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A B S T R A C T

Brachypodium hybridum (Poaceae) is widely distributed in the dry environments in Mediterranean basin, due to
its high tolerance to drought. Investigating the natural variation of B. hybridum in response to environmental
stresses is crucial for unraveling the genetic network of its stress tolerance. 79 B. hybridum lines from eight
Tunisian populations were screened for their performance to low P availability using morpho-physiological
parameters. ANOVA showed that treatment and population*treatment factors were the most contributors in the
explained variance for the majority of parameters. A considerable population differentiation was detected in
control and under P level (Qst = 0.77 vs Qst = 0.62). This suggests that B. hybridum exhibit an adaptive
differential response to P deficiency related environmental conditions. Results revealed that Raouad and Sejnen
lines were the most tolerant to P deficiency followed by Haouaria and Enfidha lines. The remaining populations
were classified as sensitive. This pattern suggests that coastal populations were more tolerant to P deficiency
than the inland ones. A slightly higher heritability was evidenced under low P level for most of traits, indicating
that the direct selection under P deficiency is more reliable than an indirect one under optimal P supply.

1. Introduction

Phosphorus (P) is vital for all living organisms as it is represents a
structural component of nucleic acids and involved in many energy-
related processes (Pang et al., 2018). For plants, P plays a crucial role in
diverse physiological and metabolic processes such as photosynthesis,
carbohydrate metabolism, respiration, glycolysis, and membrane
synthesis and integrity and many other biochemical reactions
(Sulieman and Tran, 2015). Hence, limiting P conditions may gravely
affect plant growth and development. With the ongoing climate change,
the growing world population and the urgent need to increase the food
production, improving P efficiency has become a worldwide challenge.
Screening for efficient varieties, cultivars or genotypes tolerant to P
limiting conditions could be a cost-effective and attractive strategy for
ensuring a long-term sustainability of agricultural systems.

The two diploid species B. distachyon (x= 5, 2n= 10) and B. stacei
(x= 10, 2n= 20) and their derived allotetraploid B. hybridum
(x = 5 + 10, 2n = 30) are a complex of species belonging to the

Poaceae family, characterized by their close relationship to the major
cereals critical for global food security such as wheat, maize, rice,
barley. These three annual species present many common features that
allow them to be a promising model system for physiological and
functional genomics of temperate cereals and forage grasses, including
small genome size, short life-cycle, small stature and easy handling in
controlled conditions. Since the accomplishment of genome sequencing
of B. distachyon and the deciphering of the taxonomical relationship
between the tree species (López-Alvarez et al., 2012), many worldwide
natural populations have been collected and several studies have been
conducted in order to unravel the patterns of their geographical dis-
tribution (Lopez-Alvarez et al., 2015) and genetic diversity (Neji et al.,
2015; Vogel et al., 2009) as well as their physiological and molecular
responses to various environmental stresses such as Drought (Verelst
et al., 2013), salinity (Kim et al., 2012) and nutrient deficiency (Poiré
et al., 2014). Investigations have demonstrated that the allotetraploid
species B. hybridum is more robust and displays greater adaptation to
harsh environmental constraints, which may explain its wider
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geographical distribution compared to it diploid progenitors
(Manzaneda et al., 2012). To our knowledge, the natural variation of
the B. distachyon and its closely related species to nutrient deficiency
remains poorly understood. Recently, a promising research project fo-
cusing on the natural phenotypic variability in nitrogen (N) and phos-
phorus (P) response in diverse B. distachyon accessions has been in-
itiated in order to provide the baseline of further investigations towards
unraveling the genetic basis of the response to nutrient deficiency in the
grasses (Poiré et al., 2014). Based on yield-related traits (biomass
production and shoot and roots growth) and physiological traits (pho-
tosynthetic capacity and N and P concentration in leaves), the first
results of this work have revealed a considerable genetic variation in N
and P use efficiency in B. distachyon (Poiré et al., 2014). The same
authors have demonstrated that the shoots and roots growth are
strongly influenced by P availability and the photochemical efficiency
is considerably compromised under P starvation (Poiré et al., 2014).
More recently, Zhao et al. (2018) have demonstrated that short term P-
limited conditions (10 μM for 7 days), P content decreased significantly
in roots but not shoots. However, the roots and shoots growth was not
significantly affected. Taken together, these findings suggest that
screening Brachypodium lines for their phosphorus efficiency should be
performed after a long-term P treatment and must involve diverse
morpho-physiological parameters.

Given the wide geographical distribution of the allotetraploid spe-
cies B. hybridum in its natural geographical range and its greater
adaptability to harsh environmental conditions compared to its two
diploid progenitors species, we hypothesize that the natural popula-
tions of this species display an extensive genetic variation in response to
P deficiency. In the present study, diverse B. hybridum lines collected
from diverse Tunisian populations were screened for their response to P
deficiency using a large set of morpho-physiological parameters in
order to identify lines and/or populations and parameters that could be
exploited in establishing future breeding programs and exploring the
genetic basis of the response to P deficiency in grasses.

