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Abstract

Cenchrus ciliaris L. is a perennial grass that can grow in a diverse range of habitats including challenging deserts. The
purpose of the study was to investigate the impact of aridity on morpho-anatomical and physiological traits in C. ciliaris
populations collected from arid and semi-arid areas of Punjab, Pakistan. The populations growing in extremely arid conditions
displayed a range of structural and physiological adaptations. Under extremely dry conditions, root epidermal thickness
(90.29 um), cortical cell area (7677.78 um?), and metaxylem cell area (11,884.79 um?) increased while root pith cell area
(2681.96 um?) decreased in tolerant populations. The populations under extremely aridity maximized leaf lamina (184.21 um)
and midrib thickness (316.46 um). Additionally, highly tolerant populations were characterized by the accumulation of
organic osmolytes such as glycinebetaine (132.60 umol g~! FW) was increased in QN poulations, proline (118.01 pumol g~
F.W) was maximum in DF populations, and total amino acids (69.90 mg g~' FW) under extreme water deficit conditions. In
arid conditions, abaxial stomatal density (2630.21 um) and stomatal area (8 per mm?) were also reduced in DF populations
to check water loss through transpiration. These findings suggest that various parameters are crucial for the survival of C.
ciliaris in arid environments. The main strategies used by C. ciliaris was intensive sclerification, effective retention of ions,
and osmotic adjustment through proline and glycinebetaine under arid conditions.

Keywords Anatomical modifications - Sclerification - Ion accumulations - Osmotic adjustment - Aridity

Introduction

Aridity adversely affects plant survival and yields on a
global scale (Hamid et al. 2020). Arid and semi-arid envi-
ronments are characterized by high temperatures and low
precipitation (Waseem et al. 2021). In Pakistan, more than
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80% of regions are arid or semi-arid, where crop produc-
tion is limited by extreme weather and unpredictable rainfall
(Berdugo et al. 2020). As a result of changing environmental
factors, like temperature fluctuations and alterations in rain-
fall patterns, crop yields in arid and semi-arid regions are
significantly reduced (Lian et al. 2021). In addition, desert
plants face conditions such as drought, high temperature,
and salt stress. These plants have developed unique mor-
phological and anatomical characteristics that allow them to
cope with these stresses (Mumtaz et al. 2021a; b).

Plants have developed several strategies to cope with
water deficiency. Anatomical changes such as increased leaf
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sclerification and leaf succulence are critical for the sur-
vival of several grass species under drought stress (Mumtaz
et al. 2021a, b). Drought-tolerant grasses also exhibit dis-
tinctive anatomical traits such as larger bulliform cells and
wider metaxylem vessels (Waseem et al. 2021). Bullifom
cell development is a significant structural modification
that plays a vital role in turgor maintenance under drought
(Mumtaz et al. 2019). The development of parenchyma is a
very important adaptation that not only provides mechani-
cal support (Kaleem and Hameed 2021) but also minimizes
evaporation. The length of the xylem vessel is also an impor-
tant indication of various environmental stresses, like heat
and drought (Ali et al. 2020).

Plants develop several physiological changes under water-
deficit conditions that not only prevent or reduce water loss
but also absorb water necessary for plant growth and survival
under limited moisture conditions (Ahmad and Haddad
2011). As a result of drought stress, soluble compounds,
or compatible solutes, reduce or equalize intracellular and
external ions, which are composed of amino acids, glycerols,
sugars, and other molecules of low molecular weight
(Hussain et al. 2022). The osmotic adjustment is mostly
brought by inorganic ions i.e., Na, K, Ca, and Cl (Asghar
et al. 2021). The mechanism of osmotic adjustment also
reduces the ionic toxicity within the cytoplasm by limiting
Na influx and its sequestration inside the vacuole (Rehman
et al. 2019).

The survival of plants in desert conditions depends
primarily on water availability. To gain a better
understanding how plants physiological and biochemical
responses to drought stress, we selected C. ciliaris L.
(drought-tolerant forage grass) widely distributed throughout
arid and semi-arid regions of the world. C. ciliaris L. (Buffel
grass) is a common perennial grass that is widespread in
water-deficit environments (Hamid et al. 2020). This grass
has ability to grow in severely dry conditions and has a
natural tendency to propagate in regions characterized
by semi-arid and arid climates, particularly in soils that
are dry, sandy, or sandy loamy (Marshall et al. 2012). It
is grown as a pasture grass with exceptional tolerance to
drought worldwide, because of its drought olerance capacity,
rapid growth, large root system, and ability to withstand
overgrazing pressure (Wasim and Naz 2020). C. ciliaris
has immense potential for the usage, management, and
stabilization of water and nutrients and ecosystem services
(Mansoor et al. 2019). Most of the researchers primarily
investigated its suitability as a forage plant, there is a lack
of information in our understanding about the ecological
behaviour of this grass in natural habitats (Ahmad et al.
2020).

Understanding how C. ciliaris responds to water
scarcity can provide valuable insights for developing more
resilient crops that can withstand drought conditions. This
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knowledge could enhance agricultural productivity in
regions prone to water deficits thereby contributing to food
security. This study was conducted to test the hypothesis
that different populations of C. ciliaris adapt differently
to various ecological zones through modifications in
their structural and functional setups. To comprehend the
changes in key functional traits of C. ciliaris under water
deficit conditions, two populations from semi-arid and arid
zone was studied along an aridity gradient. The purpose of
this study was to compare these populations for anatomical
and physiological differences in terms of structural and
functional response under water scarcity.

Material and methods
Study area

The study area lies between latitude 28—-35° N and longi-
tude between 70 and 76° E and the altitude ranges from
300 to 2100 m asl (Fig. 1). These arid regions of Punjab
province are considered critical to the changes in plants
brought by extreme aridity. Aridity is continuously shift-
ing from the southern to northern areas of Punjab due to
global climate change. In Punjab, there is a subtropical
monsoon climate. The variation of the yearly average tem-
perature is from less than 7-12°C in the cold zone to more
than 25°C in the warmer lowlands. The monsoon, often
known as the wet season, lasts from July through Septem-
ber. The sub-mountain region has 96 cm of annual rainfall
on average, whereas the plains receive 46 cm. The ratio
of rainfall fluctuates up to 50 mm every month roughly
throughout the remaining months (Zahid and Rasul 2012;
Javid et al. 2020).

Plant material

In this study, 12 different sites covering arid and semi-
arid regions were selected from Punjab province, Pakistan.
From each site, three populations of C. ciliaris were
collected during March 2019-April 2020 and replicated
to evaluate their morpho-anatomical and physiological
adaptations. Study sites were located about 55 km
from each other. Semi-arid sites include KG (Kanhati
mountains), KT (Katha), SG: (Sargodha), HT (Head
Trimu), and HR (Head Rasul), whereas arid sites include
SA (Salmani Adda), CA (Chock Azam), GW (Gutwala),
DA (Darbar Anayat Shah), HP (Hasilpur), DF (Derawer
Fort), and QN (Qila Nawab Din). Topographic and
climatic variability of collection sites are presented in
Table 1.
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Fig.1 Map of the study area showing a Locations and elevation
range in the study area, b Variations in precipitation, and ¢ Variations
in average temperature. KG, Kanhati Mountains; KT, Katha; SG,

De Martonne aridity index (IDM)

De Martonne index was formulated at the beginning of the
twentieth century by a French researcher Emmanuel de

?::-E TPE
Longhude (7)
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Sargodha; HR, Head Rasul; GW, Gutwala; SA, Salmani Adda; HT,
Head Trimu; CA, Chock Azam; DA, Darbar Anayat Shah; QN, Qila
Nawabdin; DF, Derawer Fort; HP, Hasilpur

Martonne (Coscarelli et al. 2004). The index can be calculated
on an annual basis or even more frequently. It was calculated
as follows for annual values.

Table 1 Topographic and relief factors of Cenchrus ciliaris collection sites in the Punjab, Pakistan

Sites Soil texture Temperature (°C) Annual Annual Average sun Rainy Habitat ecology

Max temp. Min temp. precipitation humidity  shine hours per  days per

(mm) (%) year years

Kanhati Mountains Sandy loam 36 24 441 54 4082 48.5 Stony mountains
Katha Sandy loam 38 24 404 53 4081 48.21 Foot hills
Sargodha Sandy loam 39 24 401 50 4380 47.78 Hot and arid environment
Gut Wala Clay loam 39 25 385 41 3963 46.71 Saline arid barren area
Head Trimu Loamy sand 40 25 385 40.4 4383 45.22 Roadside
Head Rasul Sandy laom 40 25 372 40 4386 45.56 Roadside
Salmani Adda Sandy loam 41 26 286 28 4119 42.21 Tha- desert margins
Chock Azam Loamy sand 41 26 275 26 4121 32.87 Sandy desert
Darbar Anyat Shah Loamy sand 41 27 274 24 4122 31.36 Sandy desert
Hasilpur Sandy loam 41 27 145 30 4125 24.32 Hot and dry environment
Derwar Fort Loamy sand 44 28 143 27 4365 22.1 Sand dune desert
Qila Nawab din Loamy sand 45 28 101 22.5 4371s 20.1 Sand dune desert
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Based on de Martonne aridity index (Table 2), the
collection sites were named as Head Rasul (HR: 10.05),
Kanhati mountains (KG: 11.9), Head Trimu (HT: 10.20),
Katha (KT: 10.63), Sargodha (SG: 10.28), and Gutwala (GW:
10.23), fall into semi- arid zone, while Salmani Adda (SA:
7.15), Chock Azam (CA: 6.7), Darbar Anayt Shah (DA: 6.2),
Hasilpur (HP: 2.9), Derawar Fort (DF: 2.8) and Qila Nawab
Din (QN: 1.2) falls in arid zone (Fig. 1).

