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Abstract

Fimbristylis complanata (Retz.) Link. is a halophytic sedge and commonly found in salt-affected wetlands and salt
marshes. This species is less explored, particularly no information available on salinity tolerance in the literature. In the
present work, structural and functional modifications of photosynthesis in F. complanata were evaluated under salt
stress. A complete randomized design with three replications and three salt regimes (0, 200 and 400 mM NaCl) were
maintained throughout the experiment. Population SH collected from the highest saline habitat (ECe 49.28 dS m-1)
ranked as the highest tolerant, which showed an increase in biomass and chlorophyll pigments under salt stress.
Modification in gas exchange parameters include decline in transpiration rate (E), while increase water use efficiency
(WUE) and net CO2 assimilation rate (Pn), while structural modifications in SH population include increase in leaf
succulence, cortical region thickness, bulliform thickness, aerenchyma formation, metaxylem and phloem area.
Moderately saline population KM (ECe 29.56 dS m™1) exhibited significant alterations, like E (transiently up to 200 mM
NaCl) and maintence of Pn up to 400 mM. This population altered leaf structural and epidermal traits related to
photosynthetic efficiency. Least saline population LR (ECe 21.49 dS m) accumulates high chlorophyll content,
increased leaf succulence and secured higher abaxial stomatal density. Present results suggest that F. complanata could
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proficiently maintain photosynthesis by several structural and functional modifications.
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Introduction

Soil salinization has become the key driving factor
for land degradation all over the world (Ma et al., 2015).
Salt-induced soil degradation is increasing rapidly and
mainly caused due to the indiscriminate use of fertilizers
and poor irrigation practices (Meena et al., 2019).
Worldwide, saline soils account more than 831 Mha of
the total area of the world (Amini et al., 2016), and
inhabit 434 Mha of sodic and 397 Mha of saline soils
(Anon., 2015). In Pakistan, salinization covers more
than 7 Mha, as saline and sodic soils (Anon., 2017).
Targeting salt-tolerant plant species to rehabilitate the
salt effected soils is the basic necessity for the current
era (Liang et al., 2017). Salt tolerant plant species have a
massive potential to rehabilitate and developed the salt-
affected wetlands (Glenn et al., 2013).

Salinity has negative influence on the plant
growth and productivity by altering the morpho-
physiological traits, causing oxidative stress and ionic
imbalance (Yamamoto et al., 2015; Ma et al., 2017).
Salinity induce osmotic stress, leading to disruption in
photosynthesis (Hussain et al., 2019). High salinity
lowers the rate of transpiration and cause stomatal
closure which results in reduction of photosynthesis
(Marsic et al., 2018). Salt stress causes more
accumulation of Na* in chloroplast above the
threshold by increasing the chlorosis and disrupting
tissues (Flowers et al., 2015). Salinity reduces the
osmotic potential of mesophyll cells in leaves and
curbs photosynthetic machinery, i.e., electron
transport chain that results in a decline of
photosynthesis (Chaves et al., 2009).

Halophytes mitigate salinity by osmotic adjustments,
exclusion and homeostasis of Na*, and attain tolerance in
tissues by specific modifications (Kumari et al., 2019).
These salt tolerant plants achieve modification in
photosynthetic machinery over course of evolution.
Halophytes thrive under saline extremities with no
compromise and carry out efficient photosynthesis
(Himabindu et al., 2016). These plants employ some
structural and functional modifications to avoid from Na*
and CI~ accumulation at a cellular level (Joshi et al.,
2015). Some obligate halophytes improve water use
efficiency and net CO, assimilation rate (Rabhi et al.,
2012). Salt tolerant plant deploy structural and functional
changes in the ultrastructure of photosynthetic apparatus
of leaf i.e. large mesophyll cells and broad lamina
(Rozentsvet et al., 2016), and improve activity of the
antioxidant enzymes to reduce the level of reactive
oxygen species (Guo et al., 2021).