2. Material and methods

2.1. Plant material and growth conditions

The plant material used in this study consists of seventy nine lines of
Brachypodium hybridum originated from eight distinct locations in
Tunisia; Douar El Haj Wniss, Fayedh, Enfidha, Hawaria, El Kef, Raouad,
Sejnen and Jbal Zaghouan (Table 1 and Fig. 1). These lines were se-
lected from a total of 145 lines collected from nine populations mor-
phologically and genetically characterized using a large set of morpho-
phenological features and simple sequences repeats (SSR) markers (Neji
et al., 2015a, 2015b). The population of Ain Drahem was discarded
from the present study due the few lines available (Neji et al., 2015b).
Except for the population of Fayedh, in which only 9 lines were
available, 10 lines were selected from each of the remaining popula-
tions for the present study. The seeds of all the lines used in this study
were obtained after two generations of a spontaneous selfing under
controlled conditions. The selection of lines analyzed for this study was

based on the maximization of the morphological and diversity within
each population. Each of the selected lines was cultivated in a plastic
pot filled with 2.5 kg of a sterilized sandy-loam soil with a pH of 6.9 for
two months under glasshouse conditions at the Faculty of Sciences of
Gabès, Tunisia with two phosphorus (P) treatments: 1 mM (control) and
5 μM (P deficiency). The temperature of the glasshouse was set at 25 °C/
20 °C (day/night), the relative humidity was at 65% and the photo-
period was set at 16 h/8 h light/dark cycle. At the beginning, four to
five seeds from each line were sown and irrigated with distilled water
for one week. Seedlings were then thinned to three morphologically
homogenous replicates in both, control and under P deficiency condi-
tions, and irrigated with 1/10-strength Hoagland's nutritive solution
containing 1mM KH2PO4, 2.5mM Ca (NO3)2, 2.5mM KNO3, 1mM
MgSO4, 10 μM Fe (as FeEDTA), 23 μM H3BO3, 0.16 μM CuSO4.5H2O,
0.38 μM ZnSO4.7H2O, 4.6 μM MnCl2.4H2O, and 0.06 μM H2MoO4.1H2O

Table 1
Geographical coordinates of the Tunisian populations of Brachypodium hybridum and their climatic regions.

ID Location Latitude Longitude Distance to coastline (Km) Bioclimatic stage

F Fayedh 35°4′4.1″N 9°40′32.1″E 116.3 Arid
E Enfidha 36°7′8.04″N 10°27′44.90″E 0.55 Lower semi-arid
Z Jbal zaghouan 36°22′6.80″N 10° 5′20.00″E 39.1 Upper semi-arid
H Haouaria 37° 2′32.54″N 10°59′38.58″E 2 Sub-humid
R Raoud 36°57′0.00″N 10°14′14.00″E 0.2 Upper semi-arid
S Sejnen 37°4′38.90″N 9° 9′51.10″E 9.8 Humid
K El Kef 36° 6′36.80″N 8°37′39.00″E 165.7 Lower semi-arid
D Douar El Haj Wniss 35°40′56.40″N 8°53′49.00″E 193.2 Upper semi-arid

Fig. 1. Geographical locations of Tunisian populations of Brachypodium hy-
bridum.
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for two weeks. This solution was used to continuously irrigate the
control plants until the end of the experiment, while the treated plants
were irrigated with a Hoagland's solution containing only 5 μM
KH2PO4. For these latter, the potassium (K) concentration was main-
tained by the addition of KCl. A completely randomized design with 2-
factorial arrangement of populations and two phosphorus levels was
employed in our experiment.

2.2. Morpho-physiological characterization under greenhouse conditions

At the end of experiment, all the cultivated lines were screened for a
set of 12 traits related to the plant morphology, 4 traits related to gas
exchange (photosynthetic parameters) and 6 related traits to
Phosphorus efficiency (PE traits). The morphological variables included
shoots fresh weight (SFW), roots fresh weight (RFW), shoots dry weight
(SDW), roots dry weight (RDW), total dry matter (TDM), shoot by root
dry weight (SDW/RDW), average length of tillers (ALT), root length
(RL), number of tillers (NL), number of leaves (NL), average of leaf
length (ALL), total number of spikelets (TNS). The photosynthetic
parameters, including the stomatal conductance (gs), the intercellular
CO2 concentration (Ci) and the net photosynthetic rate (Pn), were
measured in healthy leaves between 10:00 and 17:00 in a fully sunny
day using a portable computerized open gas system (LI-6400, LiCor,
Lincoln, NE, USA). These leaves were then harvested, conserved at
−80 °C and used later to quantify the Acid Phosphatase Activity (APA)
according to Kouas et al. (2009). Moreover, the P concentrations in
roots and shoots were colorimetrically measured in 60mg of dry ve-
getal material digested using a mixture of HNO3/HClO4 (4:1) following
the vanadomolybdate method (Fleury and Leclerc, 1943). The latter
were multiplied by the dry weights relative to each organ to determine
the root and shoot P contents (RPC and SPC, respectively). The mea-
surements were performed in 3 replicates for the morphological para-
meters, whereas only 2 replicates used for those related to gas exchange
and phosphorus status of plants.

2.3. Phosphorus efficiency parameters

To investigate the performance of the studied lines in terms of ef-
ficiency and responsiveness, we calculated the four following para-
meters: P acquisition efficiency (PAE), P utilization efficiency (PUE),
relative efficiency of phosphorus use (REP) and P stress factor (PSF).
The PAE, which refers to the ability of plant to accumulate P in its
shoots, was calculated as the P content in the whole plant (PPC) divided
by the roots dry weight (Wang et al., 2010), whereas PUE which, ac-
cording to (Pan et al., 2008), refers to the capacity of plant to produce
biomass using the acquired P, was calculated as the ratio between the
whole plant dry weight and P content in the whole plant. The REP for
each line was calculated as the ratio between the whole plant dry
weights under P deficiency and control conditions
( =REP (%) *100PDW at 5 µ M P

PDW at 1 mM P ) (Ozturk et al., 2005). Finally, we calcu-
lated the P-stress factor (PSF), which refers to the relative reduction in
biomass due to P deficiency (Akhtar et al., 2008), using the following
formula: =PSF (%) *100TDM at 1 mM P TDM at 5 µM P

TDW at 1 mM P .

