factor that helps them to 
overcome environmental changes through the 
process of evolutionary adaptation 
(Mousavi-Derazmahalleh et al., 2018). Medicago 
sativa is the most cultivated perennial forage 
crop worldwide. It is an autotetraploid (2n = 4x 
= 32), a cross-fertilized species with higher 
genetic intra-population diversity compared to 
the inter-population diversity (Soltaniet al., 
2012). It can be a candidate for the improvement 
of marginal degraded lands affected by salinity. 
In order to develop new M. sativa genotypes 
with high salt tolerance, the first important step 
is to lay out useful and substantial genetic 
variation in tolerance to salinity stress (Soltani 
et al., 2012). For this reason, the intention of this 
work is to analyze the responses of two 
contrasting varieties of M. sativa to salinity 
stress at the germination stage. 
 
 
2. MATERIALS AND METHODS  

Screening of two varieties of M. sativa was 
undertaken at the germination stage. These two 
varieties include the local Tunisian variety of El 
Hemma (selected by Prof Majid Mezni and Prof 
Hichem Ben Selem, and registered in 2009 in the 
National Catalog of Plant varieties JORT N°26 of 
11/19/2011) and provided by Prof Aziza 
Zoghlami  from  the National Institute of 
Agronomic Research of Tunis (INRAT) and the 
Californian variety kindly provided by Mr. 
Mohamed Abdelhak Khorchani from the 
Tunisian Grain Company (COTUGRAIN). Ten 
seeds were germinated in each Petri dish with 
double-layer filter paper. The experimental 

treatments consisted of a range of five 
concentrations of NaCl (0, 100, 150, 200 and 250 
mM). Three replicates per variety and per 
treatment were used. In each Petri dish, 5 mL of 
the appropriate concentration of NaCl were 
added every two days and placed in an incubator 
in constant darkness at 25°C. Germinated seeds 
were counted daily for 7 days. Seeds were 
considered to have germinated after radicle 
emergence. During the experiment, and when 
each Petri dish reached more than 70% of 
germination, seedling (with fully expanded 
cotyledonary leaves) were transferred to a 
phytotron (16h light/8h darkness, 80% 
humidity) until the end of the experiment, which 
lasted for 10 days. The measured physiological 
parameters were the final germination rate 
(%GR), root length (RL) (cm), hypocotyl length 
(HL) (cm), root fresh weight (RFW) (g) and 
shoot fresh weight (SFW) (g).  

The two-ways variance analysis (variety and 
treatment) was performed using the GLM 
procedure. Estimated means of measured traits 
for the studied varieties was performed using 
MEANS procedure while their significance was 
determined using Duncan's test at the 5% level. 
Correlations between measured physiological 
parameters were calculated using the CORRESP 
procedure. All the above described analyses 
were performed using the SAS software (2002). 

3. RESULTS AND DISCUSSION 
 

3.1. Variation of parameters of 
germination under salt stress  

The variation of measured parameters of 
germination for the studied varieties was 
explained by the effects of variety, treatment and 
the interaction of variety x treatment. The 
variation of root length (RL), seedling root fresh 
weight (RFW) and shoot fresh weight (EFW) was 
explained by variety effect (Table 1). 
Furthermore, the variability of hypocotyl length 
(HL), shoot weight (SFW) and RL was explained 

Table 1. Effects of variety (var), treatment (trea) and the interaction of variety x treatment on the 
variation of measured parameters of germination for the two varieties of Medicago sativa. 

Parameters Means MS (trea) 
df=4 

MS (var) 
df=1 

MS (var x trea) 
df=4 

F (trea) F (acc) F (var x trea) 

GR 88 3228.333 13.951 3.456 130.1*** 0.54 ns 0.87 ns 
HL 0.431 1.45817618 0.0000063 0.4775835 11.89*** 0 ns 3.89* 
RL 2.288 110.9892609 13.9508142 3.4561118 89.63*** 11.27*** 2.79** 

SFW 0.011 0.00078521 0.00095417 0.00014964 19.23*** 23.37*** 3.66** 
RFW 0.007 0.00081496 0.00012883 0.00004503 25.44*** 4.02* 0.2324ns 

MS: mean square, df: degree of freedom, ns: not significant (p >0.05), * : (p ≤0.05), ** : (p ≤0.01), *** : (p≤0.001). 
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by the interaction of variety x treatment (Table 
1), suggesting that the studied varieties do not 
have the same behavior under the different 
treatments. 

The variation of the final germination rate 
(GR) under salt stress is given in Fig. 1. The 
results obtained for the two varieties showed 
that maximum germination rate was observed 
under control treatment (0 mM) and under 100 
mM, 150 mM and 200 mM NaCl. Similar results 
were reported by Soltani et al. (2012) in their 
screening of twenty M. sativa cultivars towards 
tolerance to salinity stress at the germination 
stage. They found that the maximum 
germination percentage was observed in control 
(0 mM) and 75 mM NaCl. While in 250 mM NaCl, 
the germination rate was severely affected since 
the capacity of seeds to germinate was reduced 
by more than 50%. Similar results were 
observed by Guan et al. (2009) who observed a 
decrease of 55% in germination for M. ruthenica 
under 200 mM NaCl. Furthermore, Soltani et al. 
(2012) found that the maximum reduction in 
germination rate for their studied cultivars was 
observed in 225 mM NaCl. According to El-
Madidi et al. (2004), the inhibition of 
germination and emergence by salt stress is 
caused by an osmotic effect. This is in line with 
previous studies which suggest that the 
germination stage is the most sensitive stage of 
development to salt stress (El-Madidi et al. 
2004). 

The hypocotyl length (HL) (Fig. 2.) was 
affected by salt stress while the root length (RL) 
(Fig. 3.) was greatly reduced by increased salt 
concentration.  A severe decrease for HL 
(approximately 81%) was observed in 250 mM 
NaCl. For RL, the major reduction (86.85%) was 

observed in 250 mM NaCl but the reduction 
(73.54%) was already more pronounced under 
200 mM NaCl. Soltani et al. (2012) reported the 
importance of radicle length in providing an 
important clue to the response of plants to 
salinity. The same authors noted a reduction in 
presence of salt stress for radicle length, plumule 
length and seedling length for studied cultivars 
of M. sativa. The radicle length showed a 
reduction of 79% while the plumule length and 
seedling length decreased by 66% and 72%, 
respectively. These values of reduction of the 
analyzed parameters were obtained in 225 mM 
NaCl (Soltani et al. 2012), whereas highest levels 
of reduction were registered in 250 mM NaCl for 
our study. Bhardwaj et al. (2010) and Monirifar 
(2008) also confirmed that with increasing 
salinity concentration, radicle, plumule and 
seedling length decrease. 

Salt stress affected the shoot fresh weight 
(SFW) (Fig. 4.) while most reduction was 
observed under 250 mM NaCl. However, we 

 
Fig. 1. Variation of the final germination rate 
(GR) of two Medicago sativa varieties under salt 
stress. Means with similar letter(s) under each 
treatment are not significantly different at 5% 
probability level according to Duncan’s multiple 
range test. 

 
Fig. 2. Variation of hypocotyl length (HL) in two 
Medicago sativa varieties under salt stress. 
Means with similar or common letter(s) under 
each treatment are not significantly different at 
5% probability level according to Duncan’s 
multiple range test. 
 

Fig. 3. Variation of root length (RL) in two 
Medicago sativa varieties under salt stress. 
Means with similar letter(s) under each 
treatment are not significantly different at 5% 
probability level according to Duncan’s multiple 
range test. 
 



Journal of Oasis Agriculture and Sustainable Development  
www.joasdjournal.com 

DOI : https://doi.org/10.56027/JOASD.spiss022021 |  Special Issue | June 2021  16 
 

RESEARCH ARTICLE 

observed an increase of shoot fresh weight in 
150 mM NaCl compared to the control 
treatment. Such result was also reported by 
Parida and Das (2005) and Kurban et al. (1999) 
where the authors found that in Alhagi 
pseudoalhagi (a leguminous plant), total plant 
weight increased at low salinity (50 mM NaCl) 
but decreases under high salinity (100 and 200 
mM NaCl). Salt stress also affected root fresh 
weight (Fig 5) while most reduction was 
observed under 250 mM NaCl. According to 
Shannon and Grieve (1999), salinity affects 
seedling morphology and plant development. 
The main effect is the reduction of growth rate, 
including reduction in length and mass of roots, 
which may become thinner or thicker. Salt stress 
also results in a considerable decrease in the 
fresh and dry weights of leaves, stems, and roots 
Parida and Das (2005). 

Correlations between measured parameters 
of germination (Table 2), showed that the 
strongest and significant correlations were 
between root length (RL) and root fresh weight 
(RFW) (r= 0.555, p≤0.001) and between root 
length (RL) and hypocotyl length (HL) (r= 0.40, 
p≤0.001). 

3.2. Analysis of the response of Medicago 
sativa varieties under salinity   

The studied varieties showed similar values 
of final germination rate (GR) under salt stress 
(Fig 6). They exhibited high germination rates 
(95% and 96.7% for El Hemma and Californian, 
respectively) in control treatment and in low to 
moderate levels (from 50 mM to 200 mM) of 
salinity. The most pronounced decreases of GR 
under 250 mM NaCl were of 50% and 43.3% for 
El Hemma and Californian varieties, respectively. 
Several investigations of seed germination under 
salt stress have indicated that seeds of most 

species achieve their maximum germination in 
distilled water (Torabi et al. 2011; Soltani et al. 
2012) while Soltani et al. (2012) found  that 
twenty alfalfa cultivars had a maximum of 68% 
germination rate under 225 mM NaCl. 

The hypocotyl length (HL) was severely 
reduced for the two varieties in 250 mM NaCl 
(Fig 7). The El Hemma variety had the longest 
hypocotyls in the control condition while it is the 
most affected by salt stress. The Californian 
variety showed an increased hypocotyl length 
(by 29.5%) in 100 mM NaCl compared to El 
Hemma and it exhibited a moderate reduction of 
the hypocotyl length up to a concentration of 
200 mM NaCl. Such difference in response to salt 

Fig. 4. Variation of the shoot fresh weight 
(SFW) in two Medicago sativa varieties under 
salt stress. Means with similar letter(s) in each 
treatment are not significantly different at 5% 
probability level according to Duncan’s multiple 
range test. 

 
Fig. 5. Variation of the root fresh weight (RFW) of 
two Medicago sativa varieties under salt stress. 
Means with similar letter(s) in each treatment are 
not significantly different at 5% probability level 
according to Duncan’s multiple range test. 

 
Table 2. Correlations between measured 
parameters of germination for the two 
varieties of Medicago sativa. 

 RL HL SFW RFW 

RL 1.00000    

HL 0.399*** 1.00000   

SFW 0.084ns 0.283*** 1.00000  

RFW 0.555*** 0.220*** 0.061ns 1.00000 

ns: not significant (p >0.05), * : (p ≤0.05), ** : (p ≤0.01), *** : (p≤0.001) 

Fig. 6. Classification of Medicago sativa varieties 
based on the final germination rate (GR) under 
salt stress. 
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stress was also reported by Soltani et al. (2012), 
who observed a significant variation in salt 
tolerance among their studied cultivars of M. 
sativa. 

The two varieties of M. sativa showed similar 
root length (RL) under the control condition (Fig 
8). The California variety was lesser affected for 
root length than El Hemma in 100 mM and 150 
mM NaCl while both varieties exhibited similar 
behavior under excessive concentrations (200 
mM and 250 mM) of NaCl. Similarly, Monirifar 
(2008) reported significant differences in 
responses among five ecotypes of M. sativa 
under different levels of NaCl. 

An increase of shoot fresh weight (SFW) of 
35.93% and 63.35% were found for the 
Californian variety under 100 mM and 150 mM 
NaCl, respectively (Fig 9). Furthermore, only 
13.04% of SFW augmentation was noted for the 
El Hemma variety  under 150 mM NaCl. Under 
200 mM NaCl, he SFW was slightly decreased 
(1.11%) for Californian variety while a high 
reduction (40.8%) was found for El Hemma. 
Moreover, the highest reduction values of SFW 
were found for both varieties under 250 mM 
NaCl. Similar finding was reported by Khan 
(2001), indicating that fresh and dry weights in 

Salicornia rubra increase with an increase in salt 
concentration. For this species, the optimal 
growth occurs at 200 mM NaCl and the growth 
declines with a further increase in salinity. Khan 
et al. (1999) showed that when Halopyrum 
mucronatum (a perennial grass) is treated with 
0, 90, 180, and 360 mM NaCl, fresh and dry mass 
of roots and shoots peaks at 90 mM NaCl, and 
the maximum succulence is noted at 90 mM 
NaCl. 
The Californian variety was least affected for 
root fresh weight (RFW) under 100 mM and 150 
mM NaCl (Fig 10). Furthermore, the Californian 
and El Hemma varieties showed reduction 
values of 87.96% and 85.62%, respectively, 
under 250 mM NaCl. In general, osmotic stress 
caused by salinity is usually immediate and 
particularly detrimental to seed germination, 
emergence and seedling vigor (Masters et al. 
2007). Moreover, genetic variation for salt 
tolerance was reported in M. sativa (Torabi et al. 
2011; Soltani et al. 2012). It has also been 
reported that, under saline conditions, 
germination ability of seeds differs from crop to 
crop and even a significant variation is observed 
amongst different varieties of the same crop 
(Soltani et al. 2012). 

 

Fig. 7. Classification of Medicago sativa varieties 
for hypocotyl length (HL) under salt stress. 

 

 
Fig. 8. Classification of Medicago sativa 
varieties for root length (RL) under salt stress. 
Means with similar letter(s) in each treatment 
are not significantly different at 5% probability 
level according to Duncan’s multiple range test. 
 

 
Fig. 9. Classification of Medicago sativa 
varieties for shoot fresh weight (SFW) under 
salt stress. Means with similar letter(s) in each 
treatment are not significantly different at 5% 
probability level according to Duncan’s multiple 
range test. 
 

 
Fig. 10. Classification of Medicago sativa 
varieties for root fresh weight (RFW) under 
salt stress. Means with similar letter(s) in each 
treatment are not significantly different at 5% 
probability level according to Duncan’s 
multiple range test. 
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4. CONLUSION 

Overall, salt stress affected all measured 
variables for the two varieties, and the 
percentage of their reduction was more 
pronounced with augmented salinity level. A 
significant variation was also found in both 
studied varieties of M. sativa under salt stress for 
root length (RL), shoot fresh weight (SFW) and 
root fresh weight (RFW). The Californian variety 
was the least affected by salt stress for root 
length and weight (RL and RFW) whereas the 
local variety El Hemma was most tolerant for 
shoot fresh weight (SFW). The concentration of 
250 mM NaCl caused a reduction of 50% for the 
germination rate of M. sativa. Further work is 
needed to asses these salinity effects in later 
growth stages and in field conditions under 
salinity constraint. 
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Salinity is one of the main limitations to legume productivity in many regions of 
the world and it is estimated that 50% of all arable land will become affected by 
salinity by 2050. The impact of field salinity on soybean performance was 
assessed using two soybean accessions (KCW and HMC) cultivated in salt-
treated soil and non-salt treated soil. We used a 30 cm deep field system layered 
with 0.4 kg/m2 NaCl for the salt-treated experiment while the control field 
received no salt treatment. The results show that salinity reduces soybean 
growth and yield as evident from the reduction in the plant shoot length, stem 
diameter, number of branches, number of pods and seed weight. However, the 
reduction in these growth parameters was less pronounced in the HMC 
accession than the KCW accession. Furthermore, Na+ content in leaves of the 
HMC accession was lower than that of the KCW accession. This proved that 
salinity has a damaging effect on soybean growth and yield and the relative 
tolerance of the HMC accession is attributed in part to its ability to restrict Na+ 
transport to the leaves. While the study emphasizes salt exclusion as a 
potentially useful mechanism for salinity tolerance in soybean, it provides 
evidence that the HMC accession is a good genetic resource for breeding 
soybean varieties with improved salinity stress tolerance. 
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1. INTRODUCTION 

As the world population continues to increase, 
the amount of arable land keeps decreasing 
(Essa, 2002). Soil salinity is one of the most 
common agricultural constraints rendering land 
non-arable in arid and semi-arid regions of the 
world (Amirjani, 2010). Due to increased soil 
salinity, which renders previously arable land 
unsuitable for crop production (Butcher et al., 
2016), plant responses to salinity is one of the 
most widespread research topics in plant 

physiology. The excessive use of fertilizers and 
saline irrigation water are the major factors that 
increase soil salinity (Shahid et al., 2018). In light 
of the predicted 70-100% increase in food 
demand needed to feed the growing population 
by 2050, and with no modern alternative for 
broadening arable agricultural land, an increase 
in traditional crop breeding for salt tolerance 
serves as a vital step towards sustaining food 
security (Guan et al., 2014). Salinity becomes a 
burden when there is an excessive amount of 
soluble salts in the soil or water, mainly due to 
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excessive Na+ levels in the soil, mostly 
originating from NaCl (Grewal, 2010). This can 
limit water potential and induce ionic stress in 
plant tissue, thereby causing oxidative stress in 
plants (AbdElgawad et al., 2016). Many studies 
have reported that salinity reduces plant growth 
and productivity through changes in plants 
physiology, morphology and biochemistry 
(AbdElgawad et al., 2016; Chawla et al., 2013; 
Hernández, 2019). These changes are usually 
quantified by measuring plant shoot length, 
biomass, leaf anatomy, yield, stomatal density, 
photosynthetic capacity, phytohormones, 
osmolytes and antioxidants, among others. 
Soybean (Glycine max) is a glycophytic crop for 
which growth and yield can be adversely 
impacted by salinity. This crop species is the 
most produced grain legume worldwide, 
providing an excellent source of high quality 
protein (35%) and oil (21%) to human and 
animal diets (Wang et al., 2020). This 
economically important crop is also rich in 
vitamins B1, B2, B6 and contains good levels of 
micronutrients such as Fe, Cu, Mn, Ca, Mg, Co, K, 
and Zn (de Vargas et al., 2018). Soybean grain is 
mainly used as animal feed (Willis, 2003). 
Soybean oil, soybean cake, soya sauce, flavoured 
soymilk and yoghurt are all soybean final 
products for direct human consumption (Wang 

et al., 2020). Soybean is also used industrially in 
the production of biofuels, emulsifiers, 
cosmetics, soaps and pharmaceuticals (Hart, 
2017). Soybean is classified as moderately 
tolerant to salinity, with a threshold of 2 to 5 
dS.m-1, beyond which its growth is remarkably 
reduced (Guan et al., 2014). Many studies on 
soybean salinity responses where molecular 
studies were conducted make use of pot-based 
experiments. However, this does not reflect true 
field responses because the physiological effect 
of soybean salinity in real scenarios may not be 
effectively scored and thus limits advancement 
towards the development of salinity tolerance in 
soybean. In this study, we used a field system to 
assess the salinity effect on two contrasting 
accessions of soybean. 

2. MATERIALS AND METHODS  

The study was conducted on a 240 m2 field (at 
Lukholweni village, Matatiele, Alfred Nzo 
District, Eastern Cape province in South Africa, 
GPS coordinates 30°37’54.8”S 28°51’29.3”E), 
consisting of a 120 m2 block for the salt stress 
treatment and 120 m2 for the non-saline 
(control) experiment, as illustrated in Fig. 1. The 
experiment was initiated on 30 September 2020 
and ended at soybean maturity on 30 January 
2021. For the 120 m2 salt block, the field was dug 

 

Fig. 1. The salt stress field setup. A field measuring 120 m2 was used for each of the salt and non-salt 
stress study. The distance between the control setup and the salt-stressed setup was 5 meters. The salt-
stress setup was 30 cm deep and was covered with a waterproofing membrane to restrict salt 
penetration to other parts of the field. The membrane was covered with soil layer 15 cm thick, following 
which NaCl (0.4 kg/m2, thus 48 kg for the 120 m2 area) was evenly distributed on the soil. The salt-
treated soil was then layered with a soil layer 15 cm thick on which the seeds were sowed. The control 
filed was also 120 m2 and set up similarly to the salt block but without any addition of salt. 
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up to a depth of 30 cm and the dug up soil was 
set aside such that a plastic waterproof 
membrane was laid at the 30 cm deep base of 
the dug up field. Following the plastic membrane 
laying, the dug up soil was returned on top of the 
plastic membrane to make an even layer of soil 
that is 15 cm thick. This was followed by 
applying salt (NaCl) on this soil layer at a rate of 
0.4 kg/m2. A ‘no salt’ control block was set up in 
a similar way as the salt block at a space of 5 
meters away from the salt block,  except that no 
salt was applied to the control block. Seeds of 
two soybean accessions (KCW and HMC) were 
sowed 6 cm deep with a spacing of 10 cm 
between seeds and 40 cm between rows such 
that each accession occupied a block of 40 m2 
repeated three times for each treatment, with 
100 plants per block. The soil was irrigated daily 
with water at a rate of 2 L/m2. After 123 days of 
sowing, the plants were harvested and yield 
parameters such as the shoot length, stem 
diameter (at the cotyledonary node), number of 
branches, number of pods and seed weight were 

recorded. The level of salinity in both salt-
stressed and non-saline field was measured in 
soil sampled at a depth of 5 cm, using the Extech 
EC410 ExStik Conductivity/TDS/Salinity Kit 
(Extech instruments, New Hampshire, USA). Na+ 
content in leaves was measured as described in 
Liu et al. (2016) using a Thermo ICap 6200 ICP-
AES emission spectrometer. Statistical analysis 
was done using a one-way analysis of variance 
(ANOVA) and was tested for significance using 
GraphPad Prism 6.01 software (GraphPad 
Software. San Diego, CA) via the application of 
the Tukey-Kramer test at a 5% level of 
significance. 

3. RESULTS AND DISCUSSION 

Soil salinity increased in the soil approximately 4 
times higher in the salinity block than the 
control block (Fig. 2A.). Soybean growth and 
yield were significantly impaired by salinity as 
demonstrated by reduced shoot length, stem 
diameter and number of branches (Fig. 2B-D.). 

 

Fig. 2. Effect of salt stress on soybean growth. Changes in soil salinity (A), shoot length (B), stem 
diameter (C) and number of branches (D) as a result of application of salt on the soil. Data are means ± 
SD of  five soil samples (taken from the four cornes and the centre of each of control and salt stress 
blocks) and twelve plants randomly selected from each treatment for each of the two accessions.  Bars 
with different letters indicate statistically different means (P < 0.05). 
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These changes in the soybean growth 
parameters are in agreement with the study 
from Amirjani (2010) and Ghassemi-Golezani et 
al. (2009). The reduction in shoot length, stem 
diameter and number of branches should be due 
to increased Na+ in shoots, inducing an ionic 
toxicity effect on the plants (Roy et al., 2019). It 
could also be exercebated by a reduction in 
water potential caused by the elevated salt levels 
in the soil, which hinders plant water uptake to 
ultimately lead to reduced growth (Yan et al., 
2020, Arif et al., 2020). Luo et al. (2019) 
observed that reduction in shoot length and 
biomass under salt stress was due to the 
excessive accumulation of Na+ and Cl- in the 
chloroplasts, which affects the electron transport 
activities of photosynthesis, thereby inhibiting 
PSll activity. Kiełkowska (2017) showed that 
reduction in plant height under salt stress may 
be as a result of changes in plant-water 
relationships, which attenuates meristem 
activity and cell elongation. Some studies have 
established that salinity stress reduces leaf area, 
stem diameter, biomass, and shoot length 
(Beinsan et al., 2009, Basal, 2010, Taïbi et al., 
2016). This ultimately leads to low yields in 
crops. In both accessions, Na+ was accumulated 
in leaves in response to the salinity treatment. 
However, the Na+ accumulation was higher in 
KCW than in HMC (Fig. 3A.). This suggest that 
HMC is better equipped to either restrict uptake 
of Na+ by the roots or restrict Na+ transport onto 
the leaves. The association between salinity 
tolerance and salt exclusion has been 

demonstrated in soybean, where it is associated 
with the activity of a protein encoded by the 
GmSALT3 gene, which is proposed to be a 
cation/H+ exchanger (Do et al., 2016; Guan et al., 
2014; Qi et al., 2014). Further work to identify 
more genes associated with salinity stress 
tolerance in soybean can be pursued through 
comparative proteome-wide and genome-wide 
analyses between highly salt stress tolerant and 
sensitive soybean accessions. Such pursuit will 
aid in enhancing soybean tolerance to salinity 
and subvert the impact of soil salinization on 
food security. The KCW accession suffered a 
more pronounced reduction in shoot length, 
stem diameter, number of branches, number of 
pods and  100-seed weight than HMC, which 
implies that KCW has a higher degree of 
sensitivity to salt stress than HMC (Fig. 2B-D, Fig. 
3B-C). 
The above growth and yield parameters have 
been used as common biomarkers to screen for 
tolerant and sensitive cultivars under salt stress 
in maize (Cha-Um and Kirdmanee, 2009), 
sorghum (Yang et al., 2020) and wheat (Yang et 
al., 2014). Therefore, we infer that HMC is more 
salt stress tolerant than KWC, and this is in part 
due to the ability of HMC to limit Na+ 
accummulation in leaves. Future studies 
assessing other biochemical markers such as 
reactive oxygen species accummulation, 
oxidative stress tolerance and antioxidant 
responses of these soybean accessions under salt 
stress contribute to further elucidation of other 
mechanisms mediating salinity stress tolerance.  

 

Fig. 3. Effect of salt stress on soybean yield . Changes 
in leaf sodium ion content (A), pod number (B),  and 
100-seed weight (C) consequent to soil salinity. Data 
are means ± SD obtained from analysis of twelve plants 
randomly selected from each treatment for each of the 
two accessions.  Bars with different letters indicate 
statistically different means (P < 0.05). 
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4. CONCLUSION 

This study shows that decreased soybean yield 
under salt stress is manifested as a decrease in 
shoot length, stem diameter, number of 
branches, pod number and seed weight. The 
study suggests that such negative impacts can be 
mitigated by improving the ability of soybean to 
limit salt accumulation in leaves.  
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In this study, we analyzed salt tolerance in two varieties of Medicago sativa at 
the vegetative stage. Gabès2355 and Californian varieties of M. sativa were 
cultivated under control treatment and under a range of salt concentrations (50 
mM, 100 mM, 150 mM, and 200 mM NaCl) in a greenhouse. At harvest, ten 
quantitative characters related to aerial and root growth were measured for 
plants of both varieties. Results from ANOVA showed that the variation of the 
traits measured is explained by the effects of variety, treatment and the 
interaction of variety x treatment. The treatment factor represents the most 
pronounced effect. While the Californian variety was more sensitive than the 
Gabès variety under 50 mM NaCl, it was the most tolerant under higher 
concentrations of NaCl. Specific correlations between measured traits were 
noted under control treatment and salt stress. Further work is needed to 
evaluate the agronomic performances of both varieties in the field under salinity 
constraint. 
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1. INTRODUCTION 

The United Nations predicts that the world 
population will be above 9.7 billion by 2050. 
This implies that the yield of crop plants of 
economic interest should significantly increase 
to meet this population growth. However, plants 
are subject to several environmental constraints 
which are exacerbated by climate change. 
Among these constraints, salinity and drought 
are the main factors limiting productivity of 
forage crops in the world, particularly in Africa.  

Cultivated alfalfa (Medicago sativa L.), regarded 
as the “queen of forage plants”, is one of the 
forage species most widely used for animal feed. 
It is an allogamous perennial legume. The 
Medicago sativa complex includes both diploid 

(2n = 2x = 16) and tetraploid (2n = 2x = 32) 
subspecies (Yu et al., 2017). M. sativa is 
cultivated for its high protein content (ranging 
from 15 to 25%) and its ability to improve soil 
fertility and structure through biological 
nitrogen fixation and prevention of soil erosion 
(Cullen and Hill, 2006). It is also cultivated as an 
industrial source of protein and carotene, and 
used in dietetics (Gawel et al., 2017). 
Despite the chronic shortage of fodder, 
especially during dry periods of the year, for 
livestock feed in the majority of African 
countries, alfalfa is cultivated in only a few 
Northern and Southern African countries. In 
Tunisia, alfalfa is cultivated over an area of 
approximately 13,000 ha, 77% of which is found 
in the oases in the South of the country 



Journal of Oasis Agriculture and Sustainable Development  
www.joasdjournal.com 

DOI : https://doi.org/10.56027/JOASD.spiss042021 |  Special Issue | June 2021 26 
 

RESEARCH ARTICLE 

(Basigalup et al., 2014) while South Africa is the 
main alfalfa producing country in the South of 
the continent, with around 300,000 ha under 
irrigated cultivation (Mauriès, 2003). 
Selection of new varieties of M. sativa tolerant to 
salinity could be one of the main solutions to 
promote its cultivation in marginal areas. In this 
context, morpho-physiological characterization 
of varieties under this constraint is a necessary 
prerequisite for any program aimed at 
improving agronomic performance in this 
species. 
The present work aims to compare and explore 
the diversity of responses to salt stress among 
the local variety Gabès2355 and a Californian 
variety of M. sativa. 

2. MATERIALS AND METHODS  

2.1. Plant material and growth 
conditions 

Two varieties of M. sativa were used. they 
include the local variety Gabès2355 and the 
Californian variety kindly provided by Mr. 
Mohamed Abdelhak Khorchani from the 
Tunisian Grain Company (COTUGRAIN). The 
seeds of both varieties were sown in 5 liter pots 
(diameter of 22.8 cm and height of 18 cm) filled 
with a mixture of soil and compost (2: 1). Each 
pot contained two plants. At the 6th leaf stage, 
the plants were divided into five lots. A first 
batch was cultivated under control treatment (0 
mM NaCl) and the other 4 batches were irrigated 
with different salt concentrations of 50 mM, 100 
mM, 150 mM, and 200 mM NaCl. Twenty (20) 
replicates per variety and treatment were used, 
giving 200 plants.  

The plants of each variety were organized into 
10 blocks. The culture system used was a split 
plot with total randomization within each block. 

2.2. Measured characters 

Ten characters were measured for the two 
studied varieties at harvest. They include the 

number of axes (NA), length of stems (LS), 
number of internodes (NIN), number of leaves 
(NL), aerial fresh weight (AFW), aerial dry 
weight (ADW), length of roots (LR), root fresh 
weight (RFW), root dry weight (RDW), 
root/shoot ratio (RDW/ADW). 

The dry matter was estimated after drying out 
the aerial and root parts in a Memmert UN55 
oven (Memmert GmbH + Co. KG, 
info@memmert.com) at 60°C for 48 hours. 

2.3. Data analysis  

The data obtained were subjected to a two-way 
analysis of variance (variety and treatment). 
Only the characters which showed a significant 
variety x treatment interaction were retained for 
further statistical analyzes. The comparison of 
means was made using Duncan's test at the 5% 
level. The correlations between the measured 
parameters were carried out by estimating the 
Pearson correlation coefficient. All these 
analyzes were performed using SPSS software 
(version 20.0 SPSS Inc., Chicago, IL, USA). 

3. RESULTS AND DISCUSSION 

Our results showed that the variability of the 
traits measured is explained by the effects of 
variety, treatment and the interaction of variety 
x treatment (Table 1). The treatment factor 
represents the most pronounced effect. Five of 
the ten traits measured showed a significant 
difference between the two varieties, while only 
three traits whose variation is explained by the 
interaction of variety x treatment were 
observed. Accordingly, numerous studies 
reported that the abiotc stress treatment was the 
main factor responsible of the variation of 
characters measured among lines of M. 
truncatula (Arraouadi et al., 2011; Hdira et al., 
2021), Medicago species (Badri et al., 2016a,b), 
and Hordeum marinum (Saoudi et al., 2019). 

The number of internodes (NIN) revealed 
significant differences among both varieties with 

Table 1. Effects of variety, treatment and the interaction of variety x treatment on measured traits for the 
two varieties of M. sativa. 

 
 

NA LS NIN NL AFW ADW LR RFW RDW RDW/ADW 

Variety F 2.33 2.83 42.61 2.06 2.39 0.86 13.51 11.27 15.75 39.97 
P 0.129 0.095 0.000 0.154 0.125 0.356 0.000 0.001 0.000 0.000 

Treatment F 4.71 48.55 25.91 56.85 32.23 32.96 4.37 18.92 21.54 11.43 
P 0.002 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 

Variety x treatment F 1.41 1.96 4.06 0.54 2.45 2.19 0.70 4.98 0.33 0.47 
P 0.235 0.105 0.004 0.704 0.050 0.075 0.594 0.001 0.857 0.759 

F: Coefficient of Snedecor-Fisher. Significant (P≤0.05). The number of axes (NA), length of stems (LS), number of 
internodes (NIN), number of leaves (NL), aerial fresh weight (AFW), aerial dry weight (ADW), length of roots (LR), root 
fresh weight (RFW), root dry weight (RDW), and the root/shoot ratio (RDW/ADW). 
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highest values noted for the Californian variety 
under control treatment and salinity constraint 
(Fig. 1). While there is no significant difference 
for NIN in each variety under control treatment 
and 50 mM NaCl, a significant decrease was 
noted under 100 mM, 150 mM and 200 mM 
NaCl. Each studied variety showed similar means 
of NIN under 150 mM and 200 mM (Fig. 1.). In 
addition, there was no significant difference of 
NIN among the two varieties under these 
concentrations. 
The decrease in NIN ranged from 2.21 to 22.06% 
and from 0.88 to 30.68% under salt stress for 
the Gabès and Californian varieties, respectively 
(Fig. 2.). Whereas a slightly higher decrease in 
NIN was found for Gabès under 50 mM and 100 
mM NaCl, the highest reductions were registered 
for the Californian variety under 150 mM and 
200 mM NaCl.   

Under control treatment, the highest value of 
aerial fresh weight (AFW) was observed for 
Gabès (Fig. 3.). There were significant 
differences in AFW values for Gabès under the 
different salt treatments while the Californian 

variety showed similar behavior under 50 mM 
and 100 mM NaCl. Under salt stress (150 mM 
NaCl), the Californian variety exhibited the 
highest aerial vigor.  
On the other hand, there is a decrease in AFW 
with the augmentation of salt stress level for 
both varieties (Fig. 4.). The percentage of 
reduction of AFW ranged from 18.99 to 73.84% 
and from 27.46 to 59.07% for Gabès and the 
Californian variety, respectively. While the 
Californian variety was more sensitive than 
Gabès under 50 mM NaCl, it was the most 
tolerant for the remaining concentrations of 
NaCl. 
 
As mentioned below, there is a proportionally 
opposite relationship between aboveground 
biomass and salt concentration in the two 
varieties studied (Fig. 5.). Our results showed 
that the two concentrations (127.11 mM and 
160.49 mM NaCl) induced a reduction of 50% of 
AFW for Gabès and the Californian variety, 
respectively. This result suggests that the 
Californian variety is more tolerant than Gabès 
to the high concentrations of salt.  

 
Fig. 1. Means of the number of internodes (NIN) 
measured for both varieties of M. sativa under 
control treatment and 50 mM, 100 mM, 150 mM 
and 200 mM NaCl. Means followed by the same 
or common letter(s) are not significantly 
different among studied varieties based on the 
Duncan test at 5%. 
 

 
Fig. 2. Sensitivity index (SI) of the number of 
internodes (NIN) measured for both varieties of 
M. sativa under 50 mM, 100 mM, 150 mM and 
200 mM NaCl. 
 

 
Fig. 3. Means of the aerial fresh weight (AFW) 
measured for both varieties of M. sativa under 
control treatment and 50 mM, 100 mM, 150 
mM and 200 mM NaCl. Means followed by the 
same or common letter(s) are not significantly 
different among studied varieties based on the 
Duncan test at 5%. 

Fig. 4. Sensitivity index (SI) of the aerial fresh 
weight (AFW) measured for both varieties of 
M. sativa under 50 mM, 100 mM, 150 mM and 
200 mM NaCl. 
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Under control treatment, Gabès showed higher 
RFW than the Californian variety (Fig. 6.). While 
there was no significant difference in RFW for 
Gabès under the control treatment and 50 mM 
NaCl, a significant decrease was registered under 
the remaining concentrations of salt. 
Furthermore, the Californian variety exhibited 
similar values of RFW under salt stress.  

On the other hand, significant reductions of RFW 
ranging from 12.57 to 70.86% and from 25.44 to 
41.23% were noted for Gabès and Californian 
variety, respectively (Fig. 7.). As for AFW, the 
Californian variety was more affected for RFW 
than Gabès under 50 mM NaCl, while it was the 
most tolerant under the remaining levels of salt. 
Accordingly, Jabri et al. (2021) showed that the 
Californian variety was less affected than an 

ElHamma variety for root length and fresh 
weight under salt stress. 

Among the three possible correlations, one 
significant correlation was found between AFW 
and RFW under the control treatment, 50 mM 
and 100 mM NaCl while three correlations were 
registered under 200 mM NaCl (Table 2). 
Accordingly, numerous studies reported that the 
relationship between analyzed traits is affected 
by abiotic stress treatment. Arraouadi et al. 
(2011b, 2012) showed that most correlations 
between measured characters were noted under 
salt stress. Moreover, Badri et al. (2016a) 
reported that relationship between measured 
traits for natural populations of M. truncatula 
were dependent on the treatment factor. Saoudi 
et al. (2019) showed that there are specific 
correlations between measured characters for 
lines of H. marinum under control treatment and 
salt stress. 
 

 
Fig. 5. Linear regression of the aerial fresh 
weight (AFW) as function of the salt 
concentrations (50 mM, 100 mM, 150 mM and 
200 mM NaCl) in Gabès (Gab) and Californian 
(Cal) varieties of M. sativa. 

 
Fig. 6. Means of the root fresh weight (RFW) 
measured for both varieties of M. sativa under 
control treatment and 50 mM, 100 mM, 150 mM 
and 200 mM NaCl. Means followed by the same 
or common letter(s) are not significantly 
different among studied varieties based on the 
Duncan test at 5%. 

 
Fig. 7. Sensitivity index (SI) of the root fresh 
weight (RFW) measured for both varieties of M. 
sativa under 50 mM, 100 mM, 150 mM and 200 
mM NaCl. 
 

Table 2. Correlations between measured 
characters for the two varieties of M. sativa 
under control treatment and salinity conditions. 

                Control treatment 50 mM NaCl 
 NIN AFW RFW NIN AFW RFW 
NIN 1.00   1.00   
AFW -0.09 1.00  0.23 1.00  
RFW -0.30 0.76** 1.00 -0.09 0.76** 1.00 

                100 mM NaCl 150 mM NaCl 
 NIN AFW RFW NIN AFW RFW 
NIN 1.00   1.00   
AFW -0.03 1.00  0.26 1.00  
RFW 0.19 0.81** 1.00 -0.11 0.39 1.00 

                 200 mM NaCl 
 NIN AFW RFW    
NIN 1.00      
AFW 0.59** 1.00     
RFW 0.54** 0.82** 1.00    

**Correlation is significant at the 0.01 level (2-tailed). 
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4. CONCLUSION 

Overall, all measured traits for both varieties 
were affected by salt stress while only three 
characters (NIN, AFW and RFW) were explained 
by the interaction of variety x treatment. The 
Californian variety was less affected by salinity 
than the Gabès variety. The two concentrations 
(127.11 mM and 160.49 mM NaCl) lead to a 
reduction of 50% of the aerial fresh weight for 
Gabès and the Californian variety, respectively. 
Further work is needed to assess the 
productivity of both varieties in the field under 
salinity constraint. 
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Quinoa is a pseudo-cereal native to the Andes known for its exceptional 
adaptation to extreme soil and climate conditions. The study of the response of 
Chenopodium quinoa to osmotic stress and the contribution to improving its 
yield aims to ensure production in arid and semi-arid regions as an alternative 
crop. The aim of this study is to test the germination capacity of 5 selected 
varieties; CQ-57, UDEC-2; ICBA-4, ICBA-5 and 115-R subjected to varying 
osmotic pressures using solutions of PEG-6000 and NaCl. Seeds are incubated at 
25 °C for 10 days. Results showed that osmotic stress increases the lag phase but 
does not affect the germination rate at low concentrations of PEG and NaCl. 
While for high concentrations the germination rates decrease as compared to 
controls. Radicale and hypocotyl lengths decreased with increasing the degree of 
osmotic stress. The effects of osmotic stress are comparable in the 5 varieties. At 
high concentration of PEG or NaCl, ICBA-5 and CQ-57 exhibited the highest value 
of germination rate showing the capacity of these varieties to establish itself in 
regions suffering from salinity or water deficit.  
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1. INTRODUCTION 

Seed germination constitutes an essential stage 
in the life cycle of plants, it dependent on the 
genetic characteristics of the species and the 
biotic and abiotic conditions of the environment 
to which the seeds are exposed. In arid and semi-
arid regions plants are subjected to salinity and 
to water shortage. Water uptake by the seed 
during the germination process is hampered by 
the negativity of the soil matrix potential (Santos 
et al., 2016). Excessive amounts of salts and soil 
water deficiency are abiotic factors that directly 
interfere with seed germination and full crop 
development limiting maximum yield 
performance (Torres et al., 2000). In addition to 
the restriction of water uptake due to reduced 
soil potential toxic effects on seeds undergoing 
the germination process have been observed. 
These toxic effects can lead to alterations in cell 
metabolism, a reduction in the percentage and 
speed of germination and changes in the 

development and growth of seedlings (Pelegrini 
et al., 2016). 
Water movement from the medium to seed is 
necessary to initiate the germination process. 
This movement is closely related to the presence 
of water potential gradient which is limited by 
the presence of salts in soil solution 
consequently reduces the water absorption of 
the seeds (Pereira et al., 2014). Besides the 
negative interference caused by the toxicity of 
plants, the presence of salts in the solution can 
act as an inducer of water stress in plants (Souza 
and Cardoso. 2000). In this sense the evaluation 
of the germination process and the development 
of seedlings under conditions of salinity and 
water shortage are important since they can be 
related to the sensitivity or tolerance of crops to 
later stages of development (Liu et al., 2018).  
Quinoa (Chenopodium quinoa Willd.) is a plant 
that belongs to the Amaranthaceae family. This 
plant is native to the Andes of South America 
(Ceccato et al 2011). Quinoa exhibits high yield 
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potential under adverse climatic and soil 
conditions. In addition, the grains present 
enhanced nutritional properties,  arising as a 
complement in human and animal diets,  besides 
being used as a forage and cover crop 
(Strenskeet al., 2017). Effects of osmotic stress 
induced by NaCl and PEG has been reported by 
Barbieri et al 2019 on Chenopodium quinoa at 
germinative stage, the used concentrations are 
low indeed osmotic potential of the solution 
didn’t exceed -0.4 MPas. The effects of a high 
concentration of PEG and salt on seed quinoa 
germination was poorly investigated thus this 
study aims to evaluate the variability of response 
of five quinoa varieties to osmotic stress induced 
by NaCl and by PEG (osmotic potential ranged 
between 0 and -2.5 MPas) on germination 
process and parameters. 

2. MATERIALS AND METHODS  

2. 1. Plant material 

Five varieties of quinoa were used in this study 
CQ-57, UDEC-2, ICBA-4, ICBA-5 and 115-R. These 
varieties are commercial and they differ in their 
morphological aspects, color of the seeds, height 
of the plant, length of the development cycle. 
CQ57 and UDEC2 are from Bolivia. ICBA-4, ICBA 
(4 and 5) and 115-R are from the International 
Center for Biosaline Agriculture. Seeds were 
provided by the United States, Department of 
Agriculture (USDA) and the seedbank of 
International Center for Biosaline Agriculture 
(ICBA). All studied varieties are commercial. 

2.2 Germination test 

The experiment consists on studying the effect of 
osmotic stress on the germination seed capacity 
of 5 varieties of quinoa. For this purpose, the 
seeds are soaked for two hours in distilled water 
then they are germinated in boxes of 14 cm in 
diameter lined with a double layer of paper filter 

soaked in a solution of sodium chloride (NaCl) at 
different concentrations (0, 100, 200, 300, 400 
and 500 mM), with a solution of PEG (175, 225, 
275 and 305 g/l) corresponding to (-0.5, -1, -1.5, 
-2, -2.5 MPas respectively) and a combined 
treatment of 100 mM NaCl and 225 g/l PEG or 
200 mM NaCl and 175 g/l PEG. The boxes 
containing 20 seeds are placed in an air-
conditioned chamber at a constant temperature 
(25°C) and under an illumination of (10 μmol m-
2s-1). The Petri dishes are examined every 2 
hours to follow the germination of the seeds. The 
number of seeds that have germinated is noted 
and the germination percentage is thus 
calculated.  

2.3 Statistical analysis 

Data were analysed using the statistical software 
STATISTICA 5.0 (Dell Software). Significant 
differences between means were separated 
using the Tukey test (P = 0.05). 

3. RESULTS 

3.1. Effect of osmotic stress on 
germination capacity  

As shown in Fig. 1 a large variability was 
observed in the response of the five varieties of 
quinoa to osmotic stress. This response is 
dependent on different agents used in the 
culture medium and their concentrations. Under 
control conditions, germination rate is about 
100% in all studied varieties with the exception 
of ICBA 4 (66%). The application of moderate 
salinity (100 mM NaCl) did not have a 
considerable effect on the germination rate in 
the three varieties CQ-57, ICBA-5 and UDEC-2, 
however, it decreased slightly in the two other 
varieties. At 200 mM NaCl final germination rate 
decreased significantly by 35% in ICBA 4. 
However, when subjected to high doses of salt 
(400 and 500 mM NaCl) a significant decrease in 
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Fig. 1. Final germination rate (%) in 5 varieties of Chenopodium quinoa subjected to different doses of  
NaCl (0, 100, 200, 300, 400 and 500 mM), of PEG (175, 225, 275 and 305 g / l) and of the combined 
treatment (200/175 and 100 mM /225 g / l). 
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the germination rate was recorded in all studied 
varieties. For example in the presence of 400 
mM NaCl germination rate was about 46, 0, 16, 1 
and 1% for varieties ICBA-5, CQ-57, UDEC-2, 
115-R and ICBA-4 respectively. When the salt 
concentration in the medium exceeds 500 mM 
NaCl, almost of the varieties are unable to 
germinate. PEG supply at different 
concentrations (175, 225, 275 and 305 g/l) has 
the same effects on the final germination rate of 
the different studied varieties as compared to 
that of NaCl. Indeed for low concentrations (175 
and 225 g / l) the final germination rate is very 
important in different varieties. High doses of 
PEG decreased significantly the germination rate 
essentially for the varieties UDEC-2, 115-R and 
ICBA-4 in the presence of 275 g/l by 22, 63 and 
43% respectively as compared to the control. At 
305 g/l PEG a reduction in the germination rate 
was recorded for all varieties ranging from 29% 
for ICBA-5 to 86% for 115-R. The application of 
the combined doses of NaCl and PEG (200/175 
and 100/225) causes a decrease in the 
germination rate especially for varieties 115-R 
(25%) and ICBA-4 (10%). It is also observed that 
there is no germination for the UDEC-2 variety 
for the treatment (100 mM NaCl/275 g / l PEG) 
for the other varieties the germination rate is 
between 76 and 56% for the two treatments. 

3.2. Effect of osmotic stress on the on the 
latency time of quinoa varieties 

The application of the saline treatment caused a 
gradual increase in the duration of the lag phase 
in all varieties (Table 1). This increase is 
proportional to the dose of NaCl and PEG with a 
more accentuated effect observed in medium 
supplemented with 400 and 500 mM NaCl and 

305 g/l PEG and more particularly in varieties 
115-R and ICBA-4. Even more both varieties 
115-R and ICBA-4 exhibit the longest lag phase 
duration. This duration varies from 23, 40, 52 
and 38 on control medium (0 mM) to 91, 65, 
107, 61 and 92 h on medium supplemented with 
NaCl (300 mM)  respectively for the varieties 
115-R, CQ-57, ICBA- 4, ICBA-5 and UDEC-2 and 
to 99, 70, 116 and 68 h on medium added with 
305 g / l PEG. 

3.3. Effect of osmotic stress on 
germination rate expressed by T50 

Analysis of data in Table 2 illustrating the effect 
of increasing concentrations of NaCl and PEG on 
the germination rate expressed as the mean 
germination time (T50 time required for 50% 
germination) shows that the mean germination 
time (T50) increases gradually with increasing 
the dose of NaCl in all varieties. It varies from 41, 
46, 41, 49 and 93 h on control medium to 77, 90, 
and 131 h on medium supplemented with NaCl 
(300 mM) respectively in the varieties ICBA-5, 
CQ-57 and UDEC-2 for the other varieties (115-R 
and ICBA-4) the number of germinated seeds is 
less than half of the total number of seeds. This 
gradual decrease in the germination rate as a 
function of increasing salinity is more marked in 
the two varieties 115-R and ICBA-4 as compared 
to the others. The same effect is observed for the 
seeds of the different varieties germinated on 
media supplemented with different doses of PEG 
in fact, the germination rate (T50) gradually 
increases with the increase in the concentration 
of PEG used to reach 103, 87, and 99 h 
respectively for varieties ICBA-5, CQ-57 and 
UDEC-2. 

Table 1. Effects of the different doses of NaCl. PEG 
and NaCl / PEG on the latency time in 5 varieties 
of Chenopodium quinoa 

Variety 115 R CQ-57 ICBA-4 ICBA-5 UDEC-2 

Control 23.33 bc 40.00 ef 52.67 f 38.00 bcde 38.00 bcde 

N
aC

l m
M

 

100 38.67 bcd 48.00 f 64.67 g 40.67 cde 42.00 f 

200 50.67 f 49.33 f 76.67 i 50.00 f 70.00 hi 

300  91.33 i 65.33 h 107.33 k 61.33 g 92.67 j 

400 0.00 a 0.00 a 126 kl 99 k 96.00 jk 

500 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 

P
E

G
 g

/l
 

175  49.33 f 50.67 f 78.00 i 48.00 f 40.00 f 

225  44.00 f 54.67 g 95.33 j 48.67 f 41.33 f 

275  56.67 g 59.33 g 96.00 j 56.00 gh 63.33 gh 

305  99.33 k 70.67 h 116.67 k 68.67 h 68.00 hi 

100/225  61.33 g 67.33 hi 88.00 ij 68.00 h 0.00 a 

200/175  36.00 bcd 93.33 j 137.33 l 71.33 hi 76.67 hi 

 

Table 2: Effects of the different doses of NaCl, PEG 
and NaCl / PEG on the germination rate expressed by 
T50 in 5 varieties of Chenopodium quinoa 
Variety ICBA-5 CQ-57 UDEC-2 115 R ICBA-4 

Control 41.33b 46.00bc 41.33b 49.33bcd 93.00ijk 

N
aC

l m
M

 

100 52.00 bcd 50.00 bcd 60.00 de 80.00 fghi 112.00 lm 

200 54.33 bcd 58.33 cde 88.33 ghij 99.00 jkl 0.00 a 

300 77.33 fgh 90 ghijk 131.67 jkl 0.00 a 0.00 a 

400 13.008n 0.00 a 0.00 a 0.00 a 0.00 a 

500 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 

P
E

G
 g

/l
 

175 49.67 bcd 54.67 bcd 52.67 bcd 80.33 fghi 135.67 n 

225 60.00 de 58.33 cde 59.33 cde 88.67 ghij 0.00 a 

275 70.67 ef 76.67 fg 86.00 ghij 0.00 a 0.00 a 

305 103.33 ke 87.67 ghij 99 jkl 0.00 a 0.00 a 

100/225 94.33 jk 96.33 jkl 0.00 a 0.00 a 0.00 a 

200/175 92.33 ijk 117.00 m 109.00 m 0.00 a 0.00 a 
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3.4. Effect of osmotic stress on radicle 
length 

The result reported in Fig. 2 represents the 
variation in the length of the radicle of the 
different varieties as a function of different doses 
of NaCl and PEG, in fact it appears that for all the 
varieties the length of the radicle is affected by 
the increase in concentrations of salt or PEG in a 
significant way. For the control treatment the 
length of the radicle is of the order of 4.2, 3.5, 
3.6, 3.9 and 2.5 cm respectively for the varieties 
CQ-57, 115-R, ICBA-5, UDEC-2 and ICBA-4 
whereas it is of the order of 1 cm for the variety 
CQ-57 and which does not exceed 0.5 cm for the 
other varieties for the 300 mM saline treatment, 
for the doses 400 and 500 mM NaCl radicle 
emergence was inhibited  

3.5. Effect of osmotic stress on hypocotyl 
length  

Fig. 3 shows that the variation in the hypocotyl 
length dependent on the applied doses of NaCl 
and PEG. Analysis of the results shows that the 
gradual increase in the concentrations of the 
agents used induces an inhibitory effect on the 
length of the hypocotyl in all varieties. In control 
condition the varieties CQ-57 and ICBA-5 show 

the longest hypocotyl (respectively 2.4 and 1.9 
cm). Moderate salinity (100 and 200 mM) did 
not have a significant effect on hypocotyl length 
compared to the control in all varieties. The 
application of high concentrations of NaCl causes 
a decrease in hypocotyl length. Regarding the 
treatment with PEG we notice that at low doses 
(175 and 225 g / l) increases the length of the 
hypocotyl as compared to control, it exceeds 3.6 
and 2.1 cm respectively for the varieties CQ-57 
and UDEC-2 (the increase was about 1.2 and 0.3 
cm). At a high dose of PEG (305 g/l) hypocotyl 
length of the variety CQ-57 remains greater than 
the control, while there is a decrease for the 
other varieties. The application of the combined 
treatment between salt and PEG induces a 
decrease in the hypocotyl length in all varieties. 
 

4. DISCUSSION  

The present study aimed at investigating the 
effects of osmotic stress induced by NaCl and 
PEG during the germination stage of five 
varieties of quinoa in order to determine their 
potential for osmotic stress tolerance and to 
recognize the most tolerant and sensitive 
variety.  
Our results showed a large variability in the 
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Fig. 2. Effect of different doses of NaCl and PEG on the average radicle length in 5 varieties of 
Chenopodium quinoa. 
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Fig. 3. Effects of different doses of NaCl and PEG on the average hypocotyl length in 5 varieties of 
Chenopodium quinoa. 
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response of quinoa to osmotic stress. This 
response is dependent on different agents used 
in the culture medium and their concentrations. 
In our case, moderate osmotic stress did not 
have a considerable effect on the germination 
rate in the most of studied varieties. However, a 
high doses of NaCl or decreases significantly the 
germination capacity and essentially in the two 
varieties 115-R and ICBA-4. Our results are in 
agreement with several studies which have 
shown the reducing effect of NaCl and PEG on 
most of the germination parameters (Dehnavi et 
al., 2020; Herrera and Pinto 2009). The decrease 
in the germination rate recorded can be 
explained by the accumulation of toxic ions 
inside the cells of the seeds or the decrease in 
the water potential in the culture medium 
caused by the addition of NaCl or PEG. As a result 
water availability decreases inside the cells of 
the seed thus preventing the phenomenon of 
germination and all the mechanisms which 
trigger it such as imbibitions (by the reduction of 
all the enzymatic synthesis pathways of 
aquaporins which have a main role in the 
mechanism of water penetration inside the seed) 
(Kshetrimayum et al. 2017) and the resumption 
of metabolic activities. It has been reported by 
Almansouri et al., 2001 that in durum wheat. 
PEG didn't have any effects on the mobilization 
of reserves. The main effect of PEG occurred via 
an inhibition of water uptake while detrimental 
effects of NaCl may be linked to long-term effects 
of accumulated toxic ions. 
Regarding the germination kinetics and 
according to our data. sodium chloride affects 
the initiation of germination particularly under 
the high concentration 400 and 500 mM and that 
for the 5 varieties. Salinity stress may have much 
effect on delayed germination time than on final 
germination percentage for most crops 
(Almansouri et al., 2001; Hajlaoui et al., 2007). 
Liu et al., 2018 reported that a delay of water 
uptake and a decrease in α-amylase activity with 
an increase in the concentration of NaCl could be 
implied in delaying of the germination time in 
rice. Authors showed that the decrease in the α-
amylase activity was higher in the salt-sensitive 
genotypes than in the salt-tolerant genotypes. 
This reduction in the α-amylase activity results 
with a significant reduction in the translocation 
of sugars, essential for the developing embryo. 
Besides, decreasing sugar concentrations also 
change the osmotic potential of growing cells, 
resulting in a decrease in water uptake. 
Our study also shows an increase in the 
germination time observed in all treatments 

with PEG or NaCl (for all varieties) in 
comparison with those of the control is directly 
related with a decrease in the germination rate 
expressed by T50 (the time means necessary for 
the germination of 50% of the seeds of the same 
Petri dish) which may be the consequence of an 
alteration of the enzymes or / and hormones 
which are involved in the process of seed 
germination (Ghrib et al 2011) or the result of 
delayed seed imbibitions (Jaouadi et al., 2010) or 
even the total death of the embryo by excess of 
toxic ion (Na + and Cl-) inside the seed (Hajlaoui 
et al., 2007). 
Radicle and hypocotyl lengths are also affected 
by osmotic stress in all varieties (except variety 
CQ-57, hypocotyl length stimulation is recorded 
for treatments 100 Mm NaCl, 175, 225, 275 and 
305 g / l PEG) this indicates that osmotic stress 
exerts a reducing effect on the length of the 
aerial parts of the plant. These results are in 
agreement with those of (Akram et al. 2002) 
who demonstrated that osmotic stress and 
essentially the use of increasing concentrations 
of NaCl induces a reduction in the medullar and 
cortical parenchyma in wheat. Other studies 
have shown that the decrease in the length of the 
roots can be explained by the inhibition of the 
division of the cells and their elongation which 
stops the tubular formation and the lignification 
leading to the formation of the conductive tubes 
of the radicle and the lignification hypocotyl 
(Fraser et al. 1990).  

5. CONCLUSION 

Our study showed that Osmotic stress led to a 
decrease in the germination rate and in the 
length of the hypocotyl and to an increase in lag 
phase of different studied varieties. The effects 
of salt at high concentration (400 and 500 mM) 
are more pronounced when compared to its iso-
osmotic concentration of PEG (275 and 300 g/l). 
The 2 varieties ICBA-5 and CQ-57 are the most 
tolerant to osmotic stress at the germinative 
stage however ICBA-4 is the most sensitive one. 
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Zea mays L. (maize) is one of the top three cultivated cereals globally, along with 
wheat and rice. The United States, China, and Brazil are among the largest 
producers of maize, producing approximately 79% of the world’s maize. Maize is 
used to produce human food and animal feed. It is also used to produce 
industrial products such as starch sweeteners, oil, beverages and bioethanol. 
South Africa produces maize as well. However, this production is relatively 
insignificant compared to the major producers. Furthermore, South Africa is a 
semi-arid country and as such receives less rainfall and has annual droughts. 
This has negative implications on maize production, which threatens food 
security. The sole reliance on a limited number of staple cereals is not a 
sustainable option. In order to truly improve food security, the diversification of 
staple cereals is necessary. Therefore, this review aims at discussing the 
diversification of staple cereals in southern Africa, specifically focusing on 
sorghum, pearl millet, finger millet and teff. These African indigenous cereals are 
known for their environmental resilience as well as having nutritional benefits. 
Southern Africa will experience more droughts in the future as a result of 
climate change, which will undoubtedly impact maize yields. Therefore, it is 
important that efforts are intensified to ensure that indigenous drought-adapted 
crops are fully exploited to improve future food security. 
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1. INTRODUCTION 

Zea mays, commonly known as maize/corn, 
originated from the domestication of a wild 
grass known as teosinte (Zea mays ssp. 
parviglumus) around 9000 years ago in southern 
Mexico (Yang et al., 2019). Since its 
domestication, maize has grown to be a global 
crop with the largest producers being the United 
States, China and Brazil, producing 
approximately 79 % of the world’s maize. Maize 
can be used to produce many food and industrial 
products such as starch sweeteners, oil, 
beverages and bioethanol, to name a few 

(Ranum et al., 2014). South Africa consumes 
about 10,5 million tons of maize per year. During 
the 2017/2018 season, 16.8 million tons were 
produced, with11.8 and 16.5 million tons 
produced during the 2018/2019 and 2019/2020 
seasons, respectively. Nonetheless, consumption 
during 2019/2020 increased to 13 million tons, 
indicating that South Africa met its local 
consumption but had very little to export. South 
Africa is a semi-arid country which experiences 
frequent droughts. Drought is one of the major 
contributing factors to yield losses in maize 
(Wang et al., 2020). Furthermore, the frequency 
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of these droughts is more likely to increase as a 
result of climate change. Significant research 
efforts have focused on producing drought 
tolerant maize varieties. Reliance on a limited 
number of staple cereals is not a sustainable 
option. In order to truly improve food security, 
the diversification of staple cereals is necessary. 
Hence, there is a need for the use of alternative 
African indigenous cereals which are better 
acclimated to the African environment. However, 
these indigenous cereals have no place in 
common agricultural practises today and as such 
are orphan cereals. Orphan crops are considered 
to be crops that have either originated or been 
domesticated in a geographical location over 
many years but have been neglected. These 
crops are often grossly underutilised and often 
neglected in terms of their development and 
potential (Mabhaudi et al., 2019). The use of 
these orphan cereals has major potential to 
become staple cereals along with maize. 
Therefore, this review focuses on four orphan 
cereals namely pearl millet, finger millet, 
sorghum and teff as potential future cereal 
staples for improving food security in Africa. 

2. AFRICAN INDIGENOUS CEREALS 

2.1 Sorghum 

Sorghum bicolour (L.) Moench, commonly 
known as sorghum, is a grain crop that belongs 
to the grass family Poaceae. It is the fifth major 
staple cereal after maize, wheat, rice and barley.  
Sorghum was domesticated around 4000-6000 
BC in Sudan (Winchell et al., 2017). This cereal 
crop still has many uses today as a source of 
food, animal fodder, the production of beverages 
and biofuels. Sorghum serves as a staple for 
more than 500 million people in more than 30 
countries. Additionally, sorghum is known for its 
drought tolerance and as such has major 
potential in improving food security under 
persistent drought (Mwadalu and Mwangi, 
2013). This is especially relevant to semi-arid 
countries in Sub-Saharan Africa. 

2.2 Pearl millet 

Pennisetum glaucum (pearl millet), belongs to 
the Poaceae grass family. This crop originated in 
central tropical Africa around 4000-5000 years 
ago. Pearl millet currently accounts for 
approximately 50 % of millet production 
globally. Millets can be used for human 
consumption and animal feed (Basavaraj et al., 
2010). Pearl millet has been identified as one of 

the most resilient cereal grain crops owing to its 
development in semi-arid tropical regions. Pearl 
millet has traditionally been grown in hot 
arid/semi-arid regions, and thus, as a result of 
adaptive evolution, varieties with enhanced 
drought and heat stress tolerance have persisted 
because of natural selection (Serba and Yadav, 
2016). A drought and heat tolerant cereal such 
as pearl millet could have major contributions to 
food security in semi-arid regions. 

2.3 Finger millet 

Eleusine coracana (L.) Gaertn, commonly 
known as finger millet, belongs to the Poaceae 
family of grasses. It was domesticated in eastern 
Africa and can be used for malting and beverage 
brewing, as well as human and animal feed. Just 
like pearl millet, finger millet is considered to be 
a drought-hardy crop as a result of its adaptation 
to semi-arid climates (Antony Ceasar et al., 
2018). Furthermore, finger millet has a high 
calcium content as well as dietary fibre and 
antioxidant phenolic compounds (Thapliyal and 
Singh, 2015). Therefore, the exploitation of this 
crop would contribute significantly to improving 
food security as it is both nutritious and 
drought-hardy.  

2.4 Teff 

Eragrostis tef (Zuccagni) Trotter is commonly 
known as teff and originated in Ethiopia around 
4000 BC. Teff is still significantly cultivated as a 
staple in Ethiopia today where it is grown for 
human consumption (mainly to make flat bread 
called injera) as well as animal fodder 
(Gebremariam et al., 2014). Furthermore, teff is 
a good source of fatty acids, minerals as well as a 
good source of the essential amino acid lysine 
which is low in other cereals.  

It is important to note that the degree of 
drought tolerance may vary between genotypes 
in these indigenous cereal crops. However, 
unlike maize, these crops have not been 
extensively exploited and as such the potential of 
evaluating drought tolerance across genotypes 
could contribute significantly to the 
identification of the mechanisms that drive their 
drought tolerance. These mechanisms would 
allow for the breeding and development of 
superior, more resilient cereals and can be used 
as a molecular ‘compass’ for improvement of 
maize drought tolerance. 
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Table 1. Nutrient profile of African cereal crops as compared to maize (per 100 g edible portion; 12% moisture). 

Nutrient Sorghum Finger millet Pearl millet Teff Maize 

Protein (g) 10.4 7.7 11.8 11 8.8 

Carbohydrates (g) 70.7 72.6 67 70.2 73 

Energy (kCal) 329 336 362 336 358 

Fat (g) 3.1 1.5 4.2 2.5 4.6 

Crude fibre (g) 2.0 3.6 3.0 3.0 2.8 

Ash (g) 1.6 2.6 2.2 2.9 1.2 

Calcium (mg) 25 350 42 165 26 

Iron (mg) 5.4 9.9 11 15.7 2.7 

Zinc (mg) 2.8 1.9 2.0 4.8 3.0 

Magnesium (mg) 140 140 114 181 108 

Potassium (mg) 220 314 418 401 324 

Phosphorus (mg) 364 273 359 414 217 

Vitamin A (RE) 21 0.6 22 8.0 0.19 

Vitamin B1 (mg) 0.38 0.42 0.38 0.39 0.38 

Vitamin B2 (mg) 0.15 0.19 0.21 0.27 0.2 

Vitamin B3 (mg) 4.3 1.1 2.8 3.36 3.6 

Vitamin B6 (mg) 0.5 NA 0.38 NA 0.62 

Vitamin C (mg) 0.0 1.0 0.0 88 0.0 

Essential Amino Acids (g/100 g) 

Histidine 0.19 0.23 0.25 0.3 0.31 

Isoleucine 3.8 3.5 4.5 3.9 3.8 

Leucine 12.8 7.0 11.6 7.5 11.9 

Lysine 2.0 1.6 2.0 2.2 3.4 

Methionine 1.0 3.3 1.6 3.0 1.9 

Phenylalanine 4.1 3.8 5.6 4.9 4.8 

Threonine 2.9 3.5 3.6 3.3 3.8 

Tryptophan 1.0 1.6 1.3 1.2 0.8 

Tyrosine 1.7 2.9 3.0 3.0 3.6 

Valine 4.9 6.5 4.5 5.5 5.2 

Cysteine 0.9 1.5 1.2 1.4 0.9 
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3. NUTRIENT PROFILE 

Sorghum, finger millet, pearl millet and teff 
are important for millions of people in Africa. 
Large amounts of these cereals are used as food 
for humans in many of the African countries but 
their use is majorly limited to animal feeding in 
developed countries. The potential of these 
indigenous crops for improving and diversifying 
human nutrition, and adapting to climate change 
is great. The nutritional profile of these crops is 
presented in Table 1 and discussed below in 
comparison with maize. Like maize, sorghum 
grain mainly comprises starch followed by 
protein, fat and fibre. However, sorghum has 
about 1.5 g less fat and more waxes compared to 
maize. Sorghum grain is mainly made of complex 
carbohydrates (Kulamarva et al., 2009). Starch 
from sorghum is similar to that from maize. 
Sorghum starch can be used interchangeably 
with maize starch in various industrial 
applications (Barcelos et al., 2011). Compared to 
maize, protein contents of grain sorghum are 
more variable, ranging from 7 to 15 g/100 g 
(Afify et al., 2012). However, most sorghum 
cultivars contain about 10.4 g protein/100 g of 
dry grain, an amount that is approximately 1.6 g 
higher than maize. In its amino acid profile, 
sorghum protein is similar to maize as it is 
deficient in cysteine. However, some amino 

acids, including tryptophan and leucine, are 
slightly more in sorghum than in maize. 
Sorghum naturally contains no gluten (Marston 
et al., 2016) and thus it can be an excellent 
substitute for gluten-containing cereals such as 
wheat. Sorghum grain is packed with 
micronutrients, it is rich with minerals like 

potassium, phosphorus, magnesium, iron and 
zinc. It also contains higher levels of vitamin A 
than maize, an essential nutrient for healthy eyes 
and stronger immune system in humans (WHO, 
2004). 

In terms of nutrient composition, the grain of 
finger millet is the most variable, its protein 
content ranges from 6 to 13 percent (Chandra et 
al., 2016), and fat levels are much less than that 
in maize. The amino acid profile of finger millet 
grain is excellent as it represents good levels of 
tryptophan, methionine and aromatic amino 
acids. It also contains greater amounts of 
cysteine than maize. Finger millet is also rich in 
minerals like potassium, calcium, phosphorus, 
magnesium and iron. It contains 350 mg of 
calcium per 100 g of dry grain, which is 
approximately 40 times higher than maize and 
three times more than milk. Millet grains are 
also gluten free, making them a good alternative 
for gluten-containing grains (Niro et al., 2019). 

Pearl millet is nutritious and is an excellent 
source of energy. Pearl millet grain contains 
higher amounts of protein than maize. The levels 
of fat and energy in pearl millet are close to 
those in maize. The amino acid profile of pearl 
millet grain is good, with decent amounts of 
tryptophan and threonine. Pearl millet grain is a 
very rich source of vitamins and minerals, it 
contains Vitamin A, potassium, phosphorus and 
calcium (Hassan et al., 2021). 

Teff grain protein content averages about 11 
g and has a high percentage of digestibility 
(Adebowale et al., 2011). Its amino acid profile is 
also excellent, with higher amounts of 
methionine, threonine and cysteine than maize. 
Teff is also rich in minerals, with about six times 
the calcium and iron, and nearly twice the 
amounts of phosphorus and magnesium, than 
maize has. Teff grain exhibits an extraordinary 
level of vitamin C compared to maize and other 
cereal crops. 
One of the nutritional concerns is that the 
protein digestibility of the indigenous cereals 
mentioned above, except for teff, tends to be 
relatively lower than other cereals. Another 
concern is that sorghum grains are high in 
tannins, which inhibit the digestion and 
absorption of nutrients such as proteins. 
However, proper processing of these grains can 
improve the overall digestibility and reduce the 
levels of tannins as well (Joye, 2019). There is 
thus a need to recognize and value the 
importance of these neglected crops in ensuring 
food security and sustainability in the African 
continent. 

 
Fig. 1. Water consumption of maize compared to 
African indigenous cereals. Average water 
consumption of maize, sorghum, pearl millet, 
finger miller and teff relative to the average 
annual rainfall in South Africa. 
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4. ADAPTATION TO DROUGHT STRESS 

4.1 Spending water wisely using climate-
smart crops 

South Africa receives an average rainfall of 
460 mm, and given that it is a semi-arid country, 
it experiences seasonal droughts (Ndiritu et al., 
2017). During times of drought, the country 
could receive well below the expected average 
rainfall. Furthermore, the frequency of drought 
is most likely to increase as a result of climate 
change. Drought has been identified as one of the 
key contributors to agricultural yield losses and 
its persistence undoubtedly poses a threat to the 
production of cereal staples such as maize.  
Under favourable conditions, maize requires 
450-600 mm of water per growing season. 
African indigenous cereals such as sorghum, 
pearl millet, finger millet and teff require 
approximately 450-650 mm, 300-550 mm, 300-
350 mm and 200-300 mm of water respectively 
to complete its life cycle (Sahet al., 2020; 
Elramlawi et al., 2018; Ullah, et al., 2017; Winch, 
2018). Therefore, based on the water 
requirements, it is evident that a need for the 
diversification of staple cereals in southern 
Africa. Reliance on maize as a major staple crop 
in South Africa presents challenges for a semi-
arid country. This is reflected in Fig. 1., which 
shows the water requirements of maize in 
contrast to average annual rainfall in South 
Africa. Cereal crop diversification should include 
the incorporation of sorghum, pearl millet, finger 
millet and teff as staple cereals alongside maize 
to ensure food security under drought. These 
indigenous cereals are well-known for their 
drought tolerance. This because they have been 
grown in sub-Saharan Africa for years and as 
such have adapted to arid/semi-arid 
environments 

4.2 Plant adaptation to drought 

The developmental stage of the plant greatly 
influences the effect of drought stress, as 
drought can occur at the seedling, vegetative, 
panicle development and grain filling stage. 
Crops that are better adapted to drought have 
evolved several adaptation mechanisms to 
minimise water loss, facilitate osmotic 
adjustment and maintain essential metabolic 
processes under water deficit (Basu et al., 2016). 
These adaptations include having elongated and 
denser roots for increased water uptake. Crop 
varieties with narrow leaves and decreased 
stomatal conductance are better adapted to 

drought stress (Taiwo et al., 2020). This is 
because the narrow leaves have a smaller 
surface area than wider leaves over which 
transpiration would occur. Additionally, some 
plants have developed a waxy cuticular coating 
on their leaves and stems. These adaptations 
allow the plant to maintain its water status 
during drought (Sevanto, 2020).  Drought 
responses in plants can be at the physiological or 
morphological level. The investigation of these 
responses is usually the starting point for 
responses have not been investigated in African 
indigenous cereals as extensively as in maize. 
Therefore, these cereals are underexploited and 
remain to be a resource of untapped potential in 
improving food security under drought. 

4.3 Physiological adaptation of African 
cereals to drought  

Plants need to photosynthesize in order to 
grow and reproduce. This process is usually 
disrupted during drought as plants close their 
stomata in order to minimize water loss via 
transpiration (Li et al., 2017). During prolonged 
drought, CO2 assimilation is limited and as such 
the net photosynthetic rate decreases. 
Subsequently, this also leads to an increase in 
ROS production, which leads to leaf senescence 
and yield loss (Pintó-Marijuan and Munné-
Bosch, 2014). Cereals such as sorghum have 
adapted physiological mechanisms such as the 
stay green trait, which includes delaying leaf 
senescence and elevating chlorophyll content. 
These collective adaptations allow sorghum to 
maintain photosynthesis under drought 
conditions, which sustains grain filling and yields 
under limited water supply (Hadebe et al., 
2017). These physiological adaptive mechanisms 
give sorghum an advantage under water limited 
conditions, ensuring acceptable yields under 
drought. Pearl millet has also developed 
physiological mechanisms such as controlling 
transpiration during well-watered conditions 
prior to drought. Pearl millet has been shown to 
reduce its transpiration rate as a water-saving 
mechanism (Kholova et al., 2010). It has been 
suggested that this is to ensure water availability 
for grain filling, thereby ensuring good yields 
under water deficit (Kholova et al., 2010). 
Although some studies have been done on finger 
millet in response to drought, the physiological 
responses of finger millet to drought are still 
poorly understood and have not been as 
thoroughly investigated as in maize and 
sorghum. 
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4.4 Morphological adaptation of African 
cereals to drought  

As a result of domestication in a semi-arid 
environment, cereals such as sorghum, finger 
millet, pearl millet and teff generally have 
narrower and smaller leaves than maize, 
resulting in a smaller surface area that 
minimizes the loss of water via transpiration. 
Furthermore, it has been suggested that plants 
that have over-invested in the development of 
larger leaves such as maize could have reduced 
seed yields (Srinivasan et al., 2017). Additionally, 
sorghum leaves and stems are covered with a 
waxy cuticle and epicuticular wax (EW), which 
minimises water loss (Busta et al., 2021). 
Epicuticular wax load is an effective component 
of abiotic stress tolerance. Studies done in pearl 
millet found a higher deposition of EW under 
stress conditions, and when coupled with 
stomata closure, this leads to reduction of 
cuticular permeability and as such better water 
retention (Makarana et al., 2019). Studies 
investigating the role of epicuticular wax in 
drought tolerance in finger millet and teff are 
still lacking. Therefore, research investigating 
EW deposition and the role thereof in providing 
drought tolerance in teff and finger millet 
remains to be investigated. One of the 
morphological characteristics that influence 
yields under water deficit is the formation of 
tillers. Unlike maize; sorghum, pearl millet and 
finger millet as well as teff have the ability to 
form tillers. This ability is commonly observed in 
sorghum landraces found in regions with limited 
rainfall. Tiller formation has been attributed to 
stable yield compensation, where the main 
panicle may have been damaged as a result of 
stress (Hadebe et al., 2017). Furthermore, 
sorghum has developed longer, denser roots, 
which improves drought tolerance as a result of 
improved water extraction efficiency. Deeper 
soil water capture has also been associated with 
better osmotic adjustment in sorghum. Pearl 
millet also has a deep rooting system, which 
contributes to its tolerance to drought (Talwar et 
al., 2020). Finger millet and teff, unlike pearl 
millet and sorghum, have a shallow but strong 
fibrous root system. Studies have shown that, 
under water stress, finger millet only extracts 
about 44 % of the total extractable moisture 
compared to 68% for sorghum, supporting the 
notion that it is not as deep rooted as sorghum 
(Kamenya et al., 2021).  

4.5 Future trends for drought adaptation 
in African cereals 

Changes in annual rainfall patterns as a result 
of climate change are prompting researchers to 
investigate the genetic basis of environmental 
resilience of orphan crops (Kamenya et al., 
2017). Furthermore, the reduction in DNA 
sequencing costs has allowed for the sequencing 
of indigenous cereals such as sorghum, pearl 
millet, finger millet and teff.  This allows for the 
genetic elucidation of drought tolerance 
mechanisms in these resilient cereals. These 
traits can then be targeted for the development 
of crops with improved drought tolerance. An 
example of the potential of using this approach 
was shown whereby the cloning of the SbER2-1 
gene (a sorghum leucine-rich repeat kinase) into 
maize and Arabidopsis improved drought 
tolerance via improved maize and Arabidopsis 
water use efficiency, with improved net 
photosynthetic efficiency (Li et al., 2019).  
Therefore, there is a need to develop deeper 
understanding of the genetic basis of stress 
tolerance in indigenous African cereals. Genes 
associated with stress tolerance can then be 
used as molecular markers to improve the 
indigenous landraces as well as other cereals 
such as maize. In order to improve food security, 
the diversification of cereal staples is essential, 
which requires more extensive exploitation of 
African indigenous cereals in much the same 
way as popular cereals such as maize, wheat and 
rice. 
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Calcareous soils, characterized by a higher pH, are frequent in the North West of 
Tunisia. Large concentrations of calcium carbonate in calcareous soils result in 
accumulation of high levels of bicarbonate ions, which complex with phosphate, 
resulting in phosphorus deficiency (induced P deficiency) for plants. The impact 
of calcareous soil on plant growth, photosynthetic activity and acid phosphatase 
activity was explored in two lines of Medicago truncatula: TN6.18 and Jemalong. 
Calcareous soil significantly restricted shoot growth only in Jemalong (-45 % of 
the control). When grown on calcareous soil, root length was stimulated, this 
effect being more pronounced in TN6.18. Under calcareous soil, net CO2 
assimilation declined more in Jemalong (-40 % of the control) than in TN6.18 (-
20 % of the control). CO2 accumulation was increased in Jemalong (+35% of the 
control) plants grown in calcareous soil. The acid phosphatase activity was 
higher in plants cultivated under calcareous soil. This increased phosphatase 
activity was more pronounced in TN6.18, which showed higher accumulation of 
Pi in shoots and roots than Jemalolng.  In the light of these results, the present 
study proposes acid phosphatase as a useful candidate for improving Pi 
acquisition and utilization under calcareous soil.  
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1. INTRODUCTION 

Calcareous soils contain high levels of calcium 
carbonate (CaCO3) that affects soil properties 
related to plant growth, such as soil water 
relations and the availability of plant nutrients. 
They are common in the arid areas of the earth 
(FAO, 2016), occupying more than 30% of the 
earth’s surface, and their CaCO3 content varies 
from just detectable up to 95% (Marschner, 
1995). Calcareous soils, characterized by a high 
pH, are frequent in the Mediterranean area, 
including Tunisia. Large concentrations of 
calcium carbonate in calcareous soils result in 

accumulation of high levels of bicarbonate ions, 
which complex with phosphate, resulting in 
phosphorus deficiency (induced P deficiency) for 
plants. P deficiency is more critical in highly 
withered soils of tropics and subtropics, as well 
as in calcareous/alkaline soils of the 
Mediterranean basin (Hinsinger 2001).  
According to Kouas et al (2005), P limiting 
restricted plant growth and symbiotic nitrogen 
fixation in common bean. Phosphorus plays an 
important role in an array of cellular processes, 
including maintenance of membrane structures, 
synthesis of biomolecules and formation of high-
energy molecules. It also helps in cell division, 
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enzyme activation/inactivation and 
carbohydrate metabolism (Razaq et al. 2017). 
Plants are known to involve several mechanisms 
to increase their P absorption efficiency, such as 
the modification of soil exploration by roots to 
increase the P absorption area (Kouas et al., 
2009, De Souza Campos et al., 2019). For 
instance, phosphorus deficiency in the soil 
induces various morphological changes in plant 
roots, including the formation of root hairs 
(Zhou et al., 2016; Mo et al., 2019). In addition to 
alterations in root architecture, other changes 
include acidification of the rhizosphere, 
exudation of low molecular weight organic acids, 
and secretion of acid phosphatases and 
photosynthesis-related enzymes (Kouas et al., 
2009, Vengavasi and Pandey 2016). Acid 
phosphatase (orthophosphoric-monoester 
phosphohydrolase, EC 3.1.3.2) can hydrolyse a 
range of organic P compounds (Zhu et al., 2020), 
and these enzymes are more abundant in the 
rhizosphere when plants are P-starved (Pang et 
al., 2018, Touhami et al, 2020). The production 
of phosphatase is a potential way for plants to 
enhance P availability, as a large proportion of 
soil P (up to 80%) occurs in organic forms 
(Richardson et al. 2001). 
Medicago truncatula is a model plant widely 
used to study genomics of legume plants because 
of its small diploid genome size and relatively 
easy transformation (Wang et al. 2011). There 
are different ecotypes (lines) of M. truncatula 
with wide genetic variations (Ellwood et al. 
2006). In the present study, we compared the 
effect of calcareous soil on the growth, 
photosynthetic parameters and acid 
phosphatase activity in two lines of M. 
truncatula: Jemalong and TN6.18. 

2. MATERIALS AND METHODS  

2.1 Plant material and growth conditions 

This study focused on two lines of M. truncatula 
one hand, the line TN6.18 is native to Thela 
(North West of Tunisia), a region where 
calcareous soil is frequent. On the other hand, 
the line Jemalong (from Australia) is frequently 
used as a reference line by the scientific 
community working on M. truncatula. Seeds 
were scarified and sown individually in 4 L 
plastic pots filled with 4.5 kg of a fine, mixed 
calcareous (sampled in the region of Hammamet, 
Tunisia) or non-calcareous soil (sampled in the 
region of Soliman, Tunisia). The culture was 
carried out in a glasshouse under natural light. 
Soil moisture was maintained close to field 

capacity. The main soils characteristics are given 
in Table 1. At the beginning of flowering, 90 days 
after germination, plants were harvested, and 
separated into shoots and roots. 

2.2 Leaf Gas Exchange and Chlorophyll 
Content 

Net CO2 assimilation and stomatal conductance 
were recorded with a portable photosynthesis 
system (LCA4). Measurement conditions were as 
follows: 1200 µmol mm−2 s−1 photosynthetically 
active radiation (PAR), 378 µmol mol−1 ambient 
CO2 concentration and 28±2◦C leaf 
temperatures. Measurements were carried out 
in the morning between 10:00 and 12:00 (10 
replicates per treatment). Data were 
automatically collected every minute after the 
photosynthesis rate had stabilized. Leaf 
chlorophyll content was spectrophotometrically 
determined according to Torrecillas et al (1984) 
from 100 mg fresh leaf tissues extracted in dark 
for 72 h in 80 % acetone. Extract absorbance 
was measured at 649 and 665 nm. 

2.3 Acid Phosphatase Assay 

Leaves and roots (0.1 g) were ground separately 
in a mortar with an extraction mixture 
consisting of 0.1 M acetate buffer (1 g.ml-1 
buffer), 6 mM ß-mercaptoethanol, 0.1 mM 
phenyl methyl sulfonyl fluoride, and 6 g 
insoluble polyvinylpolypyrrolidone. The 
homogenate was centrifuged at 30,000 × g at 4°C 
for 30 min. The reaction mixture contained 100 
mM sodium acetate buffer (pH5.8), 5 mM p-
nitrophenyl phosphate, and the enzyme extract 
in a total volume of 0.5 ml. After 30-min 
incubation at 30°C, the reaction was stopped by 

Table 1. Main characteristics of soil used to 
test sensitivity to lime 
Main characteristics  Non calcareous 

soil 
Calcareous 
soil 

Sand (%) 77.50 62.00 

Silt (%) 18.20 22.50 

Clay (%) 4.00 14.00 

pH 7.00 8.50 

Total carbonates (%) 7.30 38.00 

Active lime (%) 2.50 13.50 

Organic matter (%) 1.04 0.76 

C (%) 0.60 0.61 

N (mg g-1) 1.87 1.64 

P (g g-1) 0.24 0.19 

K (mg g-1) 95.00 82.00 
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the addition of 1 ml 0.5 M NaOH. Acid 
phosphatase activity was measured at 405 nm 
by monitoring the p-nitrophenol released. 

2.4 Pi Determination 

Samples (25 mg DW of old leaves) from each 
plant were digested in HNO3 (0.5%, w/v). The 
inorganic phosphorous released was quantified 
by the molybdovanadate method at 460 nm. 

2.5 Statistical Analysis 

A one-way analysis of variance, using the AV1W 
MSUSTAT program with orthogonal contrasts 
and mean comparison procedures, was 
performed to detect differences between 
treatments. Mean separation procedures were 
carried out using the multiple range tests with 
Fisher's least significant difference (LSD; 
P<0.05). 

3. RESULTS 

3.1 Effect of calcareous soil on Plant 
Growth  

Under non-calcareous soil (control), shoot dry 
weight (DW) was higher in two lines of M. 
truncatula (Table 2), but this parameter was 
significantly restricted only in Jemalong when 
grown on calcareous soil (-45 % of the control). 
Under calcareous soil, root DW was not affected 
in both ecotypes, while the root length appeared 
to be stimulated, this effect being more 
pronounced in TN6.18 (+35% of the control). 

3.2 Chlorophyll content and 
photosynthetic parameters 

The results in Table 3 showed that total 
chlorophyll (Chl) content was higher in plants 
cultivated in non-calcareous soil than those in 
calcareous soil.  Calcareous soil decreased this 
parameter in both lines, but this effect was more 
marked for Jemalong (-50 % of the control) than 
for TN6.18 (-18% of the control). Under 
calcareous soil conditions, the net CO2 
assimilation also declined (Fig 3b), this tendency 
being, however, more pronounced in Jemalong (-
40 % of the control) than in TN6.18 (-20 % of the 
control). Regarding the stomatal conductance 
(gs), a similar behavior was observed compared 
to that of net CO2 assimilation. The internal CO2 
concentration (Ci) was measured and the results 
showed that the plants cultivated in calcareous 
soil were characterized by higher accumulation 
of CO2 compared to the control plants (Table 3), 
this Tendency was more pronounced in 
Jemalong (+30% of the control). 

3.3 Phosphorus content  

Plant P status was restricted by calcareous soil 
only in Jemalong (Fig. 1.). In this line, the 
reduction in P content ranged from (- 40%) for 
shoots and to (-30% of the control) in roots. 
Under the same conditions, TN6.18 accumulated 
more inorganic phosphorus in shoots than 
Jemalong. 

Table 2. Effect of calcareous soil on shoot DW, 
root DW and root length of two lines of M. 
truncatula, Jemalong and TN6.18. For each 
parameter, values (means of 9 replicates ± SD) 
followed by the same letters are not significantly 
different at 5% according to Fisher’s LSD test. 

Main characteristics  TN6.18 Jemalong 

Shoot DW g.plant-1   

Non calcareous soil 0.94a 1.21b 

Calcareous soil 0.85a 0.65c 

Root  DW g.plant-1   

Non calcareous soil 0.074a 0.08a 

Calcareous soil 0.089a 0.077a 

Root  length cm.plant-1   

Non calcareous soil 21a 19a 

Calcareous soil 32b 22a 

 

Table 3. Effect of calcareous soil on total 
chlorophyll content, net CO2 assimilation, 
stomatal conductance and the internal CO2 
concentration (Ci)   of two lines of M. 
truncatula, Jemalong and TN6.18. For each 
parameter, values (means of 9 replicates ± SD) 
followed by the same letters are not significantly 
different at 5% according to Fisher’s LSD test. 
Main characteristics  TN6.18 Jemalong 

Total chlorophyll (mg.g-1 FW) 

Non calcareous soil 1.65a 1.75a 

Calcareous soil 1.38a 0.9c 

Net CO2 assimilation, µmol m-2s-1 

Non calcareous soil 9.5a 10.5a 

Calcareous soil 7.8a 6.5a 

Stomatal conductance, mol m-2 s-1 

Non calcareous soil 0.12a 0.14a 

Calcareous soil 0.095b 0.06a 

The internal CO2 concentration (Ci)   µmol,mol-1 

Non calcareous soil 229.2 215.3 

Calcareous soil 243.5 2.95.8 
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3.4. Acid phosphatase activity 

Regarding the mechanisms involved in the 
acquisition and use of P, the activity of acid 
phosphatase was measured (Fig. 2.). The 

calcareous soil increased acid phosphatase 
activity in leaves of TN6.18 (+ 30 % of the 
control). Under these same conditions, this 
parameter was increased in roots, this effect 
being more pronounced in TN6.18 (+45 % of the 
control) as compared to Jemalong (+22 % of the 
control).  

4. DISCUSSION  

Our study showed that for Jemalong 
compared to TN6.18, the plant growth was 
significantly decreased in plants grown in the 
calcareous soil compared with those cultivated 
under non-calcareous soil. Some studies have 
shown that phosphorus deficiency has a 
depressive effect on leaf emergence and 
expansion, most likely due to the key role played 
by P on vacuolar Pi reserves in creating the 
cellular osmotic potential that constitutes a 
favorable condition for conservation, cell turgor 
and auxes (Talbi et al., 2015). Given that P is a 
component of phospholipids, the low availability 
of such element would limit membrane 
development and cell growth. Likewise, with the 
decrease in plant growth for Jemalong grown in 
calcareous soil, we also noticed a significant 
reduction in net CO2 assimilation and stomatal 
conductance. The result showed that reduction 
in growth could result from a depressive effect of 
P deficiency on photosynthesis (Rao and Terry, 
1989). However, P deficient plants showed a 
significant reduction in net photosynthetic rate 
independently of the internal concentration of 
CO2 (Hernandez etal 2007). In the case of P 
deficiency, the lowering in photosynthesis is 
associated with a reduction in total leaf area 
resulting from a reduction in leaf expansion and 
number (Fredeen et al., 1989). Kavanova et al. 
(2006) showed that P deficient plants of Lolium 
perenne reduced leaf elongation rate by 39% due 
to a decrease in cell production rate [cell division 
(-19%) and final cell length ( -20%)]. 
Furthermore, Pi in the chloroplast stroma 
functions as a substrate for ATP synthesis. 
Carstensen et al. (2018) indicated that P 
deficiency significantly reduces Pi levels and 
significantly reduces ATP production in isolated 
thylakoids. When the Pi substrate is lacking due 
to low P availability, ATP synthase activity 
decreases, which reduces ATP production in the 
stroma and reduces CO2 fixation. Reduced ATP 
synthase activity reduces the flow of protons 
from the thylakoid lumen to the chloroplast 
stroma, which causes lumen acidification 
(Carstensen et al., 2018) 

 
Fig. 1. Effect of calcareous soil on Pi 
concentration in shoots and roots of two lines 
of M. truncatula, Jemalong and TN6.18. For 
each parameter, values (means of 9 replicates 
± SD) followed by the same letters are not 
significantly different at 5% according to 
Fisher’s LSD test. 
 

Fig. 2. Effect of calcareous soil on acid 
phosphatase activity in shoots (A) and roots 
(B) of two lines of M. truncatula, Jemalong and 
TN6.18. For each parameter, values (means of 
4 replicates ± SD) followed by the same letters 
are not significantly different at 5% according 
to Fisher’s LSD test. 
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In plants grown in calcareous soil, TN6.18 
had increased root length, while the biomass 
remained constant. This property reflects a 
capacity of this line to increase the specific 
length of its roots, which increases the exchange 
surface between roots and the growing medium. 
Increased root production without a 
proportional increase in their biomass is an 
effective P acquisition strategy through root 
proliferation (Peng et al., 2018; Mo et al., 2019). 
This characteristic has been considered in 
several studies as an important parameter for 
the selection of genotypes tolerant to 
phosphorus deficiency (Zhang et al., 2019; Yang 
et al., 2020). The results shown in TN6.18 
cultivated in calcareous soil reveal a higher 
accumulation of Pi in shoots than in Jemalong. 
This suggests that the tolerant line TN6.18 is 
characterized by enhanced allocation of Pi from 
the roots to the shoots. This result was observed 
in previous work (Kouas et al., 2009) which 
showed an accumulation of Pi in shoots of the 
tolerant line BAT 477. Regarding the activity of 
acid phosphatase, calcareous soil increased this 
activity in shoots, more so in TN6.18. This 
behavior, related to the ability of plants to 
transfer P from inactive sites to active sites, 
creates an adaptive strategy to P deficiency. 
According to Gao et al. (2017) and during 
phosphate (Pi) starvation or leaf senescence, the 
accumulation of intracellular and extracellular 
acid phosphatases increases in plants in order to 
scavenge organic phosphorus (P). Under P 
deficiency, plants have the ability to remobilize P 
from inactive metabolic sites in senescent leaves 
and vacuoles to young leaves (Scachtman et al., 
1998). Remobilization of P from leaves and 
stems and its allocation to reproductive tissues 
has been observed in beans (Kouas et al., 2009). 
In plants cultivated in calcareous soil, the acid 
phosphatase activity was more important in 
roots, especially in TN6.18. This behavior 
suggests that the acid phosphatases are involved 
in the remobilization and acquisition of P from 
soil (Yin et al., 2019). In terms of adaptive 
strategies, plant acid phosphatases are believed 
to play a vital role in Pi mobilization (Wang and 
Liu, 2018). It has been documented that P 
deficiency enhances the expression levels of 
most plant acid phosphatases in the roots under 
P-deficient conditions (Zhang et al., 2010). 
Similarly, Pi starvation enhanced transcript 
levels of this enzyme in maize, Arabidopsis, 
chickpea and soybean (Gonzalez-Munoz et al., 
2015; Bhadouria et al., 2017; Venkidasamy et al., 
2019; Zhu et al., 2020). 

The phosphorus deficiency induced in 
calcareous soil causes significant changes in P 
content, plant growth and net photosynthesis as 
well as stomatal conductance in M. truncatula. 
The tolerant line TN6.18 cultivated in calcareous 
soil maintains its growth, which results from the 
preservation of photosynthetic activity, 
significant accumulation of Pi in shoots and roots 
with increased acid phosphatase activity. This 
suggests that this enzyme is involved in 
phosphorus acquisition and use efficiency. Thus, 
breeding cultivars with high P efficiency and 
optimizing field P management practices are 
necessary to maintain sustainable agricultural 
development. 

5. CONCLUSION 

In conclusion, this study indicates that the 
better tolerance of TN6.18 to P limitation in 
calcareous soil as compared to Jemalong could 
be explained by the capacity of TN6.18 to 
maintain (i) a higher chlorophyll content and 
photosynthetic activity, in concomitance with (ii) 
a higher acid phosphatase activity in roots and 
shoots to preserve an adequate phosphorus 
nutrition regardless of lacking P in calcareous 
soil. 
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Medicago truncatula is an omni-Mediterranean species grown as an annual 
forage legume. In addition to its small genome size and simple genetics, M. 
truncatula harbors several attributes, which make it an attractive model forage 
plant. In this study, we investigated the variation of responses in ten parental 
lines of M. truncatula to Phoma medicaginis infection. Plants were cultivated in 
the growth chamber under controlled conditions and were inoculated after two 
months with P. medicaginis. At harvest, 13 quantitative traits of growth and 
pathogenicity were measured. Results from ANOVA showed that the variation of 
analyzed parameters was explained by the effect of line. All measured 
parameters, except the root fresh weight, showed significant difference among 
the 10 studied lines. Most tolerant lines are those with the lowest ratios of the 
number of infected and dead leaves. Studied lines were clustered into three 
groups according to their responses to P. medicaginis infection. The most 
resistant TN6.18 line and most sensitive F83005.5 to P. medicaginis are useful 
for the exploration of physiological mechanisms and genetic determinants for M. 
truncatula tolerance to this constraint. 
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1. INTRODUCTION 

In their natural habitat, plants are constantly 
subjected to several biotic stresses that seriously 
reduce their productivity. Among these 
constraints, fungal attacks, especially spring 
black stem and leaf spot, caused by Phoma 
medicaginis, represent the main factors limiting 
the productivity of legume plants in the 
Mediterranean basin. A better understanding of 
the genetic bases and physiological mechanisms 
for tolerance to this constraint in forage legume 
plants is a prerequisite for any program aimed at 

improving their yields. Medicago truncatula has 
been proposed as a model legume due to the 
many assets it has (Young and Udvardi, 2009). 
Indeed, it is annual, herbaceous, diploid (2n = 
16), self-pollinated, with a small genome (500-
550 Mbp), with a short life cycle (3 to 4 
generations per year), with a high level of 
biodiversity and having a sufficient number of 
lines available (Badri et al., 2016). Moreover, the 
genomes of approximately 330 inbred Medicago 
truncatula lines are resequenced at least 5X 
coverage (http://www.medicagohapmap.org/). 
This provides a foundation for discovering single 
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nucleotide polymorphisms (SNPs) which allows 
the identification of the genetic determinants of 
the agronomic characters of interest in this 
species by using a genome wide association 
study (GWAS) approach. 
Phoma medicaginis Malbr. & Roum. the causal 
agent of spring black stem and leaf spot on 
perennial Lucerne (Medicago sativa L.) (Gray et 
al., 1990) and annual Medicago species (Barbetti 
1995) and a model pathosystem for M. 
truncatula, occurs under a wide range of 
environmental conditions. This disease is 
common on Medicago species in North America, 
Europe, Australia (Tivoli et al., 2006) and North 
Africa, particularly in Tunisia (Djébali, 2013). 
Phoma medicaginis is a major cause of yield loss 
and stand decline in M. sativa. The fungus also 
causes losses in forage quality and it is more 
destructive in irrigated fields of this species than 
dry land crops. Black lesions are frequently 
observed on leaves and stems of M. sativa.  
The P. medicaginis Pm8 isolate (BrMt0404Ph8), 
originally obtained from barrel medic leaves, 
was able to infect leaves of barrel medic, alfalfa, 
pea, common bean and chickpea (Djébali, 2013). 
The same authors reported that Pm8 and Pm10 
strains of P. medicaginis caused about 50 to 70% 
plants death of M. truncatula. 
This study aims to explore the variation of 
tolerance among ten parental lines of M. 
truncatula to Pm8 strain infection and to 
determine the most discriminant parameters of 
pathogenicity. 

2. MATERIALS AND METHODS  

2.1 Plant material and growth conditions 

Ten lines of M. truncatula were used in this 
study. They include TN1.11, TN1.21, TN8.3, 
TN8.20, and TN6.18 from Tunisia, the lines 
DZA315.16 and DZA45.5 from Algeria, the line 
A20 from Morocco, the line JemalongA17 (JA17) 
from the Australian collection and the French 
line F83005.5. The later line was used as a 
reference line because it was previously 
described by Djébali et al. (2007) as highly 
susceptible to P. medicaginis attack. Scarified 
seeds of M. truncatula using sand paper were 
immersed in sodium hypochlorite for 1 min, and 
then washed five times with distilled water. 
Imbibed seeds were transferred to Petri dishes 
on a filter paper and incubated at 25°C in 
phytotron until radical emergency.  

Seedling were sown on pots of two liters 
(diameter of 16.5 cm and deep of 13cm) filled 

with a mixture of sand and compost (1:2) in a 
growth chamber at 25°C with 16 h daily 
photoperiod, and were irrigated every two days 
with a nutritive solution (Vadez et al., 1996). 
Each genotype was replicated twenty one times, 
giving 210 plants. 

2.2. Measured traits 

After 3 months, we measured for each individual 
plant, 13 quantitative traits of aerial and root 
growth and of infection. They include the length 
of stems (LS, cm), length of roots (LR, cm), 
number of internodes (NI), number of healthy 
leaves (NHL), number of dead leaves (NDL), 
number of infected leaves (NIL), number of 
infected petioles (NIP), number of infected axes 
(NIA), number of total petioles (NTP), aerial 
fresh weight (AFW, g), shoot dry weight (SDW, 
g), root fresh weight (RFW, g), and root dry 
weight (RDW, g). We also measured the 
frequency of healthy leaves (FHL), frequency of 
total leaves (FTL), frequency of dead leaves 
(FDL) and frequency of infected Leaves (FIL) as 
follows: number of FHL or FTL or FDL or FIL * 
100 / total number of leaves. 

2.3. Inoculum production and 
inoculation tests 

P. medicaginis Pm8 strain was grown on PDA 
medium in the phytotron at 25°C and 16h daily 
photoperiod. Conidium suspensions were 
prepared by flooding the plates with autoclaved 
distilled water and manual disruption of the 
culture. The conidium suspensions used for 
inoculations were prepared from 1-month-old 
cultures, and were applied at a concentration of 
106 conidia mL-1. Aggressiveness tests on leaves 
of M. truncatula one-month-old plants were 
spray inoculated with the conidium suspension 
until run-off and were covered with transparent 
plastic bags for 10 days to maintain high 
humidity to stimulate infection.  

2.4. Statistical analysis 

The data collected were subjected to an analysis 
of variance of one factor using the GLM 
procedure. Comparison of means of measured 
traits for studied lines was performed using 
Duncan’s multiple range test at 5%. Estimated 
correlations between measured characters was 
made using the CORR procedure. Principal 
component analysis (PCA) and cluster analysis 
were performed using the means of analyzed 
parameters showing significant differences 
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between the lines. All these analyses were 
performed using SAS 2000 software (Statistical 
Analysis System). 

3. RESULTS 

3.1 Analysis of variance 

Results from ANOVA showed that all 
morphological parameters, except root fresh 
weight, displayed significant differences 
between studied lines (Table 1). Furthermore, all 
the five traits of infection revealed significant 
variation among analyzed lines. Our results 
suggest that the traits measured are good 
descriptors of the high degree of variation found 
between studied lines to P. medicaginis infection. 

3.2 Comparison of means 

The largest aerial and root fresh weight were 
found for TN6.18 and TN1.11 lines while the  
bblowest values were noted for F83 line (Table 
2). Furthermore, the greatest values of ADW and 
RDW were registered for TN6.18 and DZA315 
whereas the lowest values were noted for F83 
and JA17. Overall, the TN6.18 line exhibited the 
highest vigor by showing the largest values for 
NHL AFW, ADW and NTP. 
For the lines studied, the frequency of infected 
leaves is higher than the frequency of dead 
leaves for studied lines, except for TN6.18, which 
showed the lowest frequency of dead leaves and 
the highest frequency of infected leaves (Fig. 1.). 

On the other hand, F83005.5 showed the lowest 
frequency of infected leaves and the highest 
frequency of dead leaves. 

3.3. Estimated correlations between 
measured traits 

Among the 78 possible correlations, 64 are 
significant and positive (Table 3). The number of 

Table 1. Effect of line on the variation of 
measured traits and synthetic parameters for 
studied lines of M. truncatula under P. 
medicaginis infection. 

Parameters Mean F value Pr > F 
LS 5.11 7.72 <0.0001 
NIN 10.10 8.17 <0.0001 
NTP 13.97 6.17 <0.0001 
LR 12.93 2.62 0.0102 
AFW 380.23 4.82 <0.0001 
ADW 113.11 3.85 0.0004 
RFW 136.96 1.59 0.1326 
RDW 27.68 2.43 0.0169 
NIA 1.04 2.08 0.0395 
NIP 9.18 7.60 <0.0001 
NHL 3.62 4.31 0.0002 
NIL 5.50 8.51 <0.0001 
NDL 6.67 2.81 0.0055 

F: coefficient of Snedecor-Fisher, significant (P ≤ 0.05). Length of 
stems (LS, cm), number of internodes (NIN), number of total 
petioles (NTP), length of roots (LR, cm), aerial fresh weight (AFW, 
g), aerial dry weight (ADW, g), root fresh weight (RFW, g), and root 
dry weight (RDW, g), number of infected axes (NIA), number of 
infected petioles (NIP), number of healthy leaves (NHL), number of 
infected leaves (NIL), number of dead leaves (NDL). 
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Fig. 1. Comparison of means of the frequency of 
dead leaves (FDL) and the frequency of infected 
leaves (FIL) for studied lines of M. truncatula 
under P. medicaginis infection. DZA315.16 
(DZA315), DZA45.5 (DZA45), F83005.5 (F83), 
Jemalong A17 (JA17).  
Means followed by the same letter(s) or common letters 
are not significantly different among the lines for each 
according to Duncan test at 5%. 
 

Table 2.  Means of measured traits for studied lines of 
M. truncatula under P. medicaginis infection 

Lines/ 
parameters 

LS NIN NTP RL AFW ADW 

A20 4.05cb 8,5294bc 10.78cde 14.19ab 314.44d 107.94bcd 

DZA315 3.85cb 9,1875b 16.5b 14.4a 359cd 124.25abc 

DZA45 4.89b 9,4286b 9.55ed 13.13abcd 288.21d 99.43cd 

F83 2.79cb 8,6429bc 8.21e 11.25d 241.21d 114abcd 

JA17 4.3b 11,1538a 13.78bcd 11.92cd 297.85d 79.07d 

TN1.11 9a 11,9231a 14.2bcd 13.55abc 526.38abc 140.77ab 

TN1.21 5.61b 11,25a 15.8bc 12.41abcd 539.6ab 131.2abc 

TN6.18 1.16c 7,625c 24.84a 13.75abc 582.9a 147.6a 

TN8.20 10.8a 11,2308a 14.78bcd 13.07abcd 392.54bcd 107.31bcd 

TN8.3 3.65cb 10,95a 13.5bcd 11.9bcd 308.05d 92.15cd 

Lines/ 
parameters 

RFW RDW NIP NHL NIL NDL 

A20 145.72abc 30.5ab 7.55cd 2.18cd 3.706bc 5.73d 

DZA315 147.25ab 32.125a 11.29b 4.91ab 5bc 8.47ab 

DZA45 145.36abc 29.25ab 7.42cd 2.5bcd 2.818bc 6.31cd 

F83 96.21c 18.429c 4.93d 2.41d 1.833c 4.37cd 

JA17 133.46abc 28.077ab 10.42bc 2.81abc 5.364b 7.35bcd 

TN1.11 170.77a 29.462ab 8.2bc 4.5bcd 5.41b 6.267bc 

TN1.21 144.65abc 29.45ab 10.65bc 3.3abcd 5.6b 6.9bcd 

TN6.18 107.6bc 27.333ab 16.46a 6.8a 12.74a 9.15a 

TN8.20 111.31bc 22.846bc 7.76cd 4.8abcd 5.385b 6.73ab 

TN8.3 147.5ab 27.25ab 8.95bc 3.33bcd 4.947bc 6.10bcd 

Length of stems (LS, cm), number of internodes (NIN), number of total petioles 
(NTP), length of roots (LR, cm), aerial fresh weight (AFW, g), aerial dry weight (ADW, 
g), root fresh weight (RFW, g), and root dry weight (RDW, g), number of infected 
petioles (NIP), number of healthy leaves (NHL), number of infected leaves (NIL), 
number of dead leaves (NDL). DZA315.16 (DZA315), DZA45.5 (DZA45), F83005.5 
(F83), JemalongA17 (JA17). Means followed by the same letter(s) or common letters 
are not significantly different among the lines for each trait according to Duncan test 
at 5%.  
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healthy leaves (NHL) was strongly correlated 
with NIL, NDL, AFW and RFW while the number 
of dead leaves was correlated with NIP (r=0.66). 
In addition, the AFW was correlated with RFW 
(r=0.54) and ADW was correlated with RDW 
(r=0.39). Length of stems (LS) was correlated 
with ADW, RFW and NIN while length of roots 
(LR) was correlated with RFW and ADW. 

3.4. Principal Components Analysis 
(PCA) and clustering analysis 

Our results showed that the first three axes 
explained 75% of the total variation found 
between studied lines. The first axis was defined 
on the positive side by the parameters of 
infection such as NIL, NHL, NDL and NIP while 
the second axis was formed by the traits of 
growth as LS, LR, AFW, ADW, RFW, and RDW 
(Fig. 2.). 
Studied lines formed three groups according to 
the factorial plan (1-2). A first group is 
composed of TN6.18, a second group is formed 
of F83, and a third group is constituted of the 
remaining lines (Fig. 3.). 

The lines showed different behavior in 
responses to Pm8 infection. We found that 
TN6.18 line replaces infected leaves with new 
ones and it increases its biomass. Furthermore, 
TN8.20 tended to increase the length of its axes 
in order to avoid the harmful effect of the 
pathogen. 
On the other hand, A20, DZA315 and TN618 
have developed their roots in order to maximize 
the surface contact with the soil. 
Studied lines of M. truncatula were clustered 
into three different major groups (Fig. 4). The 
first group is composed of TN6.18, TN1.11 and 

Table 3. Correlations between measured traits for the ten lines of M. truncatula under P. medicaginis 
infection.  

 LS NIN NTP LR AFW ADW RFW RDW NIA NIP NHL NIL NDL 
LS 1.00             
NIN 0.35* 1.00            
NTP 0.18* 0.24* 1.00           
LR 0.02ns 0.01ns 0.24* 1.00          
AFW 0.34* 0.26* 0.75* 0.22* 1.00         
ADW 0.32* 0.23* 0.68* 0.25* 0.84* 1.00        
RFW 0.34* 0.20* 0.33* 0.38* 0.54* 0.49* 1.00       
RDW 0.17* 0.07ns 0.32* 0.27* 0.39* 0.39* 0.64* 1.00      
NIA 0.10171ns 0.004ns 0.24* 0.12ns 0.098ns 0.17* 0.16* 0.27* 1.00     
NIP 0.007ns 0.24* 0.83* 0.19* 0.53* 0.51* 0.16* 0.24* 0.19* 1.00    
NHL 0.18* 0.12ns 0.80* 0.13ns 0.67* 0.54* 0.36* 0.27* 0.21* 0.43* 1.00   
NIL 0.09ns 0.097ns 0.81* 0.12ns 0.66* 0.58* 0.16* 0.19* 0.08ns 0.70* 0.63* 1.00  
NDL 0.04ns 0.22* 0.50* 0.19* 0.25* 0.32* 0.11ns 0.20* 0.20* 0.66* 0.18* 0.19* 1.00 

*significant (P≤005), non significant (ns) (P>0.05). Length of stems (LS, cm), number of total petioles (NTP), length of roots (LR, cm), aerial fresh weight (AFW, g), 
aerial dry weight (ADW, g), root fresh weight (RFW, g), and root dry weight (RDW, g), number of infected axes (NIA), number of infected petioles (NIP), number of 
healthy leaves (NHL), number of infected leaves (NIL), number of dead leaves (NDL). 
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Fig. 2. Plot (1-2) of the principal component 
analysis applied to analyzed parameters for 
studied lines of Medicago truncatula. Length of 
stems (LS, cm), number of internodes (NIN), 
number of total petioles (NTP), length of roots 
(LR, cm), aerial fresh weight (AFW, g), aerial dry 
weight (ADW, g), root fresh weight (RFW, g), and 
root dry weight (RDW, g), number of infected 
axes (NIA), number of infected petioles (NIP), 
number of healthy leaves (NHL), number of 
infected leaves (NIL), number of dead leaves 
(NDL).  

 
Fig. 3. Plot (1-2) of the principal component 
analysis (PCA) of the core collection of Medicago 
truncatula applied to measured traits. DZA315.16 
(DZA315), DZA45.5 (DZA45), F83005.5 (F83), 
JemalongA17 (JA17). 
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TN1.21 characterized by the highest values of 
growth parameters (NHL, AFW, ADW and NTP). 
The second group is formed by F83 which is the 
most sensitive to Pm8 infection. The third one 
was formed by the remaining lines of 
intermediate behavior. In accordance with 
Tlahig et al. (2016), lines from the first and 
second group could be useful in a future 
breeding program.  

3. CONCLUSION 

A high level of diversity was found among 
studied lines to P. medicaginis. The lines were 
clustered into three groups including one 
tolerant line, eight moderately tolerant, and one 
susceptible line. Tolerant lines exhibited the 
lowest frequency of dead leaves and having the 
highest frequency of infected leaves compared to 
healthy leaves. A further study is needed to 
analyze the physiological and genetic 
determinants of M. truncatula tolerance to P. 
medicaginis infection by using the two 
contrasting lines TN6.18 and F83005.5. 
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Due to its very important agronomic value and nutritional quality, Medicago 
sativa L. is considered as the queen of fodder and the first cultivated forage crop 
in the world. In field conditions, M. sativa is exposed to several biotic and/or 
abiotic constraints that affect its quality. In this regard, research is still 
underway to improve M. sativa resistance to many biotic stresses and, in this 
context, we analyzed the responses of a core collection of 10 varieties of M. 
sativa to Phoma medicaginis infection. Results from ANOVA showed that most 
growth parameters exhibited significant differences between the studied 
varieties. Nevertheless, only the number of healthy leaves among infection 
parameters varied significantly between the varieties. The local variety 
Gabès2355 exhibited the highest biomass. Positive correlations were found 
between the measured parameters. PCA based on the traits showing significant 
differences among the studied lines showed that the Gabès variety formed a 
separate group. Cluster analysis revealed that the studied varieties are classified 
into three major groups. The first group is formed by Gabès2353, the second 
group is composed of the Californian and El Hamma varieties, and the third 
group is constituted of the seven remaining varieties. Gabès2355 was the most 
tolerant to the Pm8 strain of P. medicaginis while Magna601 variety was the 
most susceptible. These two varieties will be useful to analyze the physiological 
and genetic determinants for M. sativa tolerance to P. medicaginis infection. 
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1. INTRODUCTION 

Alfalfa (Medicago sativa L.) is a perennial 
autotetraploid (2n = 4x = 32) forage legume and 
a cross-pollinated species. It is called the “queen 
of forage” and is the main fodder crop 
worldwide. Thanks to its great agronomical 
value, it is highly cultivated in more than 80 

countries (Tlahig et al., 2017), with over 31 
million hectares as a global total area planted 
(Benabderrahim et al., 2009), representing up to 
2.5% of all crops cultivated in the world. M. 
sativa has many benefits, such as its low 
production cost, high yield, high nutritional 
value and protein quantity, nitrogen fixing 
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capability, and its ability to improve soil fertility 
and soil structure by reducing erosion. M. sativa 
has a wide distribution in irrigated semi-arid 
and arid regions (Chen et al., 2012). Populations 
of M. sativa are phenotypically and genetically 
very heterogeneous at inter and intra-genotypic 
levels. Under field conditions, M. sativa is 
subjected to a wide range of diseases affecting its 
persistence and its yield. Among these, Phoma 
medicaginis is the main causative pathogenic 
agent of yield loss and fodder quality reduction 
for M. sativa (Samac et al., 2003). 
 In Tunisia, M. sativa is the most widely 
cultivated fodder legume, with more than 12400 
hectares (Ministry of the Environment and 
Sustainable Development, 2007). It is cultivated 
as a second crop under palm trees in Southern 
Tunisia on 75% (9,720 ha) of the surface of the 
oases (Tlahig et al., 2017). This study aimed to 
analyze the morpho-physiological responses to 
Phoma medicaginis infection in a core collection 
of Medicago sativa varieties. 

2. MATERIALS AND METHODS  

2.1 Plant material and growth conditions 

A core collection of 10 varieties of M. sativa were 
used. They include the two Tunisian local 
varieties Gabès 2355 and El Hamma, the 
Californian and Magna-601 varieties from United 
States, the Moroccan variety Erfoud1, the Italian 
Mamuntanas and Agsalfa varieties, the Super 
Aurora, Sardi10 and ML99 Multileaf Australian 
varieties. Seeds were germinated in Petri dishes 
with double-layer filter paper soaked in distilled 
water. Seedlings were transferred into 2-liter 
pots (diameter of 16.5 cm and deep of 13 cm) 
filled with a mixture of sand and compost (1:2) 
in a growth chamber at 25°C with 16 h daily 
photoperiod, and were irrigated every two days 
with tap water. Fourteen replicates per variety 
were used, giving 140 plants. Plants were 
cultivated in the growth chamber into a split plot 
design with randomized blocks. 

2.2. Measured characteristics 

At harvest, fourteen parameters were measured. 
Among them, nine were related to growth, 
including the number of internodes (NIN), 
number of main axes (NMA), number of total 
leaves (NTL), length of stems (LS), shoot dry 
weight (SDW), shoot fresh weight (SFW), root 
length (RL), root dry weight (RDW), and root 
fresh weight (RFW). The other five parameters 
were related to infection, including the number 

of dead leaves (NDL), number of healthy leaves 
(NHL) number of infected petioles (NIP), 
number of infected stems (NIS) and number of 
infected leaves (NIL), which were taken at 15dpi. 
Previous studies (Djébali et al., 2013; Badri et al., 
2016a,b) have shown that these traits are good 
descriptors of the variability of responses to 
biotic and abiotic constraints in lines of M. 
truncatula.  

We also estimated the percentage of infected 
leaves and the percentage of dead leaves as 
follows: (number of infected, dead, or healthy 
leaves) * 100 / total number of leaves. 

2.3 Inoculum production and inoculation 
tests 

The strain Pm8 of Phoma medicaginis was grown 
on potato dextrose agar (PDA) medium in a 
phytotron. Conidium suspensions were prepared 
by gently scraping the plates with autoclaved 
distilled water. The conidium suspensions used 
for the inoculations were prepared from one 
month old cultures, with a concentration of 
1.107 conidia/mL. Three-month-old plants were 
spray inoculated by the prepared inoculum with 
the conidium suspension until run-off. Plants 
were covered with transparent plastic bags 
during 10 days in order to keep high humidity to 
stimulate infection. Plants were harvested 10 
days post-inoculation  

2.4 Statistical analysis 

Obtained data were subjected to analysis of 
variance for one factor (variety) using the GLM 
procedure. Comparison of means was performed 
using the Duncan multiple range test at 5% 
significance level. Correlations were carried out 
between measured traits using the correlation 
procedure (PROC CORR). Multivariate analyses 
including principal component analysis (PCA) 
and cluster analysis were performed using the 
means of the measured parameters that showed 
significant differences among studied lines. All 
these analyses were performed using the SAS 
software (SAS, 2000). 

3. RESULTS 

Results from ANOVA showed that the variation 
in seven of the nine growth parameters was 
explained by the variety effect (Table 1). 
However, the variation of parameters of 
infection, except NHL, was not dependent on the 
variety factor. 
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3.1. Comparison of means 

The highest number of main axes (NMA) was 
found in the Gabès variety while the lowest value 
was noted for ML99 variety (Table 2). Moreover, 
the highest number of internodes (NIN) was 
recorded for the El Hamma variety while the 
lowest value was registered for the Californian 
variety. The largest values of shoot and root 
fresh weights were observed for the Gabès 
variety whereas the lowest values were noted 
for Mamuntanas and SupA varieties, 
respectively. On the other hand, the highest 
number of healthy leaves (NHL) was found for 
Gabès variety while the lowest value was 
registered for Magna-601. Overall, Gabès variety 
exhibited the highest plant vigor. 
The four varieties namely Agsalfa, Super Aurora, 
El Hamma and Magna-601 showed much more 

infected leaves than healthy leaves (Fig. 1.), with 
the highest value registered for Magna-601.  
 

Table 2. Means of measured traits for the studied varieties of Medicago sativa infected by Phoma 
medicaginis. 

 
NMA NIN NHL SFW SDW RL RFW RDW 

Ags 2.36b 9.57ab 8.57abc 618.86ab 158.57abc 14.96ab 243.42bc 70.07cde 
Cal 2.35b 8.29b 8bc 440.44bc 179.24ab 13.82abc 225.29bc 104.47abc 
Erf1 2.47b 8.71b 10.71ab 534.06bc 102.65c  11.77b 196.76c 87.29abde 
Gab 3.5a 8.67b 12.67a 768.56a 153.28abc 13.79abc 348.72a 97.76abcd 
Ham 2.28b 10.72a 8.28abc 593.5bc 149.67abc 13.01abc 225.06bc 58.22de 
Mag601 2.18b 9.59ba 6.18c 505.13bc 126.76bc 13.19abc 269.59b 120.65a 
Mam 2.15b 9.65ba 11.05ab 425.55c 208.85a 13.85abc 237cb 110.53ab 
Ml99 2.12b 10.12ab 8.47abc 549.47bc 156.94abc 15.294a 226.88bc 55.13e 
SAR10 2.28b 9.11ab 9.22abc 520.28bc 137.78bc 14.317ab 217.44bc 73.78bcde 
SupA 2.4b 10.1ab 8.5abc 516.53bc 134.16bc 14.317abc 190.63c 75.69bcde 

Means followed by the same letter(s) or common letters are not significantly different according to the Duncan test at 5%. Parameters measured were 
number of main axes (NMA), number of internodes (NIN), number of total leaves (NTL), length of stems (LS), shoot dry weight (SDW), shoot fresh 
weight (SFW), root length (RL), root dry weight (RDW), root fresh weight (RFW), number of dead leaves (NDL), number of healthy leaves (NHL), 
number of infected petioles (NIP), number of infected stems (NIS) and number of infected leaves (NIL). Varieties investigated were Gabès2355 (Gab), El 
Hamma (Ham), Californian (Cal), Magna-601 (Mag601), Erfoud1 (Erf1), Mamuntanas (Mam) and Agsalfa (Ags), Super Aurora (SupA), Sardi10 (Sar10), 
and ML99 (ML99). 

Table 1. Effect of variety on parameters measured in varieties of Medicago sativa infected by Phoma 
medicaginis. 

Parameters Mean Ms F P 

NMS 2.40 0.56 7.36 <0.0001 

NIN 9.46 9.77 2.20 0.0275 

LS 14.61 4.52 0.79 0.6233 

SFW 545.78 230.60 3.27 0.0307 

SDW 152.17 83.93 2.20 0.0015 

RL 13.68 4.50 2.16 <0.0001 

RFW 237.87 85.08 7.60 <0.0001 

RDW 85.93 51.40 2.80 0.0056 

NTL 28.97 9.77 0.87 0.5574 

NIP 14.83 5.14 0.92 0.5076 

NDL 11.55 5.01 0.95 0.4815 

NIL 8.41 4.32 1.64 0.1125 

NHL 9.22 59.00 2.01 0.0452 

Ms: mean square, F: coefficient of Snedecor-Fisher, significant (P≤0.05). Number of internodes (NI), number of main sheets 
(NMS), number of total leaves (NTL), length of stems (LS), shoot dry weight (SDW), shoot fresh weight (SFW), root length (RL), 
root dry weight (RDW), root fresh weight (RFW), number of dead leaves (NDL), number of healthy leaves (NHL), number of 
infected petioles (NIP), number of infected stems (NISA) and number of infected leaves (NIL). 

 

Fig. 1. Differences between the percentage of 
infected leaves and healthy leaves. Investigated 
cultivars were Gabès2355 (Gab), El Hamma 
(Ham), Californian (Cal), Magna-601 (Mag601), 
Erfoud1 (Erf1), Mamuntanas (Mam), Agsalfa 
(Ags), Super Aurora (SupA), Sardi10 (Sar10) and 
ML99 (ML99). 



Journal of Oasis Agriculture and Sustainable Development  
www.joasdjournal.com 

 DOI : https://doi.org/10.56027/JOASD.spiss092021 |  Special Issue | June 2021  61 
 

RESEARCH ARTICLE 

On the other hand, only the Gabès variety among 
the studied varieties revealed a higher number 
of healthy leaves than dead leaves (Fig. 2.). 
Nevertheless, Magna-601 variety showed more 
dead leaves than healthy leaves. 

Accordingly, Djébali (2013) reported that the 
symptoms of Phoma medicaginis on leaves of M. 
truncatula are the main discriminative criterion 
for tolerance among Medicago lines.  
Among the 28 possible correlations between 
measured parameters, 14 of them were 
significant. Significant positive correlations were 
found between growth traits (r ≥ 0.30; P ≤ 0.001) 
(Table 3). The number of main stems was 
positively correlated with NHL, SFW and RFW. 
Furthermore, the number of healthy leaves was 
positively correlated with SFW and RFW. 

3.2 Principal component analysis (PCA) and 
cluster analysis 

The first three factors of PCA justified 80% of the 
total variation among the studied varieties. 

Factor 1 was formed by NMA, NHL, SFW and 
RFW, while the factor 2 was defined by RL, PFA, 
and NIN (Fig. 3.). 

The distribution of the varieties according to the 
factorial plan (1-2) showed that they formed 
three groups (Fig. 4.). A first group was formed 
by Gabès 2355 with the highest values of NHL, 
SFW, RFW and NMA. A second group was formed 
by ML99, Hamma, Agsalfa, Super Aurora and 
Sardi10 with highest values of RL, NIN and SDW. 
A third group composed of the remaining 
varieties (Erfoud1, Mamuntans and Californian) 
with intermediate behavior.  

 
Our results showed that the studied varieties 
possess different mechanisms against Phoma 
medicaginis infection. The Gabès variety seems 
to replace its infected leaves with new ones and 

 

 

Fig. 2. Differences between the percentage of 
dead leaves and healthy leaves. Varieties 
investigated were Gabès2355 (Gab), El Hamma 
(Ham), Californian (Cal), Magna-601 (Mag601), 
Erfoud1 (Erf1), Mamuntanas (Mam) and Agsalfa 
(Ags), Super Aurora (SupA), Sardi10 (Sar10) and 
ML99 (ML99). 

 
Fig. 3. Plot (1-2) of the principal component 
analysis (PCA) applied to the measured traits in 
the studied populations of M. sativa. The traits 
were number of main axes (NMA), number of 
internodes (NIN), number of total leaves (NTL), 
length of stems (LS), shoot dry weight (SDW), 
shoot fresh weight (SFW), root length (RL), root 
dry weight (RDW), root fresh weight (RFW), 
number of dead leaves (NDL), number of 
healthy leaves (NHL), number of infected 
petioles (NIP), number of infected stems (NIS) 
and number of infected leaves (NIL). 

 

 
Fig. 4. Plot (1-2) of the principal component 
analysis (PCA) of the core collection of M. sativa 
applied to the measured traits. The varieties 
were Gabès2355 (Gab), El Hamma (Ham), 
Californian (Cal), Magna601 (Mag601), Erfoud1 
(Erf1), Mamuntanas (Mam), Agsalfa (Ags), 
Super Aurora (SupA), Sardi10 (Sar10) and 
ML99 (ML99). 

Table 3. Estimated correlations between the 
measured parameters for studied varieties of 
Medicago sativa infected by Phoma medicaginis. 

 
NMS NHL NIN RL SFW RFW SDW RDW 

NMS 1.00 
      

 

NHL 0.35* 1.00 
     

 

NIN -0.13 0.19* 1.00 
    

 

RL 0.02 0.23* 0.09 1.00 
   

 

SFW 0.31* 0.42* 0.20* 0.17* 1.00 
  

 

RFW 0.32* 0.34* 0.00 0.38* 0.48* 1.00 
 

 

SDW 0.04 0.09 -0.03 0.01 0.22* 0.21* 1.00  

RDW 0.02 -0.01 -0.06 0.11 0.09 0.11 0.36* 1.00 

*significant (P≤0.05). Number of main stems (NMS), number of internodes 
(NIN), shoot dry weight (SDW), shoot fresh weight (SFW), root length (RL), 
root dry weight (RDW), root fresh weight (RFW), number of healthy leaves 
(NHL) 
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it develops its biomass normally to survive, as 
found by Djébali (2013). The varieties ML99, 
Hamma, Agsalfa, Super Aurora and Sardi10 
reorients their mechanisms to elongate in order 
to escape infection. However their biomass was 
strongly affected, as described by Djébali (2013) 
that Phoma medicaginis reduces shoot fresh 
weight in M. truncatula plants. Furthermore, 
Mamuntanas, Magna601, Erfoud1 and 
Californian enhanced their root growth to 
maximize the surface contact with the soil, which 
is a similar observation as found by Djébali 
(2013) who associated this observation with 
survival.  
Cluster analysis showed that the studied 
varieties were classified into three groups (Fig. 
5.). The first group is composed of the 
Gabès2355 variety characterized by the highest 
values of growth parameters (NHL, SFW, RFW 
and NMS). The second group is formed by 
Mamuntanas and Californian varieties with 
highest values of RDW. The third group is 
constituted of the remaining varieties with an 
intermediate behavior. According to Djébali 
(2013) the percentage of healthy leaves (NHL) is 
the most discriminating parameter between 
lines of M. truncatula in terms of responses to P. 
medicaginis. As mentioned by Tlahig et al. 

(2017), the varieties with extreme values from 
group 1 and group 3 will be useful for breeding 
programs. 
 
3. CONCLUSION 

Overall, a high level of diversity occurred in 
responses of the studied varieties to Phoma 
medicaginis infection. The varieties were 
classified into three groups according to their 
response to P. medicaginis infection, with one 
tolerant variety, five which are moderately 
tolerant, and four which are susceptible. The two 
contrasting varieties Gabès and Magna-601 
could be useful for the identification and 
characterization of physiological and genetic 
determinants for M. sativa tolerance to P. 
medicaginis infection.  
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The seed- borne pathogen Pyrenophora graminea Ito& Kur. is the causal agent of 
barley leaf stripe, a destructive disease in most barley growing region in the 
world. In order to  improve the barley species in Algeria against this disease, it is 
necessary to know their tolerance reaction  to it. The genotype that have been 
tested are five parent genotypes: ACSAD,  Tichedrett,  Saida,  Rihane,  Hamra and 
eight populations hybrid obtained by intraspecific crosses of the parents and then 
sowing of F1 to F8. We compared the incidence of the isolate of Pyrenophora 
graminea  for morphological characters (Stem height) and yield (1000-grain 
weight, medium yield of plant) of the studied variety. The results obtained 
showed the existence of variability between our thirteen genotypes of barley 
which had a different resistance level in the quantitative and qualitative 
characters. 
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1. INTRODUCTION 

Barley (Hordeum vulgare L.) is one of the oldest 
cereals cultivated by humans (7000 years B.C.) 
(Badr et al., 2000). It is in fourth order after 
wheat, rice and corn (Lammari et al., 2019). With 
a global production of 150 Mt for a sown area of 
57 million hectares, with an average yield of 27 
qx/hectare  (FAOSTAT, 2020).Barley cultivation 
is better adapted to the semi-arid areas where it 
can replace wheat advantageously and give a 
good yield (Benbelkacem et al., 2000a, 2020b). 
In Algeria, cereal products occupy a major place 
in the food system and in the national economy, 
and barley Hordeum vulgare L. is one of the most 
cultivated cereals with an area of 1.133.005 ha 
and 1.647.746  tons produced in 2019 
(FAOSTAT, 2020). It is an important  composent 
in animal feed and human food. Unfortunately 
this production does not cover the high demands 
of the population (Bessaoud et al., 2019). This 

decrease in barely production  is explained by 
the regression of the sown surfaces; climate  
changement,  and the use of low yielding local 
varieties sensitive to diseases . Theforeign 
varieties recently introduced in Algeria, which 
are supposed to be resistant to diseases and with 
high yields, but are not  adapted to the edapho-
climatic conditions of the country (Bendif, 1994; 
Sayoud et al., 1996); The absence of 
phytosanitary measures has led to the 
appearance of new strains of pathogen. The 
increasing of barley yields can be done by the 
control of cultural practices, fertilization and 
phytosanitary treatments, but especially by the 
search for genotypes with an interesting 
agronomic potential, resistant to diseases and 
adapted to the different growing areas. The most 
frequent fungal diseases on barley crops are: leaf 
stripe, rhynchosporiosis, bunt and covered smut 
and powdery mildew. However, the losses 
caused by these diseases have never been 
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evaluated in Algeria (Bendif, 1994). The leaf  
stripe of barley caused by Pyrenophora graminea 
Ito & Kuribayashi is a very frequent disease on 
barley crops in Algeria, it causes considerable 
losses (Lammari et al., 2019). The use of 
resistant varieties remains the most efficient, the 
most economic and the least polluting method to 
control this disease (Benbelkacem et al., 2000a, 
2000b).Our study is part of a global research 
program of resistance to leaf stripe; The aim is to 
evaluate the incidence of Pyrenophora graminea 
on some characters (Stem height,1000-grain 
weight, Medium yield of plant), after having 
made an artificial inoculation that permitted us 
to demonstrate the best resistant genitors and 
the interesting hybrid populations against this 
disease. 

2. MATERIALS AND METHODS  

2.1 Plant material 

       We used in our experimentation thirteen 
genotypes of barley (Hordeum vulgare L.) from 
different origins, of which five genotypes 
represent the parents: ACSAD, Tichedrett, Saida, 
Rihane, Hamra. Eight hybrid populations of 
barley of the F8 generation obtained by intra -
specific crosses of the parent genitors (Table 1). 

2.2 Fungal material 

       We tested a strain of P. graminea, which was 
isolated from a leaf limb of barley with typical 
symptoms of leaf stripe  from our experimental 
stations at ENSA and ITGC. The isolation of this 
strain was realized at the mycology laboratories 
of the INPV.  

2.3  Fungal isolation 

    Leaves showing symptoms of leaf stripe were 
selected and cut into small fragments of   2 cm in 
length at the level of the symptoms. These 

fragments were disinfected, rinsed, dried and 
then placed on a Petri dish containing V8 
medium with the following composition: 

Sterile distilled water...........800ml 
Juice8…...............................200ml 
Agar.........................................15g 
Caco3.........................................2g 

After isolation, the Petri dishes were incubated 
at 20°C for 10 days (Dickson, 1956); In order to 
obtain a pure culture, we proceeded to several 
mycelial transplants on V8 medium to confirm 
first the presence of conidia typical of P. 
graminea and then several transplants on PDA 
medium which allow a favorable development of 
its mycelium. 

2.3.1 Fungal inoculation 

      We opted for the Sandwich method described 
by Houston et Oswald (1948) and Hammouda 
(1986), based on the principle that the fungus is 
seed-transmitted. This method consists of 
placing barley seeds between two layers of P. 
graminea mycelium to obtain the inoculated 
specimens. The steps of the method are 

Table 1.  Origins of the genitors and different 
hybrid populations of F8 

Origins and crossing of genitors Hybrid 
populations 

ACSAD (Syria) x Tichedrett (Algeria) AcTi 

Saida   (Algeria) x Hamra  (Algeria) SaHa 

Saida   (Algeria) x ACSAD (Syria) SaAc 

ACSAD (Syria) x Hamra (Algeria) AcHa 

Tichedrett (Algeria) x Rihane (Syria) Ti Ri 

Saida   (Algeria) x Tichedrett (Algeria) SaTi 

Rihane (Syria) x Saida (Algeria) RiSa 

ACSAD  (Syria) x Rihane (Syria) AcRi 

  

Fig. 1. Inoculation of barley seeds with the 
mycelium of  Pyrenophora graminea  on  PDA 
medium.  
(a) Barley seeds deposited on a PDA medium 
colonized by the mycelium of  Pyrenophora 
graminea. (b) Disposition of barley seeds 
between the two layers of PDA medium 
colonized byPyrenophora graminea  mycelium. 
(c) and (d) Germination of barley seeds 
through the two layers of PDA medium. (e) 
Terrine in plastic showing the barley plants 
germinated from inoculated seeds. 
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described in (Fig. 1.). The dishes containing the 
Sandwich seeds are closed and then incubated 
for 72h (3 days) at a temperature of 4C°, 
According to Nilsson (1976), the inoculation 
methods used at low incubation temperatures 
give better results. We prepared the 
uninoculated controls of the hybrid populations 
and their genitors by disinfecting the seeds and 
then putting them between two layers of PDA 
medium under the incubation conditions. 

2.4 Plant cultivation 

2.4.1 Preparation of the substrate 

The substrate is a mixture of (2/3 soil for 1/3 
potting soil). This was previously sterilized in 
the oven for 24 hours at a temperature of 120°C. 

2.4.2 Experimental device  

        Our experiment was realized in a glass 
greenhouse on the experimental station of the 
ENSA. The experimental device adopted is a 
complete randomized block, this device includes, 
two factors with three repetitions: genotypes 
factor and treatment factor which includes two 
tests, inoculated and not inoculated (Fig. 2.). 
Each genotype was represented by 5 barley 
plants. 

 
2.5. Calculate parameters and data 

analysis 

         In order to discuss the results concerning 
the impact of leaf stripe caused by P. graminea 
on morphological traits (mean Stem Height, SH), 
and yield components (Thousand Grain Weight, 
TGW, and average Yield per Plant, Y/P) for all 
hybrid populations and their genitors. We 

performed an analysis of variance with the 
statistical software "STATICF" using the 
NEWMAN KEULS test at probability level of 5%, 
the Student-Newman-Keuls means comparison 
test. 

3. RESULTS AND DISCUSSION 

Our strain of Pyrenophora graminea exhibited a 
cottony aspect  of  colony and a white mycelia on  
PDA medium. 

3.1 Disease incidence on barley varieties 

      The results of the artificial inoculation of the 
hybrid populations and their genitors by P. 
graminea, expressed a ratio of infection  varied 
from one genotype to another. The results 
obtained are represented in (Fig. 4.). 
The hybrid populations AcHa and AcRi are 
classified as resistant compared to other hybrid 
populations, and the The ACSAD genitor is 
classified as resistant in comparison to the 
studied parents genitors ; The AcTi and SaHa 
hybrid populations are classified as intermediate 
resistant genotypes; The hybrid populations 
SaAc, RiSa, TiRi and SaTi are sensitive  to the 
pathogen attack. 

 

Fig. 3. (a) Aspects of mycelia of the 
Pyrenophora graminea strain on PDA medium. 
and (b) Conidia  morphology (40X). 

 

Fig. 2.  Experimental device under glass  in 
greenhouse. (From right to left: Block 1; Block 
2; Block 3). 

 
Fig. 4.  Classification of different barley 
genotypes according to the infection ratio 
caused by Pyrenophora graminea. 
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3.2 Incidence of leaf stripe on barley 
morphological characteristics and yields 
components. 

The objective of this analysis is to evaluate the 
potential production of the different hybrid 
barley populations and their parents, as well as 
their resistance to P. graminea . The measures 
and weights obtained for all the characteristics 
for each genotype are shown in (Table 2). Stem 
height) and yield (1000-grain weight, Medium 
yield of plant). 

3.2.1 Incidence of  leaf stripe on 
medium stem height (SH) 

The results of the analysis of variance for the 
two inoculated and uninoculated (control) 
treatments are shown in the tables below: 

Based on the analysis variance about the effect of 
leaf stripe on the Stem height trait; We can say 
that there is a very highly significant difference 
for the inoculated treatment (Table 3), while it 
revealed no significant difference for the control 
(uninoculated) treatment (Table 4). 
According to the summary in Table 2, the 
genitors Hamra and ACSAD presented  moderate 

Table 2.  Summary table of the impact of leaf 
stripe on the set of traits studied 

       Character 
 
 
Genotype 

Stem 
height 
(cm) 

1000-grain 
weight (g) 

Medium 
yield of plant 
(g/plant) 

 ACSAD 
Inoculated 
Control 
Incidence*          

 
42.56 
46.71 
04.15 
8.88% 

 
41.94 
47.32  
05.38 
11.36% 

 
2.21 
2.901 
0.69 
23.78% 

Hamra 
Inoculated 
Control 
Incidence 

 
44.33 
47.79 
03.46 
7.24% 

 
43.75 
48.53  
04.78 
9.84% 

 
2.26 
2.83 
0.57 
20.14% 

Saida 
Inoculated 
Control 
Incidence       

 
38.22 
45.30 
07.08 
15.62% 

 
37.33 
45.58  
08.25 
18.1% 

 
1.72 
2.35 
0.63 
26.80% 

Rihane 
Inoculated 
Control 
Incidence                 

 
40.36 
45.70 
05.34 
11.68% 

 
39.69 
46.39  
06.70 
14.44% 

 
1.96 
2.67 
0.71 
26.59% 

Tichedrett 
Inoculated 
Control 
Incidence                 

 
36.10 
43.96 
07.86 
17.87% 

 
35.40 
44.49 
09.09 
20.43% 

 
2.15 
3.73 
1.58 
42.35% 

SaAc 
Inoculated 
Control 
Incidence                 

 
40.50 
45.90 
05.40 
11.76% 

 
40.82 
46.89  
06.07 
12.94% 

 
1.93 
2.56 
0.63 
24.6% 

SaTi 
Inoculated 
ControlContr
ol 
Incidence                 

 
38.02 
45.03 
07.01 
15.56% 

 
37.54 
45.90  
08.36 
18.21% 

 
1.8 
2.49 
0.69 
27.71% 

SaHa 
Inoculated 
Control 
Incidence                 

 
41.70 
46.45 
04.75 
10.22% 

 
41.07 
47.05  
05.98 
12.7% 

 
1.90 
2.58 
0.68 
26.35% 

AcRi 
Inoculated 
Control 
Incidence         

 
42.92 
47 
04.08 
8.68% 

 
42.43 
47.71 
05.28  
11.06% 

 
2.34 
2.90 
0.56 
19.31% 

RiSa 
Inoculated 
Control 
Incidence                    

 
40.65 
46.13 
05.48 
11.87% 

 
40 
46.71  
06.71 
14.36% 

 
1.95 
2.60 
0.65 
25% 

AcTi 
Inoculated 
Control 
Incidence                 

 
43.03 
47.08 
04.05 
8.6% 

 
42.31 
47.62  
05.31 
11.15% 

 
1.77 
2.46 
0.69 
28.04% 

TiRi 
Inoculated 
Control 
Incidence                 

 
40.36 
46.30 
05.94 
12.82% 

 
39.82 
46.47  
06.65 
14.31% 

 
1.67 
2.33 
0.66 
28.32% 

AcHa 
Inoculated 
Control 
Incidence                 

 
47.22  
49.34 
02.12 
4.29% 

 
46.65 
49.99  
03.34 
6.68% 

 
1.8 
2.31 
0.51 
22.07% 

*Incidence = ((value of the control – Value of the 
inoculated)/value of the control)*100 

Table 3.  Analysis variance. of stem height in 
Pyrenophora graminea inoculated plants of 
barley cultivars 

                                S.S.D.         DF        MS     F-test   PROBA   S.D C.V. 

TOTAL VAR.           438.91   38      11.55 

FACTOR1 VAR.      304.62    12      25.38      4.95     0.0005 

BLOCK VAR.           11.33      2           5.67        1.11     0.3482    

RESIDUAL 1 VAR. 122.96    24       5.12        2.26      5.5% 

INTERACTION   SSD. TUKEY 's test = 57.68   PROBA = 0.0002 

 

Table 4.  Analysis variance of Stem height in 
control plants of barley cultivars  

                            S.S.D.      DF     MS       F-test   PROBA  S.D C.V. 

TOTAL VAR.    175.46   38     4.62 

FACTOR1 VAR.  64.13   12    5.34      1.46    0.2072 

BLOCK VAR.      23.47    2   11.74        3.21     0.0572 

RESIDUAL 1 VAR. 87.86  24   3.66                         1.91    4.1% 

INTERACTION   SSD. TUKEY 's test =   0.06    PROBA =    0.8938 
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values of stem height and their hybrid 
population AcHa inoculated with P. graminea 
expressed the highest medium stem height in the 
order of 47.22 cm, the uninoculated treatment of 
the same hybrid population gave a value of 
49,34cm, the leaf stripe had a low incidence on 
the stem height character of the genotype AcHa 
in the order of 4,29%. While the Tichederett 
progenitor expressed the highest incidence of 
leaf stripe with a value of 17.87% (Fig. 5.). The 
Newman and Keuls test was used to classify the 

barley genotypes into 3 homogeneous groups. 

3.2.2 Incidence of leaf stripe on thousand 
grain weight (TGW)  

        The results of the analysis of variance for the 
two inoculated and uninoculated (control) 
treatments are shown in the tables below: 
Analysis of variance showed a significant 
difference about the effect of leaf stripe on 
Thousand Grains Weight (TGW) between 
inoculated (Table 5) and not inoculated (control) 
treatment (Table 6). 
       As shown in the summary of Table 2, the 
Hamra progenitor has a high value in the order 
of 43.75g for the inoculated treatment and 
48.53g for the uninoculated treatment and the 
very low incidence of 9.84%. The hybrid 
population AcHa presents a higher TGW of 
46.65g for the inoculated treatment and 49.99g 
for the control treatment with a very low 
incidence of 6.68%.  The hybrid population SaTi 
and the variety Tichederett present a very low 
value for the control treatment of 45.9g and 
44.49g  respectively, with a very high incidence 
of 18.1% and 20.43% respectively.  The Newman 
and Keuls test was used to classify the inoculated 
treatment barley genotypes into 5 homogeneous 
groups. 

3.2.3 Incidence of leaf stripe on 
medium of  Yield per Plant (Y/P) 

The results of the analysis variance for the two 
inoculated and uninoculated (control) 
treatments are shown in the tables below: 
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ACSAD176

Hamra

Saida

Rihane

Tichedrett

SaAc

SaTi

SaHa

AcRi

RiSa

AcTi

TiRi

AcHa

 
Fig. 5.  Classification of  genotypes according to 
the incidence (%) of leaf stripe on the stem 
height (SH) character.  
 

Table 5. Analysis variance of thousand grain 
weight in Pyrenophora graminea inoculated 
plants of barley cultivars. 

                            S.S.D.         DF          MS          F-test   PROBA   S.D  C.V. 

TOTAL VAR.      443.55      38      11.67 

FACTOR1 VAR.    310.77   12     25.90       4.86     0.0005 

BLOCK VAR.          4.96         2       2.48        0.47     0.6358 

RESIDUAL 1 VAR. 127.82   24     5.3                                   2.31    5.7% 

INTERACTION     SSD. TUKEY 's test =   0.87     PROBA =    0.6965 

 
Table 6. Analysis variance of thousand grain 
weight in control  plants of barley cultivars.  

 
                                    S.S.D.   DF    MS   F-test   PROBA   S.D C.V. 

TOTAL VAR.        173.93   38     4.58 

FACTOR1 VAR.     67.73    12    5.64         1.40     0.2324 

BLOCK VAR.           9.43      2     4.72        1.17     0.3281 

RESIDUAL 1 VAR. 96.76   24     4.03              2.01    4.3% 

INTERACTION     SSD. TUKEY 's test =   1.52     PROBA =    0.5570 

 

Table 7.  Analysis variance of yield per plant  in 
Pyrenophora graminea  inoculated plants of 
barley cultivars 

 
                            S.S.D.      DF     MS     F-test   PROBA   S.D  C.V. 

TOTAL VAR.      13.17   38      0.35 

FACTOR1 VAR.  1.65    12     0.14     0.35    0.9684 

BLOCK VAR.       2.13    2      1.07        2.72    0.0844 

RESIDUAL 1 VAR. 9.39    24        0.39                0.63   31.8% 

INTERACTION       SSD. TUKEY 's test =   0.06     PROBA =    0.7086 

 
Table 8.  Analysis variance of yield per plant in 
control  plants of barley cultivars. 

                                    S.S.D.   DF       MS          F-test   PROBA    S.D   C.V. 

TOTAL VAR.           21.61   38       0.57 

FACTOR1 VAR.      4.97     12        0.41      0.68     0.7500 

BLOCK VAR.            2.12     2          1.06      1.75      0.1937    

RESIDUAL 1 VAR. 14.52    24        0.60                       0.78   29.2% 

INTERACTION     SSD. TUKEY 's test =   0.42     PROBA =    0.4227 
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The analysis variance of the leaf stripe on 
medium yield per plant showed a significant 
difference between inoculated (Table 7) and  
uninoculated (control) treatment (Table 8). 
According to the summary Table 2, the AcRi 
hybrid population presents the highest value 
about 2.9 g/p for the uninoculated (control) 
treatment and 2.34 g/p for the inoculated 
treatment. The incidence observed on this 

genotype is very low at 19.31% while the 
Tichederett genotype has the highest incidence 
with a value of 42.35% for the Y/P trait. The 
Newman and Keuls test carried out at the 5% 
probability threshold on the basis of the number 
of grains per plant made it possible to divide the 
barley genotypes into 1 homogeneous group (A). 

The study of Pyrenophora graminea impact's on 
the quantitative and qualitative characteristics 
for the different barley genotypes, shows a 
variability within cultivars and between 
cultivars, as well as a homogeneity and stability 
in some genotypes, the variability is due to the 
influence of the genetic potentials on the 
expression of the characteristics during the test 
period. The stability of the characters is in 
general quite clear in the qualitative characters 
of the parent genotypes towards the hybrids 
(Rahal–Bouziane, 2006). The development of 
leaf stripe is very well remarkable on sensitive 
barley varieties, this showing the efficacy of the 
inoculation method that was used,  and the 
interaction "variety-isolate" confirmed the 
hypothesis of physiological specialization in 
Pyrenophora graminea reported by many 
authors (Benbelkacem et al., 2000a, 2000b; 
Benkorteby-Lyazid, 2019), and the levels of 
incidence on some varieties explain the 
sensibility of Algerian barley cultivars contrary 
to imported cultivars and prove the resistance of 
this pathogen on the local hosts. The large 
variations observed between replications can be 
explained by the fact that some seeds were 
highly infested by large amounts of inoculum 
and some lost their seed coat during the 
tempering process, this result confirms the 
observation made by Mohammad and Mahmood 
(1974).  
In the same way, the incidence of the leaf stripe 
disease on the Algerian varieties: Saida and 
Tichedrett revealed an excessive sensitivity 
compared to that of the systematic investigation 
made during campaign 1994/1995 on 226 fields 
through the main cereal zones with an average 
incidence of 27.97% of this disease; These data 
allowed to estimate losses about 1/3 of the 
potential production of barley in Algeria 
(Benbelkacem et al., 2000a, 2000b). Losses 
result from a reduction in tillering and yield per 
plant where the grains of affected plants are 
empty or rarely fill (Mathur et al., 1964). Arabi et 
al. (2004) reported that the thousand grain 
weight was affected negatively when barley 
plants were inoculated with P. graminea. 
However, in our study, the resistant cultivars :  
ACSAD, Hamra, and hybrides : AcHa, AcRi , 
showed a high yield/plant and a  high thousand 
grain weight. Arabi et al. (2001) showed that P. 
graminea had a direct impact on proteins in 
grain content  susceptible cultivars, where no 
effects were detected in the resistant ones. In 
our study, the resistance of Syrian cultivars are 
mostly the same to those reported by Arabi et al. 
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Fig. 6.  Classification of genotypes according to 
the incidence (%) of leaf stripe on the thousand 
grain weight (TGW) character. 
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Fig. 7.  Classification of genotypes according to 
the incidence (%) of leaf stripe on yield per 
plant (Y/P) character. 
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(2001). Therefore, the cultivars ACSAD and 
Hamra should be integrated in breeding studies 
for introducing leaf stripe disease resistance into 
most cultivated and high yielding varieties in 
Algeria. 

4. CONCLUSION 

        In the aim of improving barley resistance 
against the leaf stripe disease, it is important to 
study the reaction of barley genotypes to 
Pyrenophora graminea infection. This study 
showed that ACSAD and Hamra progenitors are 
characterized by a high genetic potential for 
resistance against this disease. Their hybrid 
populations in turn have a good genetic 
potential. On the other hand, the Saida and 
Tichedrett progenitors are characterized by a 
low genetic potential which makes them 
susceptible to leaf stripe. The hybrid populations 
AcHa, SaHa and AcRi are the most interesting for 
the characteristics of stem height (SH), the 
weight of thousand grain (TGW) and yield per 
plant (Y/P). 
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The Brachypodium genus contains the model grasses B. distachyon, B. 
stacei and B. hybridum, that are useful for molecular and physiological studies 
relevant to grain, pasture and bioenergy crops, as well as ecology. In this paper, 
we analyze the natural variation in climate/geographical diversity that exists 
within these species in the Tunisian territory. To capture the genetic diversity 
within this species complex in relation to their geographic distribution in 
Tunisia, 360 of Brachypodium accessions from the Tunisian territory were 
collected and genotyped by ALB165 marker. Overall, 314 samples were 
classified into hybridum and the rest as diploid for one of the two progenitor’s 
species (B. distachyon and B. stacei). Environmental niche analysis indicated 
that, generally, B. distachyon grows in higher, cooler, and wetter places north of 
36°; B. stacei in lower, warmer, and drier places; nd B. hybridum in places with 
intermediate ecological features and across latitudinal boundaries but also 
overlapping with those of its parents, more often with those of B. stacei.  
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1. INTRODUCTION 

Understanding climatic breadth within species 
can inform growers about what crop varieties 
are suitable for their locations and can also aid 
seed collectors about new locations for future 
collections. Brachypodium native range is the 
Mediterranean region, with accessions 
commonly found through southern Europe, 
North Africa and Eurasia. However, worldwide 
herbarium records show Brachypodium is now 
present on all six continents except Antarctica 
(Garvin et al. 2008). This wide geographic range 
and climate tolerance in both the native and 
introduced range, as well as a key evolutionary 
position, mean Brachypodium is a rich resource 
of allelic diversity. The Brachypodium distachyon 
complex includes three annual species: 
Brachypodium distachyon (2x = 10), 
Brachypodium stacei (2x = 20) and 
Brachypodium hybridum (2x = 30). The three 

species in this complex are difficult to 
distinguish in the field and include the diploid B. 
distachyon, the diploid B. stacei, and the 
allotetraploid B. hybridum, which contains one B. 
distachyon-like genome and one B. stacei-like 
genome (Hasterok et al. 2004; Catalán et al. 
2012; Idziak et al. 2014). To add to the 
complexity, there is evidence of distinct 
subgroups of B. distachyon (Hasterok et al. 2004; 
Catalán et al. 2012; Idziak et al. 2014; Tyler et al. 
2016). The three species of the complex show a 
native geographic distribution that covers the 
entire circum-Mediterranean zone, 
(Schippmann, 1991; Garvin et al., 2008; Catalán 
et al., 2012). They grow in different 
environments, latitudes, and elevations, 
representing a wide range of biotic and abiotic 
conditions that may be associated with adaptive 
natural genetic variation (Garvin et al., 2008; 
Manzaneda et al., 2012). However, the specific 
distribution of each of the three species of the 
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Table1:   Mean values of the 19 bioclimatic and longitude, latitude and altitudinal variables analysed 
for environmental variation of Brachypodium complex (B. distachyon, B. stacei, and B. hybridum) 

Environmental variable Code   Environmental variable Code  

Annual mean temperature Bio1  Annual precipitation Bio12 

Mean diurnal range Bio2  Precipitation of wettest month Bio13 

Isothermality Bio3  Precipitation of driest month Bio14 

Temperature seasonality Bio4  Precipitation seasonality Bio15 

Maximum temperature of warmest 
month 

Bio5  Precipitation of wettest quarter Bio16 

Min temperature of coldest month Bio6  Precipitation of driest quarter Bio17 

Temperature annual range Bio7  Precipitation of warmest quarter Bio18 

Mean temperature of wettest quarter Bio8  Precipitation of coldest quarter Bio19 

Mean temperature of driest quarter Bio9  Longitude Long 

Mean temperature of warmest 
quarter 

Bio10  Latitude Lat 

Mean temperature of coldest quarter Bio11  Altitude Alt 

 

complex has still not been determined due to the 
strong morphological resemblance between the 
three species. When overall climate is found to 
be associated with genomic variation, it is of 
interest to investigate which particular 
environmental variables are the drivers of 
natural selection. This can be done by clustering 
environmental variables across geographic 
locations. In this context, we aimed to analyze 
the natural variation in climate/geography 
diversity that exists within these species in the 
Tunisian territory. 
 
2. MATERIALS AND METHODS  

2.1 Plant material and growth conditions 

In total, 360 accessions belonging to eighteen 
populations of Brachypodium complex (B. 
distachyon, B. stacei and B. hybridum) 
representing all the bioclimatic stages and 
covering the geographic range of the species in 
Tunisia were used in the current study (Fig. 1.). 
Since it was difficult to discriminate 
morphologically between the three species, 
seeds of 20 mother plants within each location 
were collected randomly and at widely spaced 
intervals without a priori concerning their 
specific rank. Four Seeds from each accession 
were sown in plastic pots filled with 5 kg of 
sandy soil. The experiment was conducted under 
greenhouse conditions (25 ± 5.3/10 ± 3.2 °C 
day/night temperature, relative humidity of 
60/80% during the light/dark periods, 16/8 h 
light/dark regime and an average 
photosynthetic photon flux density between 400 
and 1200 μmol/m2/s) at the Centre of 
Biotechnology of Borj Cedria (CBBC), Tunisia. To 
keep the soil moist, experimental pots were 

irrigated every 2 days with distilled water until 
germination. Seedlings were watered as needed 
and fertilized weekly with a Hewitt nutrient 
solution (Hewitt, 1966) throughout the rest of 
study. After 30 days, fresh leaves of each 
individual were collected separately for DNA 
extraction. 

2.2 Molecular analysis 

The DNA of the 360 accessions was extracted 
from about 20 mg of fresh leaves according to 
Geuna et al, (2003). A simple PCR amplification 
by the powerful SSR marker (ALB 165) was used 

 

Fig. 1. Geographic distribution of the studied 
accessions 

Tunisia 
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to determine the affiliation of each accession to 
the three specie of the Brachypodium complex 
(B. distachyon, B. stacei and B. hybridum). The 
amplification products were analyzed in 2.5% 
agarose gel. According to Giraldo et al, (2012), 
this simple PCR-based alternative approach is 
reliable for an unequivocal distinction between 
the complex of species.  

2.3 Environmental variation 

Current climatic data from each occurrence 
point were extracted using the program DIVA-
GIS v7.5. Comparison analyses from current data 
aimed to detect significant environmental 
differences among the three species for the 19 
bioclimatic and three geographical (altitude, 
latitude, longitude) variables studied. To 
discriminate the three species in the 
environmental space and to identify the 
variables that most contributed to their 
differentiation, a principal component analysis 
(PCA) of extracted data was performed using the 
program Excel Stat 2021. 
 
3. RESULTS 

3.1 Identification and geographic 
distribution of B. distachyon complex in 
Tunisia 

Based on the results of analysis with ALB 165, 
the allotetraploid species B. hybridum is 
widespread species in Tunisia.  The two diploid 
species B. distachyon and B. stacei were found to 
be quite rare.  Of the 360 analyzed accessions, 
314 are allotetraploid (B. hybridum) whereas 
only 46 accessions are diploids (21 are B. 
distachyon and 25 are B. stacei) (Fig. 2.). 
Contrary to B. distachyon accessions which were 
found primarily in three populations (Ain 
Drahem, Kef, and Boukornine) and B. stacei 
accessions which were found in seven 
populations (Fayedh, Enfidha, Tabarka, 
Zaghouan, Ain Drahem, Takelsa and 
Boukornine), the allotetraploid species B. 
hybridum was characterized by a scattered 
distribution extending from the southern to the 
northern region of Tunisia. In some populations 
like Silyana, Amdoun, Kandar, Mahres and 
Djerba, accessions are exclusively B. hybridum. 
The sympatric occurrences between the three 
specie were found only in Ain Draham and 
Boukornine populations. 

3.2 Environmental variation of B. 
distachyon, B. stacei, and B.  hybridum  

Despite the difference in the bioclimatic stage of 
the “B. distachyon” s.l. complex taxa, no 
fundamental environmental differentiation for 
its three species were found. Nonetheless, B. 
stacei showed intermediate values for the 
majority of variable and means for B. distachyon 
are higher or lower than the other two specie 
(Fig. 3.). 

The environmental space defined by the two 
first PCA axes showed a relative differentiation 
of the B. distachyon and B. stacei samples along 
the opposite extremes of the second axis (27.4% 
variance), whereas those of B. hybridum 
overlapped with both groups but more greatly 

 

Fig. 2. Proportion of the three specie in 
Tunisia 
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with the B. stacei cluster (Fig. 4.). The variables 
that most contributed to the first PCA axes were 
altitude, bio1, bio6, bio11, bio14, bio17 and 
bio18 (PCA1), bio12, bio13, bio16 and bio17 
(PCA2) and bio3 (PCA3). 

4. DISCUSSION  

Brachypodium ssp is a small annual grass in 
which the existence of three different cytotypes 
(with 10, 20 or 30 chromosomes) has long been 
considered as a series of autopolyploidy with x = 
5. However, it has been shown that the cytotypes 
which were presumed polyploids, actually 
represent two distinct species of the genus 
Brachypodium, recently named Brachypodium 
stacei (2n = 2x = 20) and Brachypodium 
hybridum (2n = 4x = 30) (Giraldo et al. 2012). In 
this study, we used the ALB 165 marker to 
distinguish between the three species. The 
results show that the majority of accessions in 
Tunisia are Brachypodium hybridum (87%), on 
the other hand, relatively few of them were 

classified B. stacei (7%) and B. distachyon (6%). 
The latter is limited to the region of Ain Draham, 
Elkef and Djebel Boukarnin. The strong 
dominance of polyploids in almost all sites, 
including the driest sites, is consistent with the 

idea that polyploids take advantage of their 
genetic potential and can adapt to a wide range 
of environmental conditions (Comai, 2005; Te 
Beest et al., 2012; del Pozo and Ramirez-Parra, 
2015). The first karyological studies carried out 
on material indicated the existence of 2n = 10, 2n 
= 20 and 2n = 30 cytotypes, and 2n = 30 being 
the most common (Robertson, 1981). According 
to Antonio et al., (2011) the distribution of 
diploids (2n = 10) and allotetraploids (2n = 30) 
in this species is geographically structured 
throughout its range in the Iberian Peninsula 
and is associated with gradients of aridity. After 
controlling the geographic and altitudinal effects, 
the link between aridity and polyploidization 
persisted in own collection. In addition, the 
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amount of significant environmental differences 
found between B. distachyon and B. stacei (Fig. 3. 
and Fig. 4.) suggest distinct adaptations to 
different ecological tolerances in these diploids’ 
specie.  
Environmental niche analysis indicated that, 
overall, B. distachyon grows in higher, cooler, 
and wetter places north of 36°; B. stacei in lower, 
warmer, and drier places; and B. hybridum in 
places with intermediate ecological features and 
across latitudinal boundaries but also 
overlapping with those of its parents, more often 
with those of B. stacei. Such results were 
corroborated with those found by López-Alvarez 
et al., 2015 and Catalán et al., 2016. This concurs 
with the finding that most B. distachyon lines 
require vernalization treatment in order to 
flower, whereas B. stacei and B. hybridum lines 
do not (Vogel et al., 2009). This finding of 
geographical segregation between diploids and 
auto- and allopolyploids has been repeatedly 
described in many species (e.g. Husband and 
Schemske, 1998; Baack, 2004; see also Levin, 
2002), including grasses (Keeler, 1990; see also 
Gibson, 2009). Thus, the wide dispersion of B. 
hybridum could be due to the benefit of multiple 
genomes resulting from polyploidization (Beest 
et al., 2012). The narrow range observed for B. 
stacei and B. distachyon suggests specific habitat 
requirements for these species and makes them 
less likely that their restricted distribution 
results mainly from limited migration / 
colonization processes. 
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Nowadays, pea field is getting more attention because of its nutritional values.  
The objective of this paper is to characterize and identify relationships among 
21 Mediterranean pea accessions.  Fifteen accessions of Pisum sativum subsp. 
elatius and six accessions of Pisum sativum subsp. arvense were provided by 
ICARDA (International Centre for Agricultural Research in Dry Areas). Twenty 
qualitative traits were selected according to the guidelines of the International 
Union for the Protection of New Varieties of Plants (UPOV). We measured eight 
vegetative qualitative traits such as presence or absence of leaflets, type of plant 
axis development and presence or absence of anthocyanin coloration. We 
measured twelve floral qualitative traits such as standard color, pod color and 
curvature of the pod. In order to study the clustering of our accessions, we used 
Past4.03 with the test UPGMA (unweighted pair group method with arithmetic 
mean). The biometric and descriptive analysis we carried out reveals the 
presence of traits that discriminate accessions. Among these traits, we can cite 
C15 (vegetative qualitative trait), C23, C31 and C35 (floral qualitative traits). 
C15 discriminates the accessions TUR10, TUR8, SYR1 and SYR2. C23 
distinguishes TUR6, TUR11 and AL2 accessions from other accessions. C31 is a 
discriminating trait for TUR13 accession. The type of starch grain (C35) 
discriminates the TUR14 accession. Cluster analysis led to establishing 
dendrogram allowing a grouping of accessions according to their geographical 
affiliation. In fact, it is possible to discriminate significantly the accessions 
TUR10, SYR1 and SYR2 from the accessions TUR12, TUR13, GR1 and TUN which 
could be an incentive for further improvement and better exploitation. 
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1. INTRODUCTION 

Legumes are the third largest family of 
angiosperms belonging to Fabaceae/ 
Leguminosae (Gepts et al. 2005; Gepts et al. 
2005). Pisum sativum are the main leguminous 
food and the second largest in the world after 
common beans Phaseolus vulgaris L. The 

growing demand for protein rich in raw 
materials for animal and/or human feed has led 
to greater interest in this crop as a source of 
protein (Kharrat and Maatougui, 2019 ; Sai 
Kachout et al. 2021). Their culinary benefits on 
human health as well as their benefits on animal 
nutrition are well recognized (Kharrat and 
Maatougui, 2019).  
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In fact, pea seeds are rich in protein (23 to 25%), 
slowly digesting starch (50%), soluble sugars 
(5%), fiber, minerals and vitamins (Janko et al. 
2017; Sai Kachout et al. 2021). Protein peas 
(harvest of mature seeds), derived from box 
peas, were selected for their high production of 
high protein and starch seeds and low in anti-
trypsic compounds (Santos et al. 2019). Green 
pod and dry seed of Pisum sativum L are also 
essential sources of protein and vitamins used 
for human and animal food.  An increase in unit 
area yield and pod quality could be achieved by 
growing new cultivars with high pod yields and / 
or by improving cultivation practices (Rashwan 
and El-Shaieny, 2016). 
Pisum sativum L. is an economically important 
crop as it contributes to the development of low 
input farming systems by fixing atmospheric 
nitrogen and it serves as a disruption crop which 
further minimizes the need for external inputs 
(Alizadeh et al. 2016). It is suitable for head 
rotation, increases soil fertility and erosion 
control (Srarfi Ben Ayed et al. 2017; Coyne et al. 
2020). Furthermore, field peas rank third in 
world production among food legumes (Ghafoor 
and Arshad, 2008).  
Peas are subdivided into different species, 
subspecies and groups, according to the size of 
the plant (tall, half-dwarf, dwarf), the type of 
foliage (afila, leaf), the coloration of the flowers 
(white, purple, etc.) and the morphology of the 
fruits and seeds. Boyeldieu (2003) reported that 
there are three main species of the genus Pisum 
or subspecies of Pisum sativum. The first is P. 

sativum elatius, representing wild peas. The 
second is Pisum arvense L., encompassing field 
peas or fodder peas, this species is characterized 
by its colorful flowers and small, stipules with 
red collar, leaves with 2-4 leaflets and small 
seeds with colored teguments. The third main 
species, P. sativum L. or P. sativum hortense Asch 
and Graebn is garden pea. The protein cultivars 
were selected from this species by hybridization 
between P. sativum and P. arvense. In addition, 
Cousin (1992) classified pea varieties into 
different groups: Feed peas, Market peas, Edible 
peas, Casserie peas, Canned peas and Protein 
peas (Srarfi Ben Ayed et al. 2017). 
Aware of the agronomic and economic interests 
that could be presented by the cultivation of this 
species in Tunisia, rehabilitation programmes 
have been suggested to intensify production in 
appropriate regions (humid wet and sub-humid 
wet bioclimatic stages), the research and 
exploitation of varieties adapted to certain biotic 
and abiotic stresses and the improvement of the 
organoleptic and nutritional qualities of the seed 
(Mohamed et al. 2019) Improved legume 
production can create local value-added 
processing opportunities, boost domestic 
demand and provide off-farm employment, 
income sources and enriched food for 
smallholder and resource-poor farmers 
(Getachew, 2019; Kebede, 2020). Therefore, the 
selection of new varieties of peas becomes a 
priority in Tunisia to restore this crop to its true 
place in regional crop rotations as a welding 
plant and as a plant that improves the physico-

Table 1. List of traits recorded on several accessions of the field pea following the International Union 
for the Protection of New Varieties of Plants (UPOV, 2009) recommendations for Pisum sativum. 

Vegetative qualitative traits Code 
1 Presence or absence of leaflets C3 
2 Type of plant axis development C4 
3 Presence or absence of anthocyanin coloration on stem and foliage C5 
4 Presence or absence of anthocyanin coloration on stipules C6 
5  Leaflet teeth C8 
6 Size of leaflets C11 
7 Maculation on the stipules C12 
8 Stipule size C15 
Floral qualitative traits  Code 
9 Standard color C20 
10 Wing color C21 
11 Pod color C23 
12 Curvature of the pod C26 
13 Shape of the distal part on the pod C27 
14 Seed shape C30 
15 Seed color C31 
16 Color of hilum on seed C32 
17 Cotyledons color C33 
18 Intensity of wrinkles on cotyledons C34 
19 Type of starch grains C35 
20 Presence or absence of purple or pink spots on the seed coat C38 
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chemical qualities of the land. Selection 
objectives must meet both productivity and 
nutritional requirements. 
This study was carried out with the aim of 
exploiting the genetic diversity of twenty-one 
accessions of Pisum sativum from a collection 
provided by ICARDA, in order to determine the 
diversity between genotypes in terms of 
morphological traits and to detect the level of 
genetic diversity between the genotypes studied. 
The most interesting material will be used as 
breeding material for future crossings as part of 
the pea enhancement program (Pisum sativum). 
 
2. MATERIALS AND METHODS  

2.1. Plant material 

The study covered 21 accessions of the genus 
Pisum sativum, from different Mediterranean 
countries, provided by ICARDA (International 
Centre for agricultural research in dry areas). 
We have 15 Pisum sativum subsp eliatus: one 
from Greece, two from Syria, 11 from Turkey 
and one from Morocco. We have six Pisum 
sativum var. arvense: three from Turkey, two 
from Algeria and one from Tunisia. Tunisian 
variety is called Yamama supplied by INRAT and 
listed in the J.O.R.T. (2009). 

2.2. Experimental design and trial 
management 

The experimental design is completely 
randomized based on 30 plants initially for each 
accession. The trial was conducted on a plot at 
the Faculty of Science of Tunis in plastic pots. 
Before planting, hand weeding was carried out 
to remove the roots of the weeds and to clean 
the soil of the parasites (larvae or insects) thus 
minimizing the risk of competition or disease 
transmission. In several species of the legume 
family, the seed is covered with an impermeable 
layer that protects the surface of the seed and 
prevents water from entering the embryo. For 
germination to occur, this impermeable layer 
must be broken, shredded or cracked (Vallée et 
al. 1999). For this reason, we performed a 
scarification of the seed before planting. Daily 
maintenance and monitoring of the plot was 
carried out from planting to harvesting. 

2.3. Measured qualitative traits 

In order to study the diversity of our 21 
accessions, we have chosen 20 qualitative traits 

from UPOV (2009) described in Table 1 and 
Fig.1. 

 
2.3.1. Vegetative qualitative traits  

Presence or absence of leaflets (C3): a leaflet 
is a leaf-like part of a compound leaf. Though it 
resembles an entire leaf, a leaflet is not borne on 
a main plant stem or branch, as a leaf is, but 
rather on a petiole or a branch of the leaf. 

Type of plant axis development (C4): 
plagiotropic axis or for all the accessions. Similar 
vegetative metamers may behave slightly 
differently becoming either a vertical or 
horizontal axis. A vertical axis, which is also 
called an orthotropic axis, has an essentially 
radial symmetry. The horizontal, or plagiotropic 
axis, is normally dorsiventrally flattened but can 
arise in other ways (Ingrouille, 1992). 

Presence or absence of anthocyanin 
coloration on stem and foliage (code C5): on 
young plants or new twigs, when the production 
of chlorophyll has not yet begun and the plant is 

 

Fig. 1. Vegetative and floral qualitative traits. 
a : Anthocyanin coloration on stem ; b : 
Anthocyanin coloration on leaflet ; c: 
Maculation on stipules ; d: Anthocyanin 
coloration on stipules ; e: Intensity of 
wrinkles on cotyledons ; f: Light color of the 
hilum on the seed ; g: Dark color of the hilum 
on the seed ; h: Standard colors ; i: Purple on 
seed tegument. 
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therefore unprotected against ultraviolet, the 
production of anthocyanin increases. As soon as 
chlorophyll production begins, anthocyanin 
production is reduced. The level of anthocyanins 
produced depends on the type of plant, 
substrate, light and temperature. It has also been 
found that red coloring makes it possible to 
camouflage against herbivores that are unable to 
see the red wavelengths. In addition, 
anthocyanin synthesis often coincides with the 
synthesis of phenolic compounds unpleasant to 
taste. Anthocyanin coloration should be 
considered present if there is anthocyanin in one 
or more of the following: seed, foliage, stem, 
axilla, flower or pod. 

Presence or absence of anthocyanin 
coloration on stipules (code C6): stipules have 
sometimes red spots, characteristic of certain 
varieties, especially in feed peas. 

Leaflet teeth (code C8): it can be absent (0), 
weak (1), medium (2), strong (3) or very strong 
(4). 

Leaflet size (code C11): It can be very small 
(0), small (1), medium (2) or large (3). 

Maculation on stipules (code C12): 
maculations are white spots that are dotted all 
over the surface of the stipules. The examination 
should be performed on the main rod only. The 
presence of maculas on a forepart of the main 
stem means that maculas are present. Care must 
be taken to ensure that, at the lower nodes, 
senescence has not begun on the foliage prior to 
observation. The plant must have at least eight 
nodes because in some varieties the macules do 
not express at the lower nodes (UPOV 2009). 

Stipule size (code C15): the stipule size can be 
either very small (0), small (1), medium (2), 
large (3), or very large (4). 

2.3.2. Floral qualitative traits  

Standard colors (C20): five standard colors 
were observed (pale pink, bluish white, white, 
pink and  purple). 

Wing colors (C21): four wing colors were 
observed (dark purple, purple, pink and white). 

Pod colors (code C23): color is either yellow 
(0) or green (1). 

Curvature of the pod (code C26): curvature is 
either absent or very weak (0), weak (1) or 
medium (2). 

Shape of the distal part on the pod (code 
C27): shape of the distal part on the pod is 
measured qualitatively. The shape is either 
pointed (1) or truncated (2). Observations 
should be made on several nodes of each plant 

when the pods are fully developed but prior to 
senescence (UPOV 2009). 

Seed shape (code C30): the seed shape can 
be: 

- ellipsoid (0): seeds with zero or very low 
compression on the root and/or distal surfaces. 

- cylindrical (1): seeds compressed on root 
and distal surfaces. Square to rectangular or with 
rounded sides in the longitudinal section. 

- Rhomboid (2): seeds compressed irregularly 
on the root and distal surfaces but also 
irregularly on abaxial surfaces. 

- irregular (3): seeds compressed irregularly; 
they do not have any of the above forms. All 
these descriptions are drawn according to the 
principles of UPOV (2009). 

Seed color(C31): three different colors were 
observed (green , brownish green and yellow). 

Color of the hilum on the seed (code C32): it 
is an observation with the naked eye of the color 
of the hilum on the seed. Color may be the same 
or lighter than in teguments (0) or much darker 
than in teguments (1). 

Cotyledon color (code C33): this is an eye 
observation of the cotyledon color. The color is 
green (0), yellow (1) or orange (2). 

Intensity of wrinkles on cotyledons (code 
C34): The intensity of wrinkles on cotyledons is 
absent or low(1), medium(2) or high(3). 

Type of starch grains (code C35): 
1) After removal of the integuments, fine 

tissue fragments shall be extracted from a 
cotyledon and placed on a microscope slide. A 
water droplet is added to the extracted tissue 
and another microscope slide placed above it. 
The water and fabric mixture is then slightly 
flattened between the two blades. Excessive 
pressure causes grain fragmentation; too low 
pressure makes the object holder insufficiently 
thin for examination (UPOV, 2009). 

2) A microscope with X16 eyepieces and X10 
or X40 lenses is most appropriate. For the 
examination of compound grains, the objectives 
at the highest magnification must be used (UPOV 
2009). 

3) Single beans are similar in shape to wheat 
or coffee beans and often present as a full-length 
suture line (UPOV 2009). 

4) Compound grains have an irregular star 
shape and appear to consist of several segments. 
Their centre may appear cruciform. In varieties 
with a high degree of sweetness, compound 
starch grains are very small and few in number 
(UPOV 2009). 

Presence or absence of purple or pink 
blotches on seed tegument (code C38): two 
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types of blotches on seed tegument were 
observed. 

2.4. Cluster analysis 

The cluster analysis was performed using 
Past 4.03 using  unweighted pair-group method 
with arithmetic averages (UPGMA) based on 
Euclidean distances as similarity measures. 
UPGMA allows us to group accessions based on 
qualitative traits. 

 
3. RESULTS AND DISCUSSION 
 

Qualitative biometric and descriptive analysis 
carried out revealed the presence of 
discriminatory characteristics with regard to 
accessions. These traits include those that 
discriminate the most accessions.  

3.1. Vegetative qualitative traits 

The development of axis (C4) is plagiotropic 
for all the studied accessions. For anthocyanin 
trait (C5), no discrimination was observed 
between the accessions and they all show 
pigment spots either on the stem or on the 
leaves but no anthocyanin coloration was 
observed at the level of the flowers. Accessions 
TUR2, TUR 9, TUR 13, TUR 14, AL1, AL2, and 
MAR1 don’t show anthocyanin coloration on 
stipules (C6). However, the other accessions 
show a nectar spots in the central part of the 
stipules. No variation was observed for the trait 
presence or absence of leaflets (C3) since all 
accessions have leaves. However, the trait size of 

the leaflets (C11) brings together the accessions 
in four different groups. A group with a very 
small size of leaflets formed by TUR8, SYR1 and 
SYR2. A group with small leaflets including 
TUR1, TUR3, TUR4, TUR5, TUR6, TUR7, TUR9, 
TUR10, TUR11 and TUR14. A group formed by 
TUR2, TUR13, AL1, AL2, MAR1 and TUN. These 
accessions have a medium leaflets size. In 
addition, a group that includes accessions GR1 
and TUR12 with a large size of leaflets (Fig. 2.). 

Accessions can be classified into five different 
groups: (1) the TUR10, SYR1, SYR2 group with a 
very small stipules; (2) The  group  comprising 
TUR4, TUR5, TUR6, TUR7, TUR9, TUR11 and 
TUR14 which represent a small stipules size; (3) 
A group formed by TUR1, TUR2, TUR3, AL1, AL2 
and MAR1 with medium stipules size; (4) A 
group of accessions GR1, TUR13 and TUN with 
large stipules size; (5) A last group formed by 
TUR12 characterized by a very large stipules 
size (Fig. 3.). For the trait maculation on stipules 
(C12) accessions can be classified into five 
different groups. Accessions with a very loose 
maculation on the stipules TUR9, TUR10, TUR12, 
TUR14, SYR1 and SYR2. Accessions with loose 
maculation are TUR1 and TUR13. Accessions 
with medium maculation are GR1, TUR3, TUR4, 
AL1, AL2, MAR1 and TUN. Accessions with a 
dense maculation on the stipules are TUR6 and 
TUR11 and accessions with a very dense 
maculation on the stipules are TUR2, TUR5 and 
TUR7. 

3.2. Floral qualitative traits 

Only thirteen of the first 21 accessions 

 
Fig. 2. Leaflets size of the studied accessions. 

 
Fig. 3. Stipule size of the studied accessions. 
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concerned the floral stage, taking into account 
the decrease in the number from the vegetative 
to the floral stage, which leads us to treat the 
stages separately. The accessions at this stage 
concerned: GR1, TUR1, TUR2, TUR3, TUR4, 
TUR5, TUR6, TUR11, TUR12, TUR13, AL1, AL2 
and TUN. For standard color (C20) Accessions 
can be classified into five different groups. A first 
group of accessions with a pale pink color of the 
standard includes GR1, TUR1, TUR6, TUR11, AL1 
and AL2. A second group characterized by a blue 
white standard comprises the following 
accessions: TUR1, TUR12 and TUN. A third 
group is formed by TUR4 and TUR13. These 
accessions are characterized by the white color 
of the standard. A fourth group formed by TUR5 
which presents a pink color of the standard. The 
last group is formed by TUR3. This accession has 
a purple color of the standard. Wing color trait 
(C21) differs from one accession to another. 
Four colors are highlighted. Reddish purple: this 
color is observed in the following accessions: 
GR1, TUR2, TUR5 and TUR6. Violet: this color is 
noted in TUR1, TUR3, TUR12, AL1 and TUN. 
Pink: this color applies to the following 
accessions TUR4, TUR11 and AL2. White: this 
color is observed only in TUR13 accession. 

Pod color trait (C23) may be green or yellow. 
This character makes it possible to distinguish 
the accessions TUR6, TUR11 and AL2 from the 
other accessions which have a yellow color of 
the pod. The accessions with a green color of the 
pod are GR1, TUR1, TUR2, TUR3, TUR4, TUR5, 
TUR12, TUR13, AL1 and TUN. 

This trait curvature of the pod (C26) allows 
us to classify accessions into three groups: (1) 
the accessions with absence or very low 
curvature of the pod and which are: TUR1, TUR3, 
TUR5, TUR6, TUR11, TUR13, AL1, and AL2; (2) 
the accessions with a low curvature of the pod: 
TUR2, TUR4 and TUN; (3) Accessions with a 
medium curvature of the pod: GR1 and TUR12. 

The trait shape of the distal part on the pod 
(C27) subdivides accessions into two groups: 
accessions having a truncated shape of the distal 
part of the pod (GR1, TUR2, TUR3, TUR4, TUR11, 
TUR12, AL1,AL2 et TUN) and accessions TUR1, 
TUR5, TUR6 and TUR13 having a pointed shape 
of the distal part of the pod. 

Examination and observation of the seeds 
harvested from the accessions studied show that 
seed shape trait (C30) they can be grouped into 
three groups: ellipsoid seeds (TUR1, TUR3, TUR6 
and TUR13); cylindrical seeds (TUR2, TUR4, 
TUR5, TUR11, AL1, AL2 and TUN); seeds of 
irregular shape (GR1 and TUR12). 

However, according to seed color trait (C31), 
we distinguish three different seed colors. C31 is 
a qualitative trait discriminating for TUR13 
accession. Indeed, this accession has a seed color 
(yellow) that differs from other accessions. 
Green seeds are characteristic of the following 
accessions: GR1, TUR1, TUR2, TUR3, TUR4, 
TUR6, AL1, AL2 and TUN accessions. Brown 
green seeds are observed in TUR5, TUR11 and 
TUR12. 

The observation of the color of the hilum on 
the seed (C32) for the 13 accessions studied 
makes it possible to partition them in two 
groups: accessions with the same hilum color or 
much lighter than integument are GR1, TUR5, 
TUR12, TUR13, AL1, AL2, and TUN; accessions 
having a darker color of the hilum than the 
integument and are TUR1, TUR2, TUR3, TUR4, 
TUR6 and TUR11. 

The character color of cotyledons (C33) is 
characterized by the discrimination of TUR13 
accession, which presents an orange color of the 
cotyledons. The remaining accessions have a 
yellow cotyledon color. 

The intensity of wrinkles observed on the 
cotyledons (C34) of the different accessions may 
be absent or weak, medium or strong. The 
accessions that are characterized by absence or 
low intensity on wrinkles are TUR4, TUR13 and 
TUN. The accessions with an average intensity of 
wrinkles on the cotyledons are TUR1, TUR2, 
TUR3, TUR5, TUR6, TUR11, AL1 and AL2. 
Accessions with high wrinkle intensity are GR1 
and TUR12. 

The type of starch grain C35 which is a 
qualitative trait makes it possible to discriminate 
TUR14 accession which presents a compound 
starch grain unlike other accessions 
characterized by a single type starch grain. 

The presence or absence of purple or pink 
spots on seed coat (C38) trait breaks up 
accessions into two different groups: (1) a first 
group formed by accessions GR1, TUR4, TUR5, 
TUR11 and TUR12 which have purple spots on 
the seed coat; (2) A second group that gathers 
the rest of the accessions and does not have 
purple or pink spots on the seed coat. 

In conclusion, the biometric and descriptive 
analysis that we carried out reveals the presence 
of traits that allow discriminating accessions. 
Among these traits, we can cite C15 that makes it 
possible to distinguish between the accessions 
TUR10, TUR8, SYR1 and SYR2 which differ very 
significantly from the accessions TUR12, TUR13, 
GR1 and TUN. C23 makes it possible to 
distinguish TUR6, TUR11 and AL2 accessions 
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from other accessions which have a yellow color 
of the pod. C31 is a qualitative discriminating 
characteristic for TUR13 accession. Indeed, this 
accession has a seed color (yellow) which differs 
from other accessions. The type of starch grain 
(C35) which is a qualitative characteristic makes 
it possible to discriminate the TUR14 accession 
which has a compound starch grain unlike other 
accessions characterized by a starch grain of 
simple type. 

3.3. Cluster analysis of vegetative 
qualitative traits  

TUR8 accession has showed a low number of 
accessions at vegetative state less than 10. For 
thus, it was not considered for the study of the 
dendrogram. The dendrogram generated based 
on eight vegetative qualitative traits for the 
remained 20 accessions on vegetative data set 
(Fig. 4) showed two main groups: group A 
including 5 accessions and group B including 15 
accessions. Group A consisted of the two Syrian 
accessions (SYR1 and SYR 2) and 3 Turkish 
accessions (TUR9, TUR10 and TUR14). 
Accessions in this cluster are characterized by 
very small leaflets, very small stipules and a very 
loose maculation on the stipules for SYR 2 and 
TUR10 showed the same vegetative traits.  
Group B, including 15 accessions and subdivided 
in 3 main subgroups. B1 comprised 4 accessions 
that showed large leaflets and large stipules. 
Two of them (TUR12 and TUR13) originate from 

Turkey, one from Tunisia and one from Greece. 
B2 included 6 Turkish accessions that have small 
leaflets and small stipules. B3 consisted of 3 
accessions from the adjacent countries Algeria 
and Morocco and that are characterized by 
similar vegetative traits: do not show 
anthocyanin coloration on stipules medium 
leaflets size, medium stipules size and medium 
maculation on the stipules. The accessions TUR1, 
branched also in group B rather independently 

from the other accessions which is characterized 
also by small leaflets, small stipules and a very 
loose maculation on the stipules. 

Dendrogram revealed confirm a distinction 
between the accessions related to the 
discrimination found among qualitative traits. In 
fact, it is possible to discriminate significantly 
the accessions TUR10, SYR1 and SYR2 from the 
accessions TUR12, TUR13, GR1 and TUN. The 
qualitative traits studied confirmed that TUR13 
and TUR14 diverged from the other accessions.  

3.4. Cluster analysis of floral qualitative 
traits  

The dendrogram generated by the 12 floral 
qualitative traits for the 13 accessions studied 
with a number of accessions more than 25 
showed the cluster represented by Fig. 5. We 
observed two main groups. Group A including 
the first one grouped (GR1, TUR2, TUR6, TUR4, 
TUR11, AL1, and AL2) with low curvature of the 
pod. Group B including (TUR1, TUR3, TUN and 

 

Fig. 4. Dendrogram of hierarchical clustering of Pisum sativum accessions based on 8 vegetative 

qualitative traits. 
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TUR5). The accessions TUR12, and TUR13 
branched rather independently from the other 
accessions  characterized TUR12, and accession). 
C15 trait makes possible to distinguish between 
TUR12, TUR13 from the other accessions. 
However, C31 discriminate TUR13 accession. 

4. CONCLUSION 

In the scenario of the present subject, we 
have reasoned that the qualitative traits were 
useful to assess the phenotypic diversity in 
Pisum sativum accessions. The results revealed 
considerable diversity within Pisum sativum 
accessions. Our work could be incentive for their 
improvement and exploitation in our agriculture. 
The most interesting material will be used for 
future crosses are TUR12 which is close to TUN 
with a significant vegetative mass and 
anthocyanin central coloration spot on stipules. 
Indeed, the lack of research on the genetic and 
adaptive potential of pea varieties to biotic and 
abiotic stress has contributed significantly to the 
decline of their culture (Halila, 2003). For this, 
precise labelling of plant material agronomic, 
biochemical, physiological and genetic 
characteristics must be established to create 
varieties adapted to our environment.  
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