Morphological and anatomical traits

Root and shoot weights were measured with a digital balance,
while lengths were recorded with a measuring scale. Fresh
weight was determined immediately utilizing a weighing
balance at the precision of 0.0001 g. Leaves were consequently
dried to constant weight at 60 °C in an oven to determine dry
weights.

For structural studies, root, stem, and leaf plant samples
were taken and instantly kept in a formalin acetic alcohol
(FAA) solution according to (Ruzin 1999). Permanent slides
were made by free-hand sectioning. Transverse sections were
dehydrated in a variety of ethanol grades and contrast between
different tissue systems was developed using the biological
stains safranin (1%) and fast green (5%) with 95% ethanol.
The photographs of sections were taken by camera (Nikon
104, Japan) fitted with a light microscope (Leica, DM2500,
Germany). Briefly, 4-5 photographs of each section were
taken randomly to assess five measurements per photograph.

For stomatal traits, the center of the epidermis of the leaf
surface was rubbed with a sharp blade to make a transparent
imprint of leaves (Liu et al. 2019). The photographs of
stomatal slides were randomly taken under a light microscope.
Stomatal density (pores mm?) was measured by considering
the number of stomata on each uniform-size sample from
2 to 3 different fields of view. SD was calculated using the
following equations: SD=N/1.12 x 1072, where 1.12x 1072
represents the photograph area (mm?).

Organic Osmolytes
For osmolyte determination, fresh samples of plants were

collected at the site of collection, kept in a zipper bag, and
then placed in the icebox for further analysis of glycine

Table 2 Type of climatic zones

. Climate type IDM values
according to the de Martonne
aridity index (IDM, adapted Arid IDM < 10.0
after Baltas and modelling Semi-arid IDM <20.0

(2007)
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betaine proline total free amino acids, total soluble sugars,
and soluble proteins.

Glycine betaine

Fresh leaf (0.25 g) was macerated in distilled 5 mL
water. The extract obtained was centrifuged on an
ultracentrifugation machine at 12,000 rpm for 15 min.
500 pL of a mixture (1 mL sample+ 1 mL 2 NH,SO,) was
added to each test tube and placed in ice for 90 min, followed
by the addition of 200 uL potassium triiodide, 2.8 mL
distilled water and 6 mL 1, 2-dichloroethane (Grieve and
Grattan 1983). Finally, absorbance was recorded at 365 nm
using UV-spectrophotometer (Hitatchi, 220, Japan).

Proline determination

Proline content was estimated following Bates et al. (1973).
For this, frozen leaf tissues (200-220 mg) of each sample
were crushed and homogenized with 3% of 4 ml aqueous
sulpho-salicylic acid. The extract was centrifuged at
10,000 x g (Eppendorf 5804R, Germany) for 15 min. at 4 °C.
After adding 2 ml of acid ninhydrin and 2 ml of glacial
acetic acid in 2 ml supernatant, glass tubes were subjected
to heat in a water bath at 95 °C for 1 h. The reaction tubes
were placed in an ice bath for cooling. Then 4 ml of toluene
was added to the reaction mixture. The reaction tubes were
stirred continuously for 15-20 s. at room temperature and
left undisturbed for about 30 min. Two phases were formed,
the upper phase containing toluene was separated with a
micropipette and its absorbance was taken and read at
520 nm using a spectrophotometer (Hitatchi, 220, Japan).
A standard curve of toluene was used for the estimation of
proline concentration.

Total soluble sugars determination

Total soluble sugars were determined using the modified
method of Yemm and Willis (1954). Briefly, 200 mg of
frozen leaves were crushed and homogenized with 5 ml
of chilled 80% ethanol. The extract was centrifuged at
15,000 x g (Eppendorf 5864R, Germany) for 15 min at
4 °C. After adding 2 ml of chilled 0.2% anthrone reagent
(0.2 g anthrone in 100 ml of 72% sulphuric acid) in 100 ul
supernatant in glass tubes with continuous stirring for
15-20 s, the reaction tubes were heated in a water bath at
95 °C for 10 min. Absorbance was checked and recorded at
620 nm using a spectrophotometer (Hitachi, 220, Japan).
A standard curve of glucose was used for the estimation of
total soluble sugar.
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Total soluble proteins

The Lowry (1951) technique was followed to analyze the
soluble proteins in the samples. Briefly, fresh leaves were
chopped in 5 mL of potassium phosphate buffer (pH 7.8) in
an ice-chilled pestle and mortar. After keeping the internal
temperature (4 °C) constant at 12,000 rpm, the extract was
centrifuged in an ultracentrifuge machine. 100 mL of extract
and 5 mL of Bradford reagent were well combined before
being vortexed for 10 s. Sample absorbance was measured
using a UV-visible spectrophotometer (Hitachi 220, Japan)
operating at 595 nm wavelength.