2.4. Data analysis

First, the data of all the parameters were subjected to a descriptive
statistical analysis in order to characterize the patterns of variation
within and among populations in control and under P deficiency con-
ditions. We then conducted oneway and two-way ANOVAs using type
III sums of squares to investigate the effects of the population, line,
treatment and their interactions on all the analyzed traits. Pearson
correlation analysis (r) was performed to analyze the relationship
among all parameters pairwise in both studied conditions. Tukey's t-test
was used for pairwise comparisons was and P<0.05 was set as

significance threshold. All these analyses were computed using XLSTAT
version 2018.1. Moreover, we employed the ‘varcomp’ function in the
‘ape’ R package (Paradis et al., 2004) using restricted maximum like-
lihood to retrieve the proportion of the total variance explained by
within (Vwp) and among populations (Vap) components and the re-
sidual variance (Verror) component, which refers to the environmental
effect. for all analyzed traits. The variance components were then used
to calculate between-population variation (Qst) as Qst = Vap/
(Vap + Vwp) and the broad sense heritability (H2) as H2 = Vwp/
(Vwp + Verror) according to Neji et al. (2015a).

Furthermore, we performed the two multivariate analyses principal
component analysis (PCA) and hierarchical clustering analysis (HCA) in
order to examine the grouping of the analyzed traits and the patterns of
differentiation between lines and populations in control and under P
deficiency conditions. The PCA was conducted using XLSTAT version
2018.1 on the basis of the standardized mean values of all analyzed
traits. The ordination of the studied lines was visualized using a bi-
dimensional plot formed by the first two principal components (PC1
and PC2). The HCA was conducted using the “gplots” and “heatmap.2”
functions in R software version 3.4.2 (https://www.r-project.org/). In
this analysis, the function “dist” was first used to calculate Manhattan
distances among all studied lines and then the hierarchical cluster
analysis was performed using “hclust” function. By default, the com-
plete linkage method was used as clustering method.

Finally, in order to classify the studied lines in terms of efficiency
and responsiveness to low P availability, the REP, PAE, PUE and PSF
were plotted against the total dry matter (TDM) at 5 μM P. The gener-
ated ordination plots were then used to separate the lines into four
categories, as described previously (Neto et al., 2016): (i) efficient and
non-responsive (ENR); (ii) efficient and responsive (ER); (iii) non-effi-
cient and responsive (NER); and (iv) non-efficient and non-responsive
(NENR). The lines presenting a total dry matter higher than the average
of all studied lines were considered as efficient and the lines displaying
REP, PAE, PUE and PSF values higher than the average were categor-
ized as responsive and vice versa.

3. Results

3.1. Morpho-physiological variation

To assess the morpho-physiological variation among and within
populations, we considered the coefficient of variations (CV) of all
analyzed traits separately in control and P deficiency conditions.
Overall, our results revealed a considerable genetic variation for most
of analyzed traits in both treatments, with a greater level of variation
detected among populations rather than within populations
(Supplementary file 1). Among populations, all analyzed traits showed
moderate to high CV, ranging from 4.42% to 37.94% in control con-
ditions and from 5.53% to 65.03% under P deficiency. Means CV of all
analyzed parameters were 15.53% and 28.21% in both conditions re-
spectively. Noticeably, CVs of all traits were considerably much higher
under P deficiency than in control conditions, indicating that the
morpho-physiological variation of Tunisian Brachypodium hybridum
populations was strongly affected by P deficiency. In control conditions,
the highest levels of variation were observed in ALL, NL, TNS and NT
with CVs ranging from 23.97% to 37.94%, respectively, whereas the
lowest level of variation was observed for the intercellular CO2 con-
centration (CV=4.22%). Under P deficiency, the CVs of most traits
exceeded 20%. The highest levels of variation were observed for SDW/
RDW, SPC/RPC, SDW and ALL with CVs of 65.03%, 54.67%, 50.96%
and 40.86%, respectively. Remarkably, in both control and P deficiency
conditions, the morphological traits were found the most variable
(18.59% and 30.98%, respectively) when compared to PE traits
(13.83% and 28.02%, respectively) and the photosynthetic parameters
(9.36% and 20.24% respectively) (Supplementary file 1). Within po-
pulations, a relatively low and comparable amount of variation was
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observed in all the studied populations for most of analyzed traits, with
mean CVs in control conditions ranging from 5.28% in Raouad to
9.82% in Douar El Haj Wniss. A similar pattern was also observed under
P deficiency, with Jbal Zaghouan and Raouad presenting the highest
and the lowest average CVs (10.80% and 6.94%, respectively)
(Supplementary file 1). Meanwhile, means comparison showed that the
populations differed significantly for all analyzed traits in both control
in P limiting conditions (p⩽ 0.05). In control conditions, results re-
vealed that Raouad and Sejnen populations displayed the strongest
vegetative growth as they produced the longest tillers and the highest
number of leaves and tillers, and exhibited relatively high root devel-
opment in terms of weight and length. These two populations were also
characterized by the high levels of SPC, RPC and TPC, suggesting that
the phosphorus availability enhanced the vegetative growth of these
populations. Compared to the two aforementioned populations, those
originating from Douar El Haj Wniss, El Kef, Fayedh and Haouaria were
characterized by less important P accumulation in their shoots and
roots but produced higher dry biomass, indicating that these popula-
tions displayed thicker tillers and leaves. Moreover, Sejnen population
was characterized by the most important underground growth as it
exhibited the highest RDW and RL, followed by the populations
Enfidha, Raouad and El Kef. Noteworthy, Haouria population displayed
a smallest under and aboveground development, indicating that its high
dry biomass was mainly related to its high seed production. On the
other hand, our results showed the studied populations differed sig-
nificantly on the magnitude of their morpho-physiological response to P
limiting conditions. Generally, except for RL and APA, all parameters
were affected in all the studied populations. Remarkably, the popula-
tions originated from Haouria, Enfidha, Raouad and Sejnen showed
only a small reduction in most of analyzed traits. This pattern indicates
these latter were able to conserve a relatively high aboveground growth
due their substantial shoots P allocation, considerable gas exchange and
increased Acid Phosphatase Activity under P deficiency. In contrast,
Douar El Haj Wniss Fayedh, El Kef, and Jbal Zaghouan populations
were especially characterized by a small reduction in their RDW, an
increase in their root length and very similar P allocation in shoots and
roots, resulting in a considerable root development and a relatively low
biomass production under P deficiency.

Furthermore, ANOVA revealed a significant individual effect of line,
population and treatment in the total variation explained for all the
analyzed parameters (P< 0.05), with one exception in the population
effect (gs) and two exceptions in the treatment effect (gs and NT). A
significant contribution of population*treatment and line*treatment
interactions to the total variation was also observed for each of ana-
lyzed parameters, except for the stomatal conductance (gs) (Table 2).
The extent to which each of the four factors contributed in the variation
of the analyzed parameters varied considerably, ranging from 0.43% to
68.9% for population, from 0.42% to 92.9% for treatment, from to
0.16%–20.43% for line, from 0.29% to 54.19% for population-treat-
ment interaction, and from 0.11% to 7.89% for treatment-line inter-
action. The highest amounts of variation explained by the population
effect were found for LL, NL and RFW (>50%). The treatment strongly
influenced some morphological parameters related to biomass pro-
duction (SFW, SDW, PDW, ALT and NT) and some parameters related to
P efficiency such as SPC, RPC, PPC SPC/RPC and APA (Fig. 2). Taken all
the parameters together, results showed that, the main source of var-
iation was the treatment factor (44.09%) followed by the population
and population*treatment factors (28.17%, 18.33%, respectively). No-
ticeably, line and line*treatment effects were generally less important
and contributed almost equally with a very low amount in the total
explained variation (4.39% and 3.34%, respectively).

3.2. Heritability and correlations between parameters

Overall, the broad-sense heritability (H2) was found relatively high
for most analyzed traits in both control and under P deficiency. It

ranged from 0.17 to 0.94 and 0.12 to 0.99, in both conditions, re-
spectively (Table 2). In control conditions, the highest levels of herit-
ability were observed in the morphological traits, followed by PE traits
and the photosynthetic parameters, with values averaging for each set
of parameters in 0.78, 0.64 and 0.27, respectively. This pattern in-
dicates that the variation of first two sets was mainly governed by ge-
netic factors under control conditions. The low-phosphorus treatment
significantly increased the heritability of all analyzed traits, except for
SFW and Fv/Fm. In addition, we noticed that, under P deficiency, all
the morphological traits and those related P efficiency displayed com-
parable levels of heritability, with average values of 0.99 and 0.94,
respectively. However, the average heritability value for the photo-
synthetic parameters was found slightly higher than that observed in
control conditions (0.3 vs 0.27), which indicates that, in control and
under deficiency conditions, the variation of these parameters was
mostly influenced by environment and only a small part was associated
to genetic factors. Overall, the average heritability value for all ana-
lyzed parameters was much higher under P deficiency conditions than
in control conditions (0.73 vs 0.41), suggesting that the response to P
deficiency in the Tunisian B. hybridum lines was mainly controlled at
the genetic level.

Moreover, correlation between pairwise of all the parameters
measured in control and under P deficiency was analyzed using
Pearson's coefficients. In control conditions, among the 253 possible
correlations, a total of 129 significant correlations were recorded, 78 of
them were positive. Noticeably, the highest positive correlations were
recorded between PE parameters pairwise such as SPC and PPC
(r= 0.98; <0.0001), SPC and RPC (r= 0.86; <0.0001) and RPC and
PPC (r= 0.62; <0.0001). Relatively high positive correlations were
also observed between pairwise of morphological traits related to plant
vigor and biomass production and parameters related phosphorus ac-
cumulation such as NT and ALL (r= 0.82; <0.0001), PW and SDW
(r=0.82; <0.0001), ALT and ALL (r= 0.81; <0.0001), PPC and ALT
(0.76; <0.0001) and NL and PPC (r= 0.70; <0.0001). On the other
hand, among the 51 significant negative correlations, the highest ones
were observed between PUE and all the traits related to P status of plant
(SPC, RPC and PPC) and some morphological traits (ALT, ALL, NT and
RL). Significant negative correlations were also recorded the between
photosynthetic parameters and most of morphological traits (Table 3).
These results suggest that, in control conditions, the phosphorus
availability in the different organs largely improved the plant growth
and biomass production more than the photosynthetic parameters.
Under P deficiency, all traits related to belowground biomass alloca-
tion, those related to photosynthetic process and the PE related traits
were found significantly positively correlated to each other, indicating
that these traits were mutually affected by the P deficiency. However,
while displaying strong positive correlations between each other, roots
related traits (RL, RDW and RPC) were showed strong negative re-
lationship with all remaining traits. This result pointed towards an in-
crease of root length and biomass under P deficiency and suggested that
the ability of seedlings to absorb P from soil was closely related to root
morphology.

3.3. Population differentiation and structure of the morpho-physiological
variation in control and under P deficiency conditions

For all analyzed parameters, results showed a moderate to high
differentiation among the eight studied populations in the two studied
conditions with Qst values ranging from 0.23 (SDW/RDW) to 0.99
(SPC) in control conditions and from 0.24 (gs) to 0.95 (LL) under P
deficiency (Table 2). Overall, the studied populations were found more
distinct from each other under P deficiency than in control conditions
(average Qst of 0.77 and 0.62, respectively). Noticeably, 17 among the
22 analyzed parameters displayed higher Qst values under P deficiency,
in comparison with the control conditions, indicating a considerable
difference between the studied populations in response to P deficiency.
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The most important increases in Qst values were recorded for SDW/
RDW (0.23–0.83), SPC/RPC (0.28–0.92), PAE (0.41–0.93), Pn
(0.25–0.63) and APA (0.53–0.92).

The dataset derived from all morpho-physiological traits were
analyzed by principal component analysis and hierarchical clustering
analysis in order to unravel key contributors to the variation among the
studied populations under the two phosphorus levels. Under control
conditions, PCA showed that the variation among populations was
significantly explained by the first two axes (PC1 and PC2; Eigenvalues
of 6.34 and 3.84, respectively), representing 37.11% and 12.67%, of the

variance, respectively. Except for RL which was mainly associated to
PC2 (r=0.54), all the remaining traits displayed relatively high
loading values (r) (absolute values> 0.54) with PC1. Under P defi-
ciency, PCA analysis showed that, the first two PC (Eigenvalues of
12.64 and 2.54, respectively) accounted for 71.15% of the total varia-
tion (62.61% and 8.54%, respectively). Almost all the analyzed para-
meters were positively correlated with PC1 (r>0.54), except for RL,
RDW and RPC which displayed a high negative association with this
axis (r< - 80). The 2D PCA plots showing the pattern of morpho-
physiological variation of the studied populations in control conditions

Table 2
ANOVA, heritability (H2) and coefficient of among populations differentiation (Qst) for all analyzed traits in Brachypodium hybridum populations.

Population Treatment population*Treatment Line Treatment*Line H2 Qst

F Pr> F F Pr>F F Pr>F F Pr>F F Pr> F 1mM 5 μM 1mM 5 μM

SFW 22.13 <0.0001 166.27 <0.0001 25.29 <0.0001 5.30 <0.0001 5.95 <0.0001 0.94 0.75 0.75 0.91
SDW 377.61 <0.0001 298.87 <0.0001 306.68 <0.0001 277.98 <0.0001 63.11 <0.0001 0.64 1.00 0.83 0.82
RFW 97.79 <0.0001 5.58 0.02 56.23 <0.0001 28.01 <0.0001 17.91 <0.0001 0.69 0.99 0.69 0.44
RDW 83.37 <0.0001 178.02 <0.0001 126.07 <0.0001 16.91 <0.0001 26.86 <0.0001 0.55 0.96 0.50 0.67
TDM 88.04 <0.0001 6655.77 <0.0001 50.15 <0.0001 15.68 <0.0001 10.93 <0.0001 0.92 0.97 0.98 0.58
SDW/RDW 234.90 <0.0001 106.28 <0.0001 260.37 <0.0001 49.16 <0.0001 53.50 <0.0001 0.69 0.96 0.23 0.84
ALT 162.91 <0.0001 282.86 <0.0001 40.93 <0.0001 56.92 <0.0001 18.60 <0.0001 0.88 0.96 0.65 0.84
RL 179.24 <0.0001 294.71 <0.0001 122.52 <0.0001 49.61 <0.0001 34.48 <0.0001 0.88 0.95 0.58 0.92
NT 171.03 <0.0001 275.38 <0.0001 23.02 <0.0001 26.12 <0.0001 4.74 <0.0001 0.77 0.94 0.96 0.93
NL 120.64 <0.0001 0.81 0.37 47.21 <0.0001 37.41 <0.0001 17.25 <0.0001 0.90 0.92 0.64 0.83
ALL 259.85 <0.0001 9.63 <0.0001 66.98 <0.0001 46.67 <0.0001 13.32 <0.0001 0.78 0.98 0.65 0.96
TNS 125.21 <0.0001 42.18 <0.0001 61.11 <0.0001 28.27 <0.0001 14.70 <0.0001 0.80 0.94 0.82 0.94
SPC 150.26 <0.0001 2148.86 <0.0001 167.25 <0.0001 47.24 <0.0001 52.41 <0.0001 0.66 0.97 0.99 0.77
RPC 64.19 <0.0001 2899.13 <0.0001 63.79 <0.0001 17.32 <0.0001 17.25 <0.0001 0.60 0.96 0.88 0.72
TPC 45.77 <0.0001 10503.04 <0.0001 30.90 <0.0001 10.65 <0.0001 7.39 <0.0001 0.86 0.93 0.28 0.45
SPC/RPC 117.85 <0.0001 5844.83 <0.0001 158.79 <0.0001 20.86 <0.0001 26.72 <0.0001 0.68 0.99 0.28 0.92
APA 272.72 <0.0001 1528.50 <0.0001 259.54 <0.0001 195.35 <0.0001 189.40 <0.0001 0.84 0.95 0.54 0.93
PUE 108.52 <0.0001 116.557 <0.0001 114.63 <0.0001 27.17 <0.0001 28.45 <0.0001 0.48 0.93 0.80 0.83
PAE 111.12 <0.0001 75.104 <0.0001 91.30 <0.0001 24.63 <0.0001 21.40 <0.0001 0.59 0.92 0.42 0.93
Fv/Fm 39.76 <0.0001 35.38 <0.0001 25.11 <0.0001 7.13 <0.0001 4.75 <0.0001 0.27 0.12 0.59 0.87
Gs 1.87 0.07 2.56 0.11 1.84 0.08 4.18 <0.0001 4.11 <0.0001 0.33 0.38 0.35 0.25
Pn 61.52 <0.0001 93.67 <0.0001 50.90 <0.0001 14.68 <0.0001 12.40 <0.0001 0.33 0.37 0.26 0.64
Ci 15.91 <0.0001 0.27 0.60 28.58 <0.0001 5.13 <0.0001 5.61 <0.0001 0.17 0.33 0.71 0.76

Fig. 2. Contribution of population, line, treatment factors and their interactions in the total explained variance for the analyzed traits.
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and under P deficiency on the basis of the 23 analyzed parameters were
shown in Fig. 3A and Fig. 3B, respectively. In control conditions, the
studied lines were divided into two major groups along PC1. The lines
originated from Raouad and Sejnen were aggregated in a first small
group in the negative side of PC1, whereas the lines of all the remaining
populations seem to be in an extensive overlap in a second large group
around the origin and in the positive side of PC1 (Fig. 3A). Under P
deficiency (Fig. 3B), the studied lines were divided in two major groups
clearly separated by the origin of PC1. The lines originated from Douar
El Haj Wniss, El Kef, Fayedh, and Jbal Zaghouan were tendentiously
discriminated from the remaining lines in the negative side of PC1 and
seem to be very susceptible to P deficiency. This group of lines were
distinguished by a stunted shoot growth, a considerable root biomass
and a high P accumulation in roots. The lines of the remaining popu-
lations formed together a second group in the positive side of PC1.
These groups of lines were characterized by an important aboveground
biomass production, noticeable phosphorus use efficiency (PUE) and
phosphorus acquisition efficiency (PAE). The latter could be divided
into two subgroups. The first subgroup formed by the lines originated
from Raouad and Sjenen and could be considered as tolerant to P de-
ficiency, whereas the second subgroup, which enclosed the lines ori-
ginated from Haouria and Enfidha, could be considered as moderately
tolerant. Noticeably, the lines were found very close to each other and/
or in extensive overlap in each of the defined groups, which indicate the
weak within-populations genetic variation for adaptability to P-limiting
conditions and suggests that the response to P deficiency was popula-
tion-specific rather than line-specific. The pattern of lines grouping
depicted by PCA analysis was supported by the hierarchical clustering
analysis (HCA). In control conditions, two major groups of lines were
identified (Fig. 4A). The first group enclosed the lines originated from
Raouad and Sejnen and some lines from Jbal Zaghouan (Cluster 1A).
Although displaying a moderate biomass production, this group of lines
were distinguished by a considerable vigor and a high phosphorus ac-
quisition efficiency (PAE) in control conditions in comparison with the
other lines. The remaining lines, which were characterized by a rela-
tively better biomass production, were grouped together in a second
large cluster (Cluster 2A). Moreover, the same groups of tolerant
(Cluster 2B), moderately tolerant (Cluster 1B) and susceptible (Cluster
3B) lines previously identified by PCA analysis were clearly depicted in
the heat map showing the grouping of lines under P deficiency
(Fig. 4B). Interestingly, the results of PCA and HCA revealed an overall
better performance for the lines originated from Raouad and Sejnen
under control and P deficiency conditions on the basis of the majority of
studied parameters, suggesting their usefulness in future breeding
programs.

3.4. Phosphorus responsiveness and efficiency

In order to investigate with more details the difference between the
studied populations in terms of responsiveness and P efficiency, we
analyzed REP, PSF, PAE and PUE as a function of the total of dry matter
(TDM) produced at low P level and the lines were categorized as effi-
cient responsive (ER), efficient non-responsive (ENR), non-efficient
responsive (NER) and non-efficient non-responsive (NENR). The four
ordination plots revealed similar patterns of populations grouping
comparable to that showed by PCA and hierarchical clustering analyses.
As shown in Fig. 5, all lines originated from Sjenen and Raouad fell into
the group ER. Under P starvation, these group of lines produced a
considerable dry matter yield (>1.77 g) and exhibited relatively high
PAE and PUE values, ranging from 8.24 to 13.69 and from 0.38 to 0.48,
respectively (Fig. 5A and B). These lines were also characterized by
relatively low PSF values ranging from 21.51% to 36.2% and high REP
levels varying between 65.15% and 78.48% (Fig. 5C and D). Mean-
while, except for few lines classified as NER and/or ENR, most of En-
fidha and Haouria lines were considered as ER. This group of lines
produced relatively lower dry matter and displayed slightly lower PAE,Ta
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PUE, PSF and REP under P-limiting conditions in comparison with those
originated from Sjenen and Raouad. In contrast, all the lines originated
from Douar El Haj wniss, El Kef, and Jbal Zaghouan were categorized as
NENR as they exhibited a very low biomass production (<1.2 g) and
displayed relatively low PAE and PUE values (<6.52 and< 0.33, re-
spectively), a high relative reduction in dry matter production (PSF
values> 50%) and a relatively low REP, ranging from 37% to 48%
under P-limiting conditions. Similar to PCA and HCA results, these re-
sults confirmed that the response to P deficiency in the Tunisian B.

hybridum collection was population-specific and support the usefulness
of Sjenen and Raouad lines in future breeding programs.

4. Discussion

The analysis of morpho-physiological variation among seedlings
exposed to early stress in controlled conditions has been considered a
reliable approach for screening the plants stress tolerance and a crucial
step for establishing future breeding program (Duangpan et al., 2018).

Fig. 3. Two-dimensional PCA plot showing the relationships among 79 lines representing the 8 populations of Brachypodium hybridum. A: Control conditions; B:
under low P availability conditions.
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Phosphorus deficiency is a major abiotic stress that affects plant growth
and productivity in both agricultural and natural ecosystems (Zhang
et al., 2014). Previous studies have demonstrated that the response to P
deficiency varies greatly between species as well as among genotypes
within the same species (Bilal et al., 2018). In the present study, we
analyzed the genetic variation of 79 diverse lines representing 8 Tuni-
sian populations of B. hybridum issued after two generations of a
spontaneous selfing using a large set of morpho-physiological para-
meters in order to screen their tolerance to P deficiency. Consistent with
an earlier work realized on the parental populations of the same lines
based on morpho-phenologial traits (Neji et al., 2015a), our results
revealed a considerable and significant morpho-physiological variation
in the studied B. hybridum collection in control and under P deficiency
conditions. Noticeably, we recorded much higher variation under low P
availability for most of analyzed parameters, which is in agreement
with the study of Da Silveira et al. (2014) on sugarcane genotypes using
agronomic traits. The same authors suggested that environmental
stresses, including low nutrient availability, lead to an increased genetic
variation because each genotype may displays a particular response to
stress. However, in comparison with the results of Neji et al. (2015a),
our results highlighted a relatively greater variation among populations
than within populations in both studied treatments. We speculate that
this pattern is likely due to the high selfing rate of this species and

probably resulting from an extensive natural selection driving the ge-
netic structure of the Tunisian populations of B. hybridum (Neji et al.,
2015b). In agreement, Noël et al. (2017) have demonstrated that,
during selection, selfing species experience a rapid decrease within-
population phenotypic variance. Nevertheless, the results of the present
study were in agreement with those obtained by Martínez et al. (2018)
in Iberian populations of B. hybridum in Spain exposed to drought stress.
The great morphological variation among populations could be also
explained by the wide geographical distribution of B. hybridum in Tu-
nisia, which may engender a considerable shifts in morpho-physiolo-
gical traits along an environmental gradient. Besides, the coefficient of
variation for all measured parameters under P deficiency were higher
than their estimates under the normal conditions, suggesting that P
deficiency may promote the genetic variation among B. hybridum po-
pulations for analyzed traits.

Moreover, for all analyzed traits, ANOVA revealed that the morpho-
physiological variation was mainly explained by the treatment, popu-
lation and their interaction. This result indicates that the variation of
Tunisian populations of B. hybridum was highly influenced by P defi-
ciency. Interestingly, the significant population*treatment interaction
pointed towards an adaptive differential response in the studied po-
pulations. In agreement, a pattern of adaptive differential response to P
deficiency was evidenced in diverse plants species (Baker, 1978).

Fig. 4. Hierarchical clustering for the 79 Brachypodium hybridum lines in control conditions (A) and under low phosphorus availability (B). (Douar El Haj Wniss: 1 to
10; Enfidha: 11 to 20; Fayedh: 21 to 29; Haouria: 30 to 39; El Kef: 40 to 49; Raouad: 50 to 59; Sjenen: 60 to 69; Jbal Zaghouan: 70 to 79).
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Similar pattern was also observed in natural Spanish populations of B.
hybridum populations (Manzaneda et al., 2015; Martínez et al., 2018)
and its diploid progenitor B. distachyon (Manzaneda et al., 2015) in
response to drought stress. In accordance, our results suggest that
morpho-physiology of B. hybridum in its native range varies greatly with
both environmental (climate) and edaphic conditions (nutriment
availability and soil type) of the populations' origin.

Heritability provides insights about the relative contribution of the
genetic and environmental factors in governing the genetic variation of
a given trait and the extent of its transmission into future generations,
and thus it is very helpful in determining a genotype/line's usefulness
for the future selection and improvement schemes (Mazid et al., 2013).
Our results revealed relatively high levels of heritability for most of
analyzed traits in both control and under P deficiency, suggesting that
the morpho-physiological variation of B. hybridum in Tunisia was under
a strong genetic control. Noteworthy, our results revealed very high
heritability for the morphological and PE related traits in both studied
conditions, with slightly higher values recorded under P deficiency.
According to Gemenet et al. (2016), this pattern suggests that the direct
selection of these agriculturally-relevant traits via a direct selection
under P deficiency would be more effective than the indirect one under
optimal P supply. In accordance with our results, high heritability es-
timates for growth and PE related traits were recorded in diverse plants
species (Ao et al., 2010). In contrast, we noticed a relatively low her-
itability for the photosynthetic parameters in control and under low P
availability, which suggest that the variation of these traits was highly
influenced by environment, and thus their inutility in future breeding
programs. This result was somewhat expected as the Tunisian B. hy-
bridum populations were originated from areas differing greatly in their
bioclimatic conditions since photosynthesis is highly influenced by
environmental factors (Gururani et al., 2015). Thus, we speculate that
each population develops a photosynthetic process fitting with its local
environment.

Furthermore, we detected strong positive correlations between all
traits related to belowground biomass allocation, those related to
photosynthetic process as well as the PE related traits under P

deficiency conditions. This result might be very useful for breeders to
easily select lines of both high yield and suitable P efficiency. In ac-
cordance with our results, many previous studies reporting negative
correlations between biomass production and P concentration have
suggested that the selection efforts may provide undesirable low yield
lines (Missaoui and Young, 2016). Furthermore, similar to many pre-
vious studies (Ao et al., 2010), our results revealed as negative corre-
lation between roots related traits and the other traits under P defi-
ciency conditions. Interestingly, despite the significant increase in root
length under limiting P conditions, we noticed a small difference in root
biomass production between the optimal P level and the P limiting
conditions. Such pattern suggests a contrasted biomass partitioning
(shoots vs roots) and a preferential phosphorus allocation in shoots
under low P availability, which could be a strategy to cope with ex-
treme low P availability (Ao et al., 2010).

Moreover, our results revealed a high level of inter-populations
morpho-physiological differentiation (Qst) under control and P defi-
ciency on the basis of analyzed traits, indicating that the response to P
deficiency in B. hybridum was most likely population-specific.
Interestingly, the Qst values of all analyzed traits under both P levels
were found strongly higher than the level of genetic differentiation
among the Tunisian populations B. hybridum detected using SSR
(ΦPT= 0.023) and insertion–deletion markers (InDel) (ΦPT= 0.2),
which indicates an obvious adaptive differentiation of the analyzed
traits and confirms the adaptive differential response in B. hybridum
populations in response to P deficiency emphasized by ANOVA results.
Similar pattern of adaptive response has been previously highlighted in
natural populations of Brachypodium species, including B. distachyon
(Dell’Acqua et al., 2014) as well as other plant species belonging to
diverse families such as Leymus chinensis (Poaceae) (Yuan et al., 2016)
and Antirrhinum majus (Plantaginaceae) (Mousset et al., 2018).

Furthermore, Previous studies have demonstrated that B. distachyon
complex (B. distachyon, B. stacei and B. hybridum) displayed a wide
adaptation to different environmental conditions across their
Mediterranean native geographical ranges, which allow them to tol-
erate various biotic and abiotic constraints (Lopez-Alvarez et al., 2015;

Fig. 5. Ordination plots to classify Brachypodium hybridum lines for total dry matter under low P availability as function of (A) P acquisitation effeciency, (B) P
utilization efficiency (PUE), (C) P stress factor (PSF) and relative P efficiency. ER, efficient and responsive; NER, non-efficient but responsive; ENR, efficient but non-
responsive; NENR, non-efficient and non-responsive.
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López-Alvarez et al., 2012; Marques et al., 2017). However, with a
geographical distribution largely exceeding those of its two progenitors,
B. hybridum seems to be more adapted to various selective pressures,
including drought, altitude, nutriments availability, and temperature
(López-Alvarez et al., 2012; Marques et al., 2017). Similarly, (Neji et al.
(2015a) have reported a wide geographical distribution of B. hybridum
across various ecological and bioclimatic conditions, suggesting that
the Tunisian populations of this species display diverse phenotypic and
physiological adaptations to environmental stresses. In the present
study, PCA and hierarchical clustering showed that lines of the same
population were grouped together in both control and P deficiency
conditions, confirming the low within-populations variation. Interest-
ingly, although populations were not grouped according to their geo-
graphical distribution, which is in accordance with the findings of Neji
et al. (2015a), a different pattern of populations grouping was observed
in this study. This was most likely due to the difference in analyzed
parameters, which were mainly related to plant morphology in the
previous study, whereas a large set of morpholo-physiological were
analyzed in the current work. In agreement, by using different SNP sets,
Chao et al. (2010) have explained the difference of clustering pattern in
Triticum aestivum L. populations by an extensive selection for adaptation
to various environmental conditions.

Many previous studies have demonstrated the reliability of PCA and
hierarchical clustering in identifying P-efficient genotypes on the basis
of diverse morpho-physiological traits (Ozturk et al., 2005; Pan et al.,
2008). Additionally, a multitude of investigations have attributed the
Phosphorus efficiency of given a genotype to diverse morpho-physio-
logical features resulting from its ability to mobilize P from the soil to
its areal parts (P uptake) or to utilize P for maintaining vigorous growth
and producing high biomass under P deficiency (utilization efficiency)
(Balemi and Schenk, 2009). Our PCA and hierarchical clustering ana-
lyses, with a strong correlation between the traits related to plant vigor,
biomass production and P related traits, clearly disclosed two non-
overlapping groups of lines; P efficient (Raouad and Sejnen) and
moderately P efficient (Haouria and Enfidha) characterized by rela-
tively a small decrease in their aboveground growth, biomass produc-
tion under P deficiency conditions. In contrast, the remaining popula-
tions, which showed distinctive signs of latent P deficiency, including
reduced tillering, a striking decrease in biomass production and in-
creased shoot to root ratio (Frydenvang et al., 2015), were grouped
together and considered as susceptible to P deficiency. Noticeably, our
results revealed that, under P deficiency, the susceptible lines showed a
stronger root proliferation than the tolerant and the moderately tol-
erant ones. However, a contrasted pattern was recorded for acid
phosphatase activity, with higher increase in APA revealed in the tol-
erant lines. Although many previous studies have demonstrated that the
significant root proliferation under low P availability is a strategy of
enhancing P acquisition (Ramaekers et al., 2010; Vejchasarn et al.,
2016), Zhao et al. (2018) suggested that root length and biomass play a
minor role in improving P uptake in transgenic B. distachyon lines.
Given the importance of APA in enhancing low-phosphorus tolerance in
crops (López-Arredondo et al., 2014), we speculate that increased APA
play a major role in promoting the tolerance of B. hybridum to P star-
vation. Importantly, Akhtar et al. (2008) have considered the biomass
production under low P availability as a determinant agricultural
parameter for categorizing low P-tolerant plants in terms of efficiency
and responsiveness. For breeding and selection purposes, Neto et al.
(2016) have proposed to categorize available germplasm with regard P
efficiency and responsiveness in four groups: the ‘Efficient-Responsive’
(ER), with a high biomass production under low-P availability and a
positive response to P fertilization; (ii) non-efficient responsive (NER),
with a low biomass production under limiting P conditions and a po-
sitive response to P fertilization; (iii) efficient nonresponsive (ENR),
with a high production of dry mass under low-P conditions but without
a response to P fertilization; and (iv) non-efficient nonresponsive
(NENR), with a low biomass production under low-P conditions and no

response to P fertilization. According to (Akhtar et al., 2008), ER group
is the most enviable for breeding, followed by ENR group, whereas the
NENR group was considered the undesirable. Obviously, our results
disclosed three non-overlapping groups of efficiency and responsiveness
associated with population structure and extensively correlated with
environmental conditions. Lines inhabiting coastal populations which
were classified as ER (Raouad and Sejnen) or a combination of ER and
ENR (Enfidha and Haouria). Conversely, all the remaining lines which
were originated from inland populations were classified as NENR
group. This classification pattern suggests the performance to P defi-
ciency in B. hybridum is mainly associated with geographical variables,
reflecting climatic and edaphic factors related soil type, texture,
chemistry and moisture. Importantly, according to Akhtar et al. (2008),
our results indicated that the lines originated from the coastal popu-
lations (Raouad, Sejnen, Haouria and Enfidha) appear to be good can-
didates for future studies and breeding programs.
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