Fimbristylis genus of halophytic sedges and belongs
to family Cyperaceae with a greater extent of salinity
tolerance. Fimbristylis complanata is mostly found in salt
marshes, salt-affected wetlands, and saline soils (Siwakoti
& Tiwari 2007). Salinity tolerance of genus Fimbristylis
is less explored, particularly little information on salt
tolerance of F. complanata exists in the literature. The
present research was aimed to explore the role of
functional and structural traits in photosynthesis and
modifications in F. complanata and elucidate degree of
salinity tolerance, role of morphological, photosynthetic
traits involved in photosynthesis. It is expected that
differently adapted populations of F. complanata would
respond differently to salinity stress under controlled
conditions that might be because of their differential
adaptation to a specific set of environments.
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Materials and Methods

Collection sites: Three populations of Fimbristylis
complanata (Retz.) Link. were collected from differently
salt-affected areas in the Punjab Province, Pakistan. These
sites include Khewra Mines foothills (ECe 29.56 dS m™?,
coordinates: 32°38’ 40” N, 73°00° 30” E, altitude 271 m
as.l), Lillah-Khewra foothills (ECe 21.49 dS mY,
coordinates: 32°35” 29.30” N, 72°53” 33.42” E, altitude
206 m a.s.l.) and Sahianwala saltmarsh (ECe 49.28 dS
m~1, coordinates: 31°36° 08.45” N, 73° 14> 56.98” E,
altitude 191 m a.s.l.).

Plant growth conditions, establishment and layout: The
present research was carried out in the old Botanic Garden,
University of Agriculture Faisalabad (coordinates: 31°25°
447 N, 73°04’ 18” E, and altitude 186 m a.s.l.). Populations
of F. complanata were established in plastic pots (each 45
cm in height and 30 cm in diameter) without any
ameliorative treatment to accustom with the Faisalabad
environment. Five rhizomes, containing plants at earlier
growth stage (size 6 cm) were planted in each pot. Salt
stress was applied after 30 days of plantation under varied
salt (NaCl) levels (0, 100, 200 300 and 400 mM). Salt
regimes were maintained gradually by adding 50 mM NaCl
at an interval of 3 days to avert a sudden salt injury. After
60 days to salt imposition, the plants were carefully
uprooted to assess fresh and dry weight and other
physiological —characteristics relating to functional
modifications. Fresh leaf samples were kept at —20°C until
the biochemical analysis was performed. After harvesting,
the plants were oven-dried until the homogenous dry
weight was achieved, and thereafter dry weight was
measured on a digital balance (Model: FA2004B, YK
Scientific Instrument, China).

Plants analysis and measurements

Soil physicochemical characteristics: Rhizospheric soil
samples were collected from each site to estimate soil
physicochemical characteristics. Samples were taken half
a meter away from the root area and at the depth of 15
and 25 cm depth. Collected soil samples were crushed
into small pieces and oven-dried at 70°C until the soil was
fully dried. Soil pH and ECe were recorded by using an
ECe/pH meter (WTW series Ino LAB pH/Cond 720,
USA). Soil Na* and K* were assessed by using a flame
photometer (Jenway, PFP-7, UK) by extracting soil
samples in deionized water and chloride ions (CI™) were
determined by using a chloride meter (Model-926,
Sherwood  Scientific  Limited Cambridge, UK).
Concentration of Ca?* was estimated with atomic
absorption spectrophotometer (Model, Analyst 3000:
Perkin Elmer, NW, CT). Percentage of organic matters
was assessed by following the method of Sims & Haby
(1971). Soil moisture contents from fresh soil samples
were measured immediately by a battery-operated digital
balance. After measuring the fresh weight of soil, samples
were oven-dried at 60°C until constant weight obtained.
Dry weight of soil samples was taken by a digital weight
balance. Moisture content was calculated by subtracting
initial weight into final weight and divided by the initial
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weight of soil samples. Contents of PO,3~ was appraised
by the following method of Kowalenko & Lowe (1973)
and NOs; was determined according to the method of
Yoshida et al., (1976) by using a spectrophotometer.

Morphological attributes: To ascertain morphological
attributes, five plants selected from each salt treatment,
were detached from the soil and washed up with tap
water. Plant height, numbers of leaves per plