
Abstract
Understanding the relationship between durum wheat geno-

types and soil biochemistry under salt stress plays a key role in
breeding for yield superior genotypes. Thus, microbial biomass car-
bon (MBC) and nitrogen (MBN), the activity of three selected
enzymes including dehydrogenase (D-ase), alkaline phosphatase
(Alk-ase), and protease (P-ase), and available phosphorus (available
P) and nitrogen (available N) were assessed. Two landraces and two
improved varieties were tested under two salinity levels of water
irrigation (0.3 and 12 dS m–1). Soil sampling was carried out at five

durum wheat growth stages. The soil biota-genotype interaction
seems to affect the biological (MBC, MBN, and enzymatic activi-
ties) and chemical (available P and N) traits. The microbial activity
of rhizospheric soil was higher at the tillering and flowering stages.
Under saline conditions, ‘Maali’ (improved variety) and ‘Agili
Glabre’ (landrace) showed the best belowground inputs (e.g., MBC,
MBN, enzymatic activities, available P and N) and grain yield (GY)
performance. Under the same conditions, four soil biochemical
indicators of GY of tolerant genotypes (i.e., ‘Maali’ and ‘Agili
Glabre’) were determined as available N, P-ase, available P, Alk-
ase, and D-ase. Stepwise analysis revealed that predictive variables
depended on growth stages. Overall, MBC, available N, Alk-ase,
and P-ase were the variables that mainly contributed to predicting
GY in saline environments. In conclusion, the results suggested a
specific interaction between plant genotype roots and soil microbes
to overcome salt stress. Thus, soil biological components should
acquire more importance in plant salinity tolerance studies.

Introduction
Due to irregular rainfall events, supplementary irrigation consti-

tutes the primary agronomical practice in arid and semi-arid regions
to increase crop productivity (Frija et al., 2014). Competition for
water resources among different social and economic sectors
increased drastically at the expense of the agricultural sector. Crop
needs are threatened by limited available water resources leading to
the use of poor water quality irrigation, mainly characterised by var-
ious levels of salinity (Shahbaz and Ashraf, 2013) ranging from 1.5
to 15 dS m–1 (Biro Turk and Aljughaiman, 2020). Durum wheat
(Triticum turgidum L. ssp. durum [Desf.] Husn.), as a glycophyte, is
recognised for its low tolerance to salinity (Munns et al., 2006).
Hence, we need to develop genotypes with better tolerance to salin-
ity stress and thus have a greater yield (Chaabane et al., 2011). In
Tunisia, since the twentieth century, several breeding programs
have been conducted to select the best performing genotypes
against abiotic stresses to achieve optimum yield (Sayar et al., 2010;
Slim et al., 2019). Throughout genotypic screening, salt stress tol-
erance ongoing breeding programs showed that wheat landraces
could be considered useful gene reservoirs (Chaabane et al., 2011).
In general, durum wheat breeding programs worldwide have
focused mainly on the aboveground crop traits, neglecting the
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Highlights
- Salt-tolerant durum wheat genotypes showed greater microbial activities in the rhizosphere.
- Microbial enzymatic changes depended on the interaction plant genotype × soil salinity.
- The MBC/MBN ratio and dehydrogenase strongly correlated with grain yield under salinity.
- MBC, available N, and alkaline phosphatase as predictors of grain yield at 12 dS m–1

.

- Tillering and flowering could be key stages of durum wheat salinity tolerance.
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belowground parts of the plant (Rassaa et al., 2012).
Salinity is also considered a limiting factor of soil biological

processes involved in the cycle of nutrients (Fageria et al., 2011). It
is well established that soil salinity stress reduces microbial biomass,
and enzyme activity, with significant reductions in nitrogen (N) min-
eralisation and phosphorus (P) availability (Boyrahmadi and Raiesi,
2018). Reduction in enzyme activities under salt stress may be
attributed to lower microbial growth and biomass; thereby, fewer
enzymes are released in soil (Lu et al., 2015). Hence, studying how
microbial indicators respond to salinity and interact with plants
could be important to develop a proper strategy for agriculture to
restore the use of saline water in arid areas efficiently. 

Up-to-date, the response of microorganisms to plant species has
been extensively studied (Corneo et al., 2016; Zhu et al., 2017),
while interaction between plant genotypes and rhizospheric microor-
ganisms under saline conditions has received less attention.
Different wheat genotypes could differentially provoke changes in
soil quality, including microbial biomass carbon (MBC) and nitro-
gen (MBN), and the enzymatic activity that positively or negatively
affects their performance (Zuo et al., 2014; Corneo et al., 2016).
Otherwise, MBC, MBN, and dehydrogenase activity differed con-
siderably according to wheat physiological stages under non-saline
conditions (Mandal et al., 2007). Nonetheless, a paucity of studies is
available on microbial activities under different growth stages (Bera
et al., 2018; Jat et al., 2020). It is important to consider soil biota-
genotype interaction during the developmental cycle when assessing
plant salinity tolerance. Here, the main objective was to investigate
the interaction of four durum wheat genotypes (landraces and
improved varieties) with the biological and chemical properties of
the rhizosphere at five growth stages and two salinity levels. In the
light of the above purpose, the specifics objectives were to: i) eval-
uate the effect of salinity on microbial indicators and chemical prop-
erties; ii) assess the pattern of fluctuation of rhizosphere variables
during crop growth; and iii) determine the correlations between
microbial and chemical characteristics, and wheat productivity
assessed as grain yield.

Materials and methods

Plant material
Four durum wheat (Triticum turgidum L. ssp. durum [Desf.] Husn.)

genotypes comprising two landraces (‘Agili Glabre’ and ‘Bayadha’) and
two improved varieties (‘Maali’ and ‘Razzek’) were chosen based on
their salt stress tolerance. Thus, ‘Agili Glabre’ and ‘Maali’ are consid-
ered as salt-tolerant genotypes to 12 dS m–1, while ‘Bayadha’ and
‘Razzek’ are recognised as salt-sensitive genotypes to this level of salin-
ity (Boudabbous et al., 2016; Boudabbous et al., 2019).

Experimental design and plant growth conditions
Two hundred pots (25 cm diameter × 25 cm height, 7 kg of soil)

were placed in a semi-closed environment at the National
Agronomic Institute of Tunisia (36°49’N, 10°10’E) during the grow-
ing season 2018-2019. A shelter was used to prevent the leaching of
salt by rainwater. The minimum and the maximum air temperature
and relative humidity recorded during the experiment ranged
between 10-35°C and 57-70%, respectively. The soil was collected
from the surface layer (0-20 cm) of a field (35°34’33’’N,
10°2’48’’E) and had a clay-loamy texture (USDA, 2013) (Table 1).
The collected soil was sieved (2 mm mesh size). Ten seeds were
sown on December 23, 2018, thinned to five plants after emergence

for each pot. Randomised complete block design with five replicates
per treatment (n=5) was used to accommodate the two-way factorial
experiment, with genotypes (04) and level of salinity (0.3 dS m–1

[control] and 12 dS m–1 [saline or brackish water]) as main factors.
Irrigation was applied with tap water to reach soil moisture with
100% water-holding capacity to exclude the water-deficit stress. Salt
stress was applied two weeks after sowing. To maintain saturation
levels throughout the experiment, the amount of water losses was
completed and estimated by the weight difference of each pot
between two successive days. Nitrogen fertilisation was carried out
using 0.7 g of ammonium nitrate (33.5% N) per pot and applied at 3
leaves (Z13), 6 leaves (Z16), and two nodes (Z32) durum wheat
growth stages (Zadoks et al., 1974). To avoid heat stress effects and
standardise the experiment conditions, the position of the blocks (40
pots per block) was interchanged every two days, maintaining the
position of pots within each block which encompasses five repli-
cates per treatment. The plants were maintained under these condi-
tions for six months. The number of grains per plant (NG), and grain
yield per plant (GY, g) were recorded at maturity.

Soil sampling
The soil samples were collected (0 to 20 cm depth) at five crop

growth stages (six leaves, 30 days old crop [Z16]; tillering, 70 days
old crop [Z30]; flowering, 100 days old crop [Z65]; maturity, 135
days old crop [Z85]; and after harvest [Z92]) (Zadoks et al., 1974).
During sampling and with each growth stage, one replicate per treat-
ment was chosen from each block. For each growth stage, the pots
were overturned for sampling. Three rhizosphere soil cores (2.5 of
diameter × 20 cm deep) strongly adhering to the roots were extracted
(~300 g) from each pot using a spade. The collected soil was
homogenised and sieved using a 2 mm mesh to remove any remain-
ing wheat roots. Subsequently, soil samplings were divided into two
parts and placed into sterilised plastic bags. The first part was dried
out to analyse the physico-chemical properties of the soil, and the
second part was stored at 4°C for biological assessment.

Physico-chemical analysis
Before sowing, the electrical conductivity (EC), pHwater, soil

organic carbon (Corg), total calcium carbonate (CaCO3), total N, and
soil texture were analysed (Table 1). The EC and pHwater were deter-
mined according to 1:5 (w/v) soil water suspension at 25°C
(AFNOR, 1995). Corg was determined by dichromate oxidation
(Walkley and Black, 1934), while the Bernard Calcimeter classical
method was used to measure total CaCO3 (Petard, 1993). Finally,
total N and available N were determined using the method outlined
by Kjeldahl (Waring and Bremner, 1964). Soil available P and N
were estimated before sowing (Table 1) and during durum wheat
growth stages (Z16, Z30, Z65, Z85, and Z92). Available P was quan-
tified by blue-colorimetry (Olsen et al., 1954).

Soil microbial biomass carbon and nitrogen
Microbial biomass carbon (MBC) and microbial biomass N

(MBN) were determined before (Table 1) and after sowing (Z16,
Z30, Z65, Z85, and Z92) by the chloroform-fumigation extraction
method (Vance et al., 1987). MBC and MBN were calculated using
a conversion factor (KC=0.49 and KN=0.20) as described by Brookes
et al. (1985).

Enzymes essays
Activities of three enzymes involved in C, P, and N cycling were

analysed before (Table 1) and after sowing (Z16, Z30, Z65, Z85, and
Z92) as dehydrogenase (D-ase) as C-acquiring enzyme, phosphatase
alkaline (Alk-ase) as P-acquiring enzyme, and protease (P-ase) as N-
acquiring enzymes. Enzyme activities were estimated using the col-

                   Article
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orimetric methods described below. The D-ase activity was evaluat-
ed by monitoring the reduction of iodonitrotetrazolium (INT) to
iodonitrotetrazolium formazan (INTF) (Kumar et al., 2013).

The activity of Alk-ase was estimated based on p-nitrophenol
(p-NP) release after cleavage of p-nitrophenyl phosphate (p-NPP)
(Tabatabai and Bremner, 1969). Finally, the protocol described by
Ladd and Butler (1972) was used to quantify the P-ase activity.

Statistical analysis
Agronomic and soil variables were compared using analysis of

variance (ANOVA) and Tukey’s HSD post-hoc test at 5% signifi-
cance level in the R environment version 3.6.0. The R package
ggplot2 was used for more advanced graphics (Wickham, 2009).
The Pearson coefficients (r) were used to assess correlations
between the chemical (i.e., available P and N) and biological param-
eters (i.e., MBC, MBN, D-ase, Alk-ase, and P-ase) for each salinity
level and growth stage using the ‘Cor’ function and were subse-
quently visualised in the ‘Corrplot’ package of the R environment
version 3.4.3 (Wei et al., 2017). In addition, simple and multiple lin-
ear regression analyses (stepwise) were run to describe the relation-
ships of GY data with the biochemical traits of the soil.

Results

Variation of microbial biomass carbon and nitrogen
The ANOVA showed for each growth stage that soil MBC and

MBN levels were significantly (P≤0.001) dependent on the applied
salinity (S), the durum wheat genotypes (G), and the interaction
between the salinity and genotypes (S × G) (Table S1). During the
development cycle, MBC and MBN increased gradually from the
six leaves stage (Z16) and reached the maximum at vegetative

(Z30) and flowering stages (Z65). Thereafter, MBC and MBN
declined at maturity (Z85) and showed the lowest amount at the full
maturity of grain (Z92) (Table S1, Figure 1). The salinity reduced
the rhizosphere MBC and MBN contents by 14-38% and 16-36%,
respectively, with a slight increase at tillering for MBN. The effect

                                                                                                                                 Article

Table 1. Initial physical, chemical, and biological properties of
soil used in the pot experiment.

Parameters                              Value                                  Unit

EC                                                            1.22*                                            dS m–1

pHwater                                                       7.92                                                  -
Corg                                                           11.00                                           mg kg–1

CaCO3                                                     31.80                                           mg kg–1

Total N                                                     1.20                                            mg kg–1

C/N                                                           9.16                                                  -
Sand                                                        14.82                                                 %
Loam                                                       33.77                                                 %
Clay                                                          49.10                                                 %
Texture                                             Clay-loamy                                            -
Available P                                               5.50                                            mg kg–1

Available N                                              15.5                                            mg kg–1

MBC                                                       134.00                                        mg C kg–1

MBN                                                       15.56                                         mg N kg–1

D-ase                                                       7.34                                      µg INTF g–1h–1

Alk-ase                                                    5.47                                      µg p-NP g–1h–1

P-ase                                                      20.42                                      µg tyr g–1 h–1

EC, electrical conductivity; Corg, organic carbon; CaCO3, total calcium carbonate; Available P, available
phosphorus; Available N, available nitrogen; C/N, carbon nitrogen ration; MBC, microbial biomass carbon;
MBN, microbial biomass nitrogen; D-ase, dehydrogenase; Alk-as, alkaline phosphatase; P-ase, protease.
*Data are presented as the mean of three replicates (n=3).
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Figure 1. Variation of microbial biomass-C (MBC) and N (MBN) at five growth stages of durum wheat crop under non-saline (0.3 dS
m–1) and saline (12 dS m–1) water irrigation. Graph bars (mean of five replicates ± SE) labelled with different letters indicate significant
differences between genotypes within a growth stage for both salinity levels (P≤0.05, Tukey test).
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of salinity was more pronounced at flowering (Z65) and maturity
(Z85) stages. The rhizosphere MBC and MBN contents for each
growth stage were significantly different between durum wheat
genotypes. The durum wheat landrace, ‘Agili Glabre’, and the
improved variety, ‘Maali’, recorded the highest value of MBC and
MBN.

Under the two distinct salinity irrigations (0.3 and 12 dS m–1),
‘Agili Glabre’ and ‘Maali’ showed the highest MBC values at
tillering (Z30) and flowering (Z65) growth stages (Figure 1).
However, at 0.3 dS m–1, the highest MBN was observed for
‘Bayadha’ and ‘Razzek’ at flowering (Z65). At 12 dS m–1, ‘Agili
Glabre’ and ‘Maali’ recorded the maximum MBN at tillering (Z30).

Patterns of enzymatic activities
In most cases, significant (P≤0.01) variations among the irriga-

tion water salinity (S), genotypes (G), and their interaction (S × G)
for all tested enzymatic activities were obtained at each studied
wheat growth stage (Table S2). Among the five sampling stages,
the mean activity of D-ase was higher at the tillering (Z30),
declined at the flowering (Z65), maintained the same activity at
maturity (Z85), and dropped at harvest (Z92) (Table S2, Figure 2).
For Alk-ase, the activity of this enzyme increased at the vegetative
stage (Z30) and reached a maximum at flowering (Z65). The P-ase
activity behaved differently compared to the other assessed
enzymes. The highest amount of P-ase was observed at the first
three growth stages (Z16, Z30, and Z65), then decreased at maturity

(Z85) to reach a minimum at harvest (Z92). Compared to the con-
trol (0.3 dS m–1), the mean enzymatic activities were severely
reduced by salt stress. On average, P-ase (8-26%) and Alk-ase (5-
29%) were less affected by salinity than D-ase (15-35%). The three
enzymes were altered differently throughout the growth cycle, e.g.,
the salt stress effect was more pronounced at maturity (Z85) and
harvest (Z92) for D-ase, while tillering (Z30) and flowering (Z65)
for Alk-ase. For each growth stage, genotypic variation was
observed for enzyme activities. The maximum D-ase, Alk-ase, and
P-ase activities occurred under the rhizosphere of ‘Maali’ and
‘Agili Glabre’; however, ‘Razzek’ showed an important activity
of P-ase compared to D-ase and Alk-ase.

In control (0.3 dS m–1), the best activities of the three
enzymes were found for ‘Maali’, ‘Razzek’, and ‘Agili Glabre’ at
the tillering (Z30) and flowering stages (Z65) (Figure 2). Using
saline water irrigation (12 dS m–1), ‘Agili Glabre’ and ‘Maali’
maintained considerable D-ase, Alk-ase, and P-ase activities
with a peak at tillering (Z30) and flowering (Z65) stages. In con-
trast, ‘Bayadha’ showed reluctant activities during the whole
crop growth.

Variations of available phosphorus (available P) and
nitrogen (available N) in the soil

The present investigation showed significant differences
(P≤0.01) among genotypes (G) and irrigation water salinity (S) for
almost all P and N contents (Table S3). Significant double interac-

                   Article

Figure 2. Variation of selected enzyme activities, dehydrogenase (D-ase), alkaline phosphatase (Alk-ase), and protease (P-ase), at five
growth stages of durum wheat crop under non-saline (0.3 dS m–1) and saline (12 dS m–1) water irrigation. Graph bars (mean of five
replicates ± SE) labelled with different letters indicate significant differences between genotypes within a growth stage for both salinity
levels (P≤0.05, Tukey test).
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tion (S × G) was also observed (P≤0.05). The concentrations of
available P and N increased with the crop stages up to the vegeta-
tive stage (Z30) and declined later at maturity (Z85) and harvest
(Z92) (Table S3, Figure 3). The use of brackish water significantly
decreased the mean of available P (16.46%) and N (27.35%).
Available P was mostly affected at Z92 then Z85, respectively.
However, the main reduction of available N was obtained at Z85
then Z65, respectively. Under these conditions, ‘Maali’ and ‘Agili
Glabre’ showed the highest available P and N values, while
‘Bayadha’ exhibited the lowest values.

‘Bayadha’ was consistently the best performing genotype for
available P at the six leaves stage at both salinity levels (0.3 and 12
dS m–1). After that, ‘Maali’, ‘Agili Glabre’, and ‘Razzek’ were the
best genotypes, and their maxima were recorded at the tillering and
flowering stages. Nonetheless, at the six leaves stage (Z16), the
best available N contents were obtained in the rhizospheres of
‘Maali’ and ‘Bayadha’ under contrast salinity conditions. At tiller-
ing stage (Z30), ‘Maali’ followed by ‘Agili Glabre’ and ‘Razzek’
showed, however, the most significant available N values at 0.3 dS
m–1. Finally, at the high salinity level (12 dS m–1), ‘Maali’, and to
another extent ‘Agili Glabre’, recorded the highest values of avail-
able N across the growth cycle, reaching a maximum at the flow-
ering stage (Z65).

Differences of durum wheat grain yield among 
treatments

Significant variations (P≤0.001) among genotypes (G) and
level of salinity (S) were obtained for the number of grains per
plant (NG) and the grain yield (GY) (Table S4). In addition, the S
× G interaction showed a significant (P≤0.001) effect on all tested
yield parameters (i.e., NG, GY). Our results revealed that the use
of brackish water negatively affected the yield parameters by

6.42% and 26.30% for NG and GY, respectively (Table S4, Figure
4). Interestingly, the mean NG was higher for the improved com-
mercial varieties, ‘Maali’ and ‘Razzek’, while the maximum GY
values were obtained for the improved variety ‘Maali’ and the lan-
drace ‘Agili Glabre’. 

Under control conditions (0.3 dS m–1), ‘Maali’ and ‘Bayadha’
recorded the highest NG (Figure 4). However, ‘Maali’ and
‘Razzek’ showed the maximum values at 12 dS m–1. Like NG, the
data showed a divergent genotype pattern for GY. At 0.3 dS m–1,
the highest GY were registered for ‘Maali’ and ‘Razzek’; while
maximum GY were recorded at 12 dS m–1 for ‘Maali’ and Agili
Glabre’.

Correlation and stepwise analysis of investigated
parameters

Specific interactions between soil chemical and biological
parameters were obtained according to salinity levels (0.3 and 12
dS m–1) and physiological growth stages (Z16, Z30, Z65, Z85, and
Z92) (Figure 5). Overall, positive correlations among MBC-
MBN, enzymatic activities (D-ase, Alk-ase, and P-ase), and avail-
able elements (available P and N) were recorded. Those correla-
tions were more marked at 12 dS m–1 than those at control condi-
tions (0.3 dS m–1). The same trend was also observed between
available elements (available P or N) and biological parameters
(MBC, MBN, D-ase, Alk-ase, and P-ase) and between microbial
biomass and enzymatic activities. The maximum significant corre-
lations (P≤0.01; P≤0.001) were obtained at 12 dS m–1 water irri-
gation salinity and those at tillering (Z30), maturity (Z85), and har-
vest (Z92).

The relationship between durum wheat GY and the rhizo-
sphere parameters is dependent on genotype and irrigation water
salinity (Figure 6). Under both salinity levels, the most positive

                                                                                                                                 Article

Figure 3. Available phosphorus (available P) and nitrogen (available N) at five growth stages of durum wheat crop under non-saline
(0.3 dS m–1) and saline (12 dS m–1) water irrigation. Graph bars (mean of five replicates ± SE) labelled with different letters indicate
significant differences between genotypes within a growth stage for both salinity levels (P≤0.05, Tukey test).
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significant correlations (P≤0.05) were obtained for ‘Agili Glabre’,
‘Maali’ followed by ‘Bayadha’. At 12 dS m–1, maximum signifi-
cant correlations were found between GY of those genotypes and
soil parameters. Notably, available N, P-ase, available P, Alk-ase,
and D-ase were linked with GY under both control and saline con-
ditions. The regressions were less marked for MBC, MBN, and the
ratio MBC/MBN at 12 dS m–1, while no significant correlation was
obtained with MBN and MBC/MBN at 0.3 dS m–1.

To assess the relative contribution of the biochemical proper-

ties of soil in predicting the GY, we performed a multiple regres-
sion analysis according to a stepwise procedure. The GY was the
dependent variable, while soil biochemical parameters (i.e., MBC,
MBN, D-ase, Alk-ase, P-ase, and available P and N) were used as
independent variables (predictors). The selected predictor vari-
ables depended on durum wheat growth stages and soil salinity
levels, which makes it challenging to build a predictive model with
all soil characteristics (Figure 7). Overall, at 12 dS m–1, MBC,
available N, Alk-ase, and P-ase seem to play a key role in predict-

                   Article

Figure 4. The grain number per plant (NG) and grain yield per plant (GY) of four durum wheat genotypes as affected by irrigation
water salinity (0.3 and 12 dS m–1). Graph bars (mean of five replicates ± SE) labelled with different letters indicate significant differ-
ences between genotypes for both salinity levels (P≤0.05, Tukey test).

Figure 5. Pearson correlation analysis between microbial biomass (MBC and MBN), enzyme activities (D-ase, Alk-ase, and P-ase), and
mineral nutrients (available P and N) at a particular physiological stage under non-saline (0.3 dS m–1) and saline (12 dS m–1) water
irrigation. Red and blue rectangles show negative and positive correlations, respectively. The r values were obtained from 20 observa-
tions (4 genotypes and 5 replicates). *, **, ***Significant at P≤0.05, P≤0.01, and P≤0.001, respectively. NS, not significant. See Figures
1, 2, and 3 for abbreviations.
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Figure 6. Relationship between grain yield (GY) and microbial biomass (MBC, MBN, and MBC/MBN ratio), enzyme activities (D-ase,
Alk-ase, and P-ase), and with mineral nutrients (available P and N) of four durum wheat genotypes under non-saline (0.3 dS m–1) and
saline (12 dS m–1) water irrigation. Each point is the average value of five replicates of each crop growth stage. *, **, ***Significant at
P≤0.05, P≤0.01, and P≤0.001, respectively. NS, not significant. Circles indicate different genotypes at 0.3 dS m–1; Diamonds indicate
different genotypes at 12 dS m–1. Black color = ‘Maali’; Very dark grey = ‘Agili Glabre’; Dark grey = ‘Razzek’; Light grey = ‘Bayadha’.
See Figures 1, 2, and 3 for abbreviations. 
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ing GY, while, at 0.3 dS m–1, Alk-ase and available P have greatly
influenced this aboveground trait.

Discussion

Impact of irrigation water salinity on investigated
parameters

The irrigation with saline water (12 dS m–1) significantly
altered the soil biological (i.e., MBC, MBN, D-ase, Alk-ase, and P-
ase), chemical (i.e., available P and N), and durum wheat yield
parameters (NG and GY).

The decline of MBC and MBN in salt-affected soil has already
been observed by Elmajdoub and Marschner (2015) and Zhang et
al. (2019). The first authors attributed this decline to a decrease of
labile organic C fraction, including easily oxidizable organic C,
and/or increased soil osmotic pressure and ion accumulation in
microbial cells. Thus, salinity could affect microorganisms by
killing cells. Otherwise, the decrease of MBN might be due to the
inhibited microbial N immobilisation under salt stress (Zhou et al.,
2017). Conversely, the best-suited microorganisms to saline condi-
tions may persist by accumulating osmolytes (Hagemann, 2011).

The present investigation revealed a negative effect of salinity
on the microbial enzymatic activities of D-ase, Alk-ase, and P-ase.
The decline of the enzymatic activities might be ascribed to the fol-
lowing explanations: i) microbial cells osmotic stress; ii) changes in
specific ion toxicities that cause nutritional imbalances for micro-
bial growth; and/or iii) microbial communities that devote less
resource to the production and release of proteins into the medium.
Facing low osmotic potentials, high salt concentrations denature

proteins, reduce their solubility, and consequently, their activity
(Frankenberger and Bingham, 1982). On the other hand, the saline
soil (12 dS m–1) was characterised by an excessive Na+, which, in
turn, has a deleterious effect on soil aggregate stability by increas-
ing clay dispersion. Thus, the extracellular enzymes are less pro-
tected and become more susceptible to proteolysis. Our results
showed that P-ase activity remained the least affected by salinity
than D-ase and Alk-ase. This result might be partly explained by
the chemical composition of the enzyme (Singh, 2016) and/or the
formation of humus complexes that might protect some enzymes
more than others (Guangming et al., 2017). Another possibility is
that soil microbial species that produce protease are more resistant
to salinity.

Our experiment showed that salinity disturbed the availability
of the two nutrients (available P and N). This finding could be
attributed to the fact that salinity negatively affects the two origins
of available P in the rhizosphere, microorganisms, and root secre-
tions. In addition, salinity might have indirectly decreased the
amount of available N. Salt stress seems to alter microbial growth
and activity, thereby reducing the organic matter decomposition
responsible for forming the mineral parts of nutrients. Otherwise,
under osmotic stress, microorganisms try to ensure their survival
by increasing C and N, which leads to a change in C/N ratio, and
thus a decline in soil C and N mineralisation rates (Chen et al.,
2013).

Interaction between durum wheat genotypes and their
rhizosphere biochemistry according to growth stages

The fluctuation in microbial biomass-C and -N, and soil enzy-
matic activities (D-ase, Alk-ase, and P-ase) responds to interac-
tions between the tested durum wheat genotypes and the rhizo-

                   Article

Figure 7. Stepwise analysis explaining grain yield (GY) variation at a particular physiological stage in each environment (0.3 and 12 dS
m–1), as a dependent variable, with MBC, MBN, D-ase, Alk-ase, P-ase, available P, and available N as independent variables.
**,***Significant at P≤0.01 and P≤0.001, respectively. See Figures 1, 2, and 3 for abbreviations.
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sphere-associated microorganisms during the growth cycle. In
most cases, these activities were more notable at tillering (Z30),
and flowering (Z65), and they relapsed at maturity (Z85) and after
harvest (Z92). The maximum enzymatic activities at the vegetative
growth stage could be due to genotypes vigorous growth rate,
including root development (Jin et al., 2009), while the decrease in
these activities at the end of the cycle might be explained by low
root exudation, change of root exudates composition, including
amino acids that control the synthesis of enzymes as P-ase
(Jezierska-Tys et al., 2012), and/or disrepair of the exuded
molecules affecting microbial activity (Gransee and Wittenmayer,
2000). The observed trend differed from that found by Jat et al.
(2020), who obtained the lowest MBC and MBN at the wheat
tillering stage and the highest levels near harvest. Our results are
consistent with previous findings showing a significant seasonal
effect on Alk-ase wheat rhizosphere (Mandal et al., 2007) as well
as D-ase maize rhizosphere (Tamilselvi et al., 2015). In particular,
at tillering, ‘Agili Glabre’ (landrace) showed the highest MBC,
MBN, and Alk-ase. However, at flowering, ‘Maali’ (improved
variety) exhibited the highest activity of MBC, D-ase, and Alk-ase
followed by ‘Agili Glabre’. In response to variation in root mor-
phology and biomass and root exudation in terms of quantity and
quality (İnceoğlu et al., 2010; Corneo et al., 2016; Iannucci et al.,
2021), the microorganisms originally present in the rhizosphere
interact with genotypes and growth stages. According to genotypes,
the exuded molecules form rhizodeposits that interact with soil
microorganisms, thereby affecting the enzymatic activity differently
(Zuo et al., 2014). This finding agrees with other studies showing
a significant effect of wheat genotypes on soil parameters (e.g.,
MBC and MBN), particularly those characterised by specific root
lengths and the proportion of coarse roots (Corneo et al., 2016;
Junaidi et al., 2018).

Like biological parameters, available P and N concentrations
were higher at tillering (Z30) and flowering (Z65) stages and then
gradually declined. We hypothesised that Ca uptake was important
at these stages, which significantly increased rhizosphere P avail-
ability (Devau et al., 2010). Interestingly, the content of available
P was much higher under the rhizosphere of ‘Maali’ and ‘Agili
Glabre’ at tillering and flowering. This fact suggests that organic
ligand exuded by roots of those genotypes, which interacted with
rhizosphere microorganisms, might increase via ligand exchange,
promoting P desorption at these stages. In addition, Harmsen
(2007) mentioned that each genotype develops a bio-influenced
zone where the P availability is significantly influenced. Our pre-
vious investigation showed a variable accumulation level of P in
leaves according to genotypes and growth stages (Boudabbous et
al., 2019) that might be attributed to a differential absorption abil-
ity and, thus, causes the variability of soil P. 

The variability of available N during crop life cycle might
originate from: i) differential absorption by genotypes
(Barraclough et al., 2014); ii) root development that makes N more
available (Liu et al., 2018); and/or iii) an increase of organic acid
exudations at active stages (e.g., flowering stage) (Canarini et al.,
2019). Both genotypes, ‘Maali’ and ‘Agili Glabre’, might accumu-
late more microorganisms near their roots, thus having beneficial
effects on plants, including mycorrhizal fungi and N fixers (Bever,
2015), increasing N mineralisation at tillering and flowering.
Besides, soil available N dynamic depends on genotype uptake
aptitude (Junaidi et al., 2018). Plants compete with nitrifying
microorganisms with a rapid uptake, dense root systems, or regu-
lation of oxygen availability (Glaser et al., 2010). According to
genotypes, the distinct response of available N could be attributed
to a differential exudation by roots and/or hydrolysis of organic
matter via microbial enzymes.

Genotypes differed considerably regarding NG and GY. GY

difference between genotypes was mainly attributed to NG that
should be associated with a reduction in floret viability for sensi-
tive genotypes (Francois et al., 1994). More importantly, ‘Maali’
and ‘Agili Glabre’ showed the highest NG and GY under saline
conditions, which might indicate positive feedback between the
roots of these two genotypes and salt-tolerant microorganisms.

It is worth noting that the difference between genotypes could
be accentuated according to the soil biota-genotype interactions
that seem to modulate their below beneficially - and aboveground
properties (e.g., available P and N, and GY) in response to the
salinity. Considering the durum wheat genotypes, ‘Maali’ and
‘Agili Glabre’ were the least affected by salinity, as reflected by
microbial indicators and nutrient availability. Finally, we can sug-
gest that tillering and flowering could be key steps in overcoming
the salinity effects of genotypes.

Correlation between chemical and biological soil
parameters and their relationship with grain yield

To fully understand the role of soil properties under the rhizo-
sphere of plant genotype on GY, we will need to encompass both
chemical and biological interactions. Using saline water irrigation
(12 dS m–1), important positive and significant interactions
between chemical (available P and N) and biological parameters
(MBC, MBN, D-ase, Alk-ase, and P-ase) were obtained. Our result
suggests a greater rhizospheric microorganism’s investment at
severe stress conditions to mitigate the deleterious salt effects. For
both salinity conditions, specific interactions were observed
according to the physiological growth stages. A significant rela-
tionship between chemical and biological traits was found, in par-
ticular, at the tillering and maturity stages in salt-affected soil.
Overall, at 12 dS m–1, MBC and MBN were significantly positive-
ly linked with the three enzyme activities (D-ase, Alk-ase, and P-
ase). In our case, the MBC and MBN showed a stronger relation-
ship with D-ase than Alk-ase and P-ase.

Mineral nutrition deficiency or efficiency (e.g., available P and
N) depends on rhizosphere microorganisms’ competition with the
plant roots (Jingguo and Bakken, 1997). In the current study, we
observed a significant interaction between biological parameters
(MBC and MBN) and available elements (available P or N), more
pronounced at saline conditions. On the other hand, available P and
N were correlated positively with the microbial enzyme activities
(D-ase, Alk–ase, and P-ase) at both salinity levels. It is well known
that rhizosphere availability of P was stimulated by the exudation
and P hydrolysing enzymes activities (Maseko and Dakora, 2013).
On the opposite hand, Allison et al. (2007) reported a negative
relationship between P and Alk-ase, and Bowles et al. (2014)
observed no significant correlation under wheat-maize rotation.
Mineralisation and immobilisation of organic N are also mediated
by several enzymatic processes, including protease derived from
microorganisms. In our study, the significant positive correlation
between available N and P-ase activity indicates positive feedback
between durum wheat genotypes and microorganisms that produce
P-ase to make N available to the plant. This correlation might also
be attributed to increased N demand to build up microbial biomass
stimulated by durum wheat root exudates (Wang and Tang, 2018).
This result was further confirmed by significant correlations
between MBC and available N and MBC and P-ase. D-ase activity
was the most correlated with available P and N for both salinity
levels when comparing the three enzymes.

In practice, the crop yield is the result of all soil physical, chemical,
and biological interactions (Diallo-Diagne et al., 2016). To the best of
our knowledge, this is the first report aimed to highlight the critical bio-
chemical factors which are significantly associated with the GY of four
durum wheat genotypes under non-saline and saline conditions.
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The results showed that the relationship between GY and soil
parameters was complex and depended on the genotype’s rhizo-
sphere and water salinity levels (0.3 and 12 dS m–1). For both
salinity levels, the GY of the two genotypes, ‘Agili Glabre’ and
‘Maali’, followed by ‘Bayadha’ was exceptionally correlated with
their belowground traits.

Our data revealed a clear positive association between avail-
able N, P-ase, available P, Alk-ase, D-ase, and GY of those geno-
types at low and high salinity levels. Therefore, it was thought that
changes in soil enzyme activities might be a possible mechanism
to explain yield fluctuation during soil organic transition
(Karasawa et al., 2015). Furthermore, we expected that genotypes
with more significant belowground inputs would exhibit greater
biological mineralisation and thus plant nutrient uptake.

Otherwise, MBC, MBN, and the MBC/MBN ratio were weak-
ly correlated with GY at saline conditions. Invariable of salt stress,
those observations were already noticed by Mikanová et al. (2012),
who did not find under field conditions any relationship between
wheat GY and MBC. However, Silva et al. (2010) reported that
higher MBC and MBN were associated with higher GY.

The correlations found here for biochemical parameters were
slightly greater in saline conditions than those of non-saline condi-
tions, emphasising that this behaviour could be due to: i) enhanced
microbial activity and biomass following a greater exudation of C
by roots of tolerant genotypes (e.g., ‘Maali’ and ‘Agili Glabre’); ii)
the activation of the relative microbial encoding gene promoted by
durum wheat rhizosphere; and/or iii) the activation of salt-adapted
microorganisms following the increase of soil salinity.

The predictive relationships (stepwise analysis) support the
effect of soil properties on durum wheat yield. Intriguingly, the
predictors depended on crop physiological growth stages and
salinity levels. This is undoubtedly due to the complexity of plant
response interacting with the external environment. Overall, MBC,
available N, Alk-ase, and P-ase were the determinant components
of GY variability under saline conditions.

Conclusions
The present study highlights the involvement of microorgan-

isms in moderating the adverse effects of salinity on durum wheat
productivity. In fact, the rhizosphere genotypes of ‘Maali’ and
‘Agili Glabre’ as reflected by microbial biomass, enzymatic activ-
ity, and nutrient availability, lead to salt stress mitigation. This is
the first report aiming to explore the link between soil biochemical
factors and GY under contrast salinity conditions. The findings
support the beneficial interaction between roots and soil biota. The
positive relationship between biological (MBC, MBN, D-ase, Alk-
ase, and P-ase) and chemical (available P and N) parameters indi-
cates the involvement of the microbial process in maintaining soil
fertility. Besides, tillering and flowering could be considered as
key stages to assess durum wheat salinity tolerance. Notably, avail-
able N, P-ase, P, Alk-ase, and D-ase might be useful criteria for
quantifying the yield of salt-tolerant genotypes (i.e., ‘Maali’ and
‘Agili Glabre’). However, the stepwise analysis revealed that
MBC, available N, Alk-ase, and P-ase were the determinant com-
ponents of GY variability under salinity. The effect of salinity on
rhizospheric parameters and wheat GY appeared to be complex,
and it should be investigated by identifying all microorganisms
within a genotype’s rhizosphere.
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