Free amino acids determination

The total free amino acid was determined using the Moore
and Stein method (1948). About 1 g of fresh leaf material
was extracted in 10 ml of citrate buffer (pH 5.0) for 60 min
at room temperature incubation. 1 ml of the sample was
transferred to test tubes after centrifugation, and 1 ml of
ninhydrin was then added. Aluminum foil was placed over
the test tubes, which were then heated in a water bath for
30 min. The reaction was terminated in an ice bath. The
sample was diluted in a 1:1 ratio with 5 ml of n-propanol and
water. The sample optical density was measured at 530 nm
on UV-visible spectrophotometer (Hitachi 220, Japan).

Chlorophyll content

Chlorophylls a and b were determined according to the
method of Arnon (1949), and for carotenoids a method of
Wellburn (1994) was followed. Briefly, fresh plant material
was grounded in 80% acetone in a mortar and pestle. The crude
extract was kept overnight in dark at 4 °C. Then centrifugation
of extracts was done at 3000 rpm for 5 min. The optical density
of the supernatant was measured spectrophotometrically at
480 nm, 645 nm, and 663 nm using 80% acetone as blank
control. The values were expressed as mg g~! dry matter. The
chlorophyll concentrations were estimated as; Chlorophyll (a
& b) (mg. g7 =(8.02 X Agg3+20.20 X Ag,5) X V/1000 X W,
where V = Volume of extract (ml) and W = Weight of the leaf
tissue (g). Carotenoid content=A 5,4 (0.114 X A3 —0.638
X Agss)-

Plant ionic content

To determine the tissue ionic content of plants, dried
ground plant material (leaves and roots) was digested in
concentrated H,SO, following Wolf (1982). Cations (Na*,
K* and Ca*") were estimated with a flame photometer
(Model 410, Sherwood Scientific Ltd., Cambridge, UK).

Statistical analysis

The data were subjected to analysis of variance (ANOVA)
followed by a Tukey’s pairwise comparison between
different habitats at the significance level (p > 0.05) (Minitab
19, LLC, State College, PA, USA). Data were also subjected
to multivariate analysis for principle component anlaysis
(ggbiplot) and correlation matrix (ggplot2, corrplot) in R
statistical software (version 4.3.1) to identify the variation
and correlation between studied parameters. The study
area was analyzed fro map construction using R function
ggspatial in Rstudio. The data were represented graphically
by using Origin Pro (version 9.1).

Results
Plant morphological attributes

Shoot length (P <0.05) significantly increased in KG popula-
tion from semi-arid zones followed by GW, while in extreme
aridity shoot length decreased as in QN and CApopulations
(Fig. 2a, Table 3). The populations from extreme arid zone
showed a remarkable increase in root length as in DF popu-
lations (Fig. 2b). The population from arid regions showed a
reduction in shoot fresh as compared to semi-arid where GW
population showed maximum shoot fresh weight (Fig. 2c).
Root fresh weight (P < 0.05) was significantly higher in DF
population from the arid region while the semi-arid popula-
tion showed a decline in root fresh weight (Fig. 2d). In semi-
arid regious, shoot dry weight was maximum in GW popula-
tion while in arid region it was maximum in CA population
(Fig. 2e). The DF and QN populations showed maximum
root dry weight as compared to other populations (Fig. 2f).

Root anatomy

Root anatomical characteristics i.e. root epidermis thick-
ness, cortical cell, and aerenchyma area showed variable
responses to aridity. Epidermis thickness was maximum
in QN and DF populations from arid regions while semi-
arid populations showed a decline in epidermis thick-
ness (Fig. 3a). The cortical cell area significantly differed
between the extreme and semi-arid zones (Fig. 3b). The larg-
est cortical cell area was found in the DF and QN popula-
tions from arid conditions, whereas the GW population from
a semi-arid region had the minimum values. In populations
from arid regions, the area of root phloem cells continuously
decreased, whereas populations KG and SG from semi-arid
zones exhibited an increase in phloem area (Fig. 3c). The
metaxylem area gradually increased as aridity increased,
reaching a maximum in the SA population, followed by the
QN population, and a minimum in the HR population from
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Fig.2 Morphological attributes a Shoot length b Root length ¢
Shoot fresh weight d Root fresh weight e Shoot dry weight f Root
dry weight of C. ciliaris collected from different arid and semi- arid

the semi-arid zone (Fig. 3d). Pith cell area was maximum in
the HR and KT populations and decreased with increasing
aridity, whereas it was lowest in the QN population (Fig. 3e).
The Aerenchyma area gradually increased in populations
from arid zones, as seen in DF and QN populations, whereas
it gradually declined in populations from less dry environ-
ments, reaching its lowest level in GW and SG populations
(Fig. 3f).

Stem anatomy

Stem anatomical features of C. ciliaris varied signifi-
cantly from semi-arid to arid climates. DF populations
from arid regions exhibited significantly reduced corti-
cal cell area while GW and HT populations from semi-
arid zone showed maximum cortical cell area (Fig. 4a).
All populations dwelling in arid regions had a decrease
in metaxylem area, with DF and CA populations having
the lowest values (Fig. 4b). A lower value of phloem cell
area was observed in the CA population, followed by the

@ Springer

zones of Punjab. Bars represent mean and standard error. Means with
different letters are significant at p > 0.05

QN population from an arid zone (Fig. 4c). In semi-arid
regions, was maximal in HT and GW populations, fol-
lowed by the HR population of the semi-arid zone. The
vascular bundle area showed variation from semi-arid to
arid zones. HR population showed maximum vascular
bundle area followed by HT population in the semi-arid
zone while it was minimum in the DF and CA population
of the arid zone (Fig. 4d).

Leaf blade anatomy

C. ciliaris populations from both arid and semi-arid zones
showed significant variations in leaf anatomical struc-
ture. Lamina thickness increased along with an increase
in water scarcity. Maximum values of lamina thickness
were observed in the QN and DF populations, while mini-
mal values were observed in the semi-arid populations' GW
and KG (Fig. 5a). The DF and QN populations from the arid
zone had thick midribs, whereas the SG population from
the semi-arid zone had reduced midrib thickness (Fig. 5b).
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Fig.3 Root anatomical characteristics a Epidermal thickness b Corti-
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chyma area of C. ciliaris from different arid and semi- arid zones of

A significant increase (P <0.05) in the phloem area was
more obvious in the HT population from the semi-arid zone
followed by the SG population (Fig. 5c¢). All populations
from the arid region demonstrated a consistent decline in
metaxylem area, while the DF and KG populations from the
semi-arid area showed the lowest metaxylem area. HT popu-
lation showed a maximum increase in the metaxylem area
(Fig. 5d). Epidermal thick was significantly higher in arid
populations compared to semi-arid populations (Fig. 5e). In
arid populations, DF and QN showed substantial increase in
bulliform cell area (Fig. 5f).

Leaf epidermal anatomy

In comparison to populations from arid regions, semiarid
populations had significantly higher stomatal density and
area on the abaxial and adaxial sides of the leaves (Fig. S4,
Fig. S5). The maximum number of stomata on the abaxial
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Punjab. Bars represent mean and standard error. Means with different
letters are significant at p > 0.05

and adaxial surface was recorded in the HR population from
the semi-arid zone while QN and DF populations from the
arid zone had minimum abaxial and adaxial stomatal density
(Figs. 6a, c). The abaxial stomatal area was maximum in the
semi-arid HR population followed by HT and GW popula-
tion and its minimum was recorded in the KT population. In
an arid climate, the CA population had the maximum abaxial
stomatal area while the minimum was observed in the DF
population. A larger adaxial stomatal area was observed in
HT and HR populations and a smaller area was recorded in
QN populations from the arid zone (Figs. 6b,d).

Organic osmolytes

Organic osmolytes changed substantially (P <0.05) in C.
ciliaris populations from arid to semi-arid zones (Table 4).
The maximum concentration of glycine betaine was
recorded in the arid zone population QN and its minimum
value was recorded in the semi-arid population HR (Fig. 7a).
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and semi-arid zones of Punjab. Bars represent mean and standard error. Means with different letters are significant at p > 0.05

The proline concentration was maximum in the DF pop-
ulation from the arid zone while the minimum GW from
semi-arid population (Fig. 7b). The concentration of total
soluble sugars was highest in the HT population from the
semi-arid zone while its lowest concentration was in CA and
DF populations from arid regions (Fig. 7c). Total soluble
proteins decreased in arid populations, its minimum value
was found in QN populations while semi-arid region GW
and SG populations showed a substantial increase in this
parameter (Fig. 7d). The free amino acid concentration was
maximum in the DF and HP populations collected from the
arid zone and semi-arid populations i.e., HR and KT popu-
lations showed lower values of total amino acids (Fig. 7e).
The concentration of chlorophyll a was observed maximum
in the GW population from semi-arid and its value was mini-
mum in the QN population from the arid zone (Fig. 7f). HR
population collected from the semi-arid region showed the
highest concentration of chlorophyll b and less concentration
was observed in the HP population from the arid climatic
zone (Fig. 7g). Total carotenoid contents were decreased in
the DF population collected from the arid zone (Fig. 7h).

lonic contents

The maximum concentration of Na was in the root and
shoot of the QN population from the arid zone while root
Na and shoot Na was the minimum in HT and GW popu-
lations respectively from the semi-arid zone (Fig. 8a).
The maximum root K was in the GW population and its

@ Springer

minimum was recorded in the DF population. SG popula-
tion from the semi-arid zone showed maximum shoot K
concentration and its minimum value was recorded in the
QN population from the arid zone (Fig. 8b). The root of
the DF population showed the highest Ca contents, and
the least concentration was recorded in the KT population
from the semi-arid zone (Fig. 8c).

Multivariate analysis
Correlation matrix

The attributes studied under aridity showed a significant
correlation (P < 0.05). The shoot fresh weight with stem
cortical cell area, root fresh weight with root cortical cell
area, shoot fresh weight with leaf metaxylem area, and
shoot length with abaxial stomatal density had a posi-
tive correlation. There was a negative correlation between
root fresh weight with pith cell area, shoot length with
leaf thickness, root fresh weight with the adaxial stoma-
tal area, pith cell area, and glycinebetaine with shoot K
(Fig. 9a). Glycine betaine with the shoot and root Na,
proline, and free amino acid with root Ca had a strong
positive correlation (Fig. 9b).
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Fig.5 Leaf blade anatomical attributes a Lamina thickness b Midrib
thickness ¢ Phloem area d Metaxylem area e Epidermal thickness f
Bulliform area of C. ciliaris from different arid and semi-arid zones

Principle components analysis (PCA)

The principal components analysis showed significant
effects (P <0.05) of aridity on the growth and anatomy of
C. ciliaris. The contribution of Dim1 to total variance was

THR KG HT KT 3G GW SA CA DA HP DF N

HR KG HT KT SG GW SA CA DA HP DF QN

Arid

Semi arid |

of Punjab. Bars represent mean and standard error. Means with differ-
ent letters are significant at p > 0.05

(49.5%) in comparison to Dim2 which showed (16.2%) vari-
ation out of a total 65.7% variation in the dataset (Fig. 10a).
The major contributors to semi-arid environment were pith
cell area, abaxial and adaxial stomatal density, abaxial sto-
matal area, stem phloem area, shoot length, leaf metaxylem
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Fig.6 Leaf epidermal anatomy a Abaxial stomatal density b Abaxial
stomatal area ¢ Adaxial stomatal density d Adaxial stomatal area of
C. ciliaris from different arid and semi-arid zones of Punjab. Bars

area, root and stem phloem area, midrib thickness and shoot
dry weight. Principal contributors to arid environment were
root fresh and dry weight, root cortical cell area, root metax-
ylem area, leaf lamina thickness, root epidermal thickness,
and root aerenchyma area. Root length and root dry weight
showed negative values (— 1) and higher positive (+ 3)
eigenvalues respectively. The second PCA is constructed
for growth, physiology, and root and shoot ionic contents.
Of the total variation Dim 1 contributed 62.7% in contrast
with Dim 2 which contributed 13% (total 75.7%). Root fresh
and dry weight, glycinebetaine, total soluble sugars, proline,
shoot Ca, free amino acid, and root length were the principal
contributors to the arid climate. The major contributors to
the semi-arid climate were shoot fresh weight, shoot length,
total soluble protein, root Na, and root K. Shoot dry weight
and shoot K showed higher positive (+2) and negative (— 1)
eigenvalue respectively (Fig. 10B).
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Discussion

C. ciliaris is a C, perennial grasse (Mansoor et al. 2019)
that exhibits adaptability to a variety of habitats encountering
multiple stresses including drought (Mganga et al. 2023)
salinity (Al-Dakheel et al. 2016). The evolutionary process
has played a critical role in the development of tolerant plant
ecotypes, leading to the discovery of various populations
with distinct structural and functional adaptations to cope
with extreme environmental conditions (Farooq et al.
2009). This study focuses on key mechanisms that mediate
stress tolerance at the anatomical and physiological
levels, providing deep insights into how these plants not
only survive but also succeed in the face of adversity in
their environments.

The most adverse impact of environmental stresses like
salinity and drought is related to water scarcity, and therefore
conservation of water is the utmost requirement of a plant
species for successful survival (Zhang et al. 2023). Water
conservation is crucial for plants growing in arid climates
(Igbal et al. 2022). Preventing water loss via the plant sur-
face 3 can be accomplished by thick epidermis and cuticle,
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Fig.8 Ionic contents of C. ciliaris from different arid and semi-arid
zones of Punjab. a Root and shoot sodium contents b Root and shoot
potassium contents ¢ Root and shoot calcium contents. Bars represent

high accumulation of osmoprotectants, a high proportion of
dermal tissues (epidermis and stomata), storage tissues (cor-
tex and pith) and (vascular bundles and metaxylem) tissues
(Nawaz et al. 2013; Fatima et al. 2018; Waseem et al. 2021).

Biomass is a reliable indicator for assessing stress
tolerance in a species. Consequently, an increase in biomass

mean and standard error. Means with different letters are significant
atp > 0.05

production in C. ciliaris shows a high degree of drought
and stress tolerance. In the present study, all populations of
C. ciliaris showed morphological differential along aridity
gradient. For instance, root fresh and dry weight increased
in population growing in extremely arid conditions. The
increase in root biomass is an adaptive mechanism to retain
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Fig. 10 a PCA bi-plot analysis between morphological and anatomical traits b Between morphological, physiological and ionic contents

more water. Similar findings were reported by Van den
Berg and Zeng 2006 in Heteropogon. contortus grass that
showed an increase in root biomass under extreme water
deficit conditions. Plant ability to absorb water from deep
soil is a very important factor in balancing water use and
carbon assimilation during drought periods (Mansoor et al.
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2019). Deep roots are required for small-statured crops like
wheat, rice, and common bean (Phaseolus vulgaris L.) to
extract nutrients from deeper soil water (Waseem et al.
2021). In this research, the root length was significantly
increased in the QN population growing in extreme desert
environments, which was also evident in H. contortus
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(Van den Berg and Zeng 2006) under drought stress. The
consistent increase in root length under arid conditions is an
adaptive mechanism of many water deficit tolerant species
which helps to go deeper into the soil to absorb more water
(Abdel Razik et al. 2021). This justified the widespread
distribution of species in aridity affected areas (Ahlem
et al. 2023). Additionally, plant adaptation to water stress
is a multifaceted phenomenon that affects plant growth
development and overall productivity (Joshi et al. 2016).
Markers associated with morphology, anatomy, physiology,
and biochemistry are critical in investigating the changes to
avoid severe water stress (Hameed et al. 2011).

Plant anatomical features are more prone to environmental
stresses such as aridity and drought. (De Micco and Aronne
2012). Structural architecture and strategic behavior of
plants play a crucial role in resisting water deficiency by
modifying root, shoot, and leaf anatomical features (Sarwar
et al. 2022).

Among root anatomical traits, a variable response was
recorded in both arid and semi-arid regions. The arid zone
populations exhibited an increase in root cortical cell area
mainly due to storage parenchyma as aridity increased.
Increased parenchymatous water storage tissues in the DF
population from the arid zone provide additional space
to retain moisture and cope with a longer period of dry
conditions. Our findings support the hypothesis that larger
cortical cells improve drought tolerance by lowering root
metabolic costs, thereby allowing increased root growth and
water absorption (Imran et al. 2021). Another modification
is the presence of larger pith cells in the HR population
of a semi-arid climate. Large, and loosely packed pith
parenchymatous cells may retain water, which is crucial
for survival during a prolonged period of water shortage
(Zulfigar et al. 2020).

The SA population from the arid zone had a significant
increase in metaxylem vessels. Lage metaxylem vessels is
another trait that is crucial for surviving in arid conditions.
Larger vessels facilitate the movement of water, nutrients,
and photosynthates through the root because of less
resistance in the broader vessels (Mukhtar et al. 2013;
Mumtaz et al. 2021a, b).

Aerenchyma tissues are of great ecological importance
as they accelerate gaseous exchange, particularly in anoxia
or hypoxia conditions (Akcin et al. 2017). Increased root
aerenchyma cavities were observed in the DF population,
collected from arid conditions. These cavities facilitate the
water, nutrient, and salt translocation in different parts of
plant (Singhal and Mehar 2020).

Vascular bundles play a vital role in water translocation
which mainly depends upon the efficient flow of water inside
metaxylem vessels (Horie et al. 2012). A significant decrease
in stem vascular bundles and metaxylem vessels was
recorded in most of the populations of arid zones particularly

in DF and CA populations. This can be attributed to a high
degree of drought tolerance and low resistance for water
translocation (Horie et al. 2012; Purushothaman et al. 2013).
The number and area of vascular bundles are normally
correlated with biomass formation under harsh desert
circumstances, because plants may devote more energy to
survival than on normal vegetative development in harsh
conditions (Bakhshandeh et al. 2020).

Leaf architectures exhibit great adaptability changing
climatic conditions, often displaying climatic conditions,
often displaying growth and structural features (Killi
et al. 2017). Leaf anatomical adaptations like thick leaves,
epidermal cells, and well developed bulliform cells had a
strong relationship with tdrought tolerance (Kaleem and
Hameed 2021; Mumtaz et al. 2021a, b). Herein bulliform
cells were maximum in the DF population growing in areas
with extreme high temperatures. Increasing bulliform cells
help prevent water loss through the leaf surface in areas
with extreme water shortages, as they cause the leaves
to curl (Wasim et al. 2020). In all arid zone populations,
the SA population displayed thickened midribs with a
greater proportion of parenchymatous tissue, which assists
in preventing water loss and protecting the plants from
persistent dry weather (Anandan et al. 2018). A decline
in stomatal density under harsh desert climates results in
a reduced transpiration rate (Mansoor et al. 2019), thus a
smaller number of stomata in arid zone populations like
QN and DF might be extremely helpful in conserving
water. Futhermore, smaller stomata size require less water
to maintain turgor than larger ones (Mumtaz et al. 2019).

The adaptations of C. ciliaris to water stress were
remarkable not only in terms of structural features but also
in terms of functional behavior among different growing
populations. In water stressed plants, plastid dysfunction
disrupts the biosynthetic pathway for chlorophyll pigments,
electron transport chain, and photosystem II reaction centers
(Sun et al. 2020). Chl a is more sensitive to water deficit
conditions, degrading more quickly as compared to Chl
b. This can be explained by the fact that the reduction in
Chlorophyll a seems to be the conversion to Chl b (Saeidi
and Abdoli 2015). Water scarcity disrupts the photosynthetic
apparatus including the destruction of mesophyll cell and
epidermal tissues, leading to a decrease chlorophyll contents
(Ahmad et al. 2007). As a result decrease in photosynthetic
pigments (Chlorophyll and carotenoids) was more evident
in arid populations of QN and DF.

Plants can change their water relation characteristics
to regulate cellular functions in water-stressed conditions
(Farooq et al. 2009; Al-maskri et al. 2014). As a result, plants
adjust their osmotic balance by storing organic osmolytes
like free amino acids, carbohydrates, sugars, and proline
(Kaleem and Hameed 2021). Osmotic adjustments allow
plants to maintain the turgor pressure and volume fraction
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that is required to maintain metabolic processes (Shehzad
et al. 2021). In our study, the accumulation of glycine
betaine and proline was significantly higher in QN and DF
populations growing in an arid climate. Plants accumulate
glycinebetaine and proline as a defense mechanism to
prevent turgor loss in conditions of low moisture, and this
defense mechanism has previously been observed in species
that are comparatively more tolerant, like Vicia faba L. (Gill
et al. 2014). Proline concentration was enhanced in leaves of
Vigna radiata, Morus spp., and Arachis hypogea under low
water availability (Efeoglu et al. 2009; Parida and Jha 2013;
Gupta et al. 2014). Total soluble sugars were considerably
increased in the semi-arid population, as reported by (Xia
et al. 2021) in Spartina alterniflora under low availability of
water, which may help them to survive in extended period
of water scarcity.

Inorganic nutrients play a vital role in maintaining
plants' growth and metabolism under stress conditions.
Water scarcity typically reduces soil nutrient availability,
root nutrient uptake, and translocation, and thus eventually
reduces the ionic content in various plant tissues (Tadayyon
et al. 2018). Primarily, it is due to reduced transpiration
flow, which results in a decreased mass flow of soil water
containing soluble nutrients i.e., potassium (K), nitrogen
(N), and calcium (Ca) in roots (Zhai et al. 2015). Low
water availability results in decreased potassium (K)
absorption by plants (Hashmat et al. 2021). In the present
study, potassium in the roots and shoots was significantly
decreased in extremely arid environments. A similar finding
was reported by (Wang et al. 2020) in Malus hupehensis,
which showed a reduction in K uptake under drought stress.
Changing stomatal movements and turgidity of guard cells
due to water scarcity lead to lowered photosynthetic rate and
reduced biomass as a result of lowered K content in leaves
(Mumtaz et al. 2021a, b).

Conclusion

This study concludes that C. ciliaris has a number of
variables that contribute significantly to the survival
of this grass in the face of environmental adversities.
Each population showed specific modifications based
on anatomical and physiological features, demonstrating
its adaptive strategy for ecological success in extreme
aridity. The primary strategy for maintaining water
conservation in more tolerant populations of QN and DF
at the structural level was epidermal tissues, parenchyma
tissues, and vascular tissues. At functional level plant ionic
contents and osmolytes may allow this species to grow in
extremely dry weather conditions. More importantly the
formation of bulliform tissue was more obvious in arid

@ Springer

zone populations DF, which help to prevent the excessive
loss of water through transpiration during extreme arid
conditions. One of the most frequent adaptive responses of
plants to soil hypoxia and anoxia conditions was enhanced
aerenchyma formation which regulate the exchnage of
gases in response to abiotic stresses. Additionally, more
tolerant QN and DF populations may serve as a foundation
for restoring arid desert environments, not only in the
desert itself but also in similar locations worldwide.
Additonally, anatomical traits hold significant ecological
importance and can be introduced into vulnerable species
through genetic engineering techniques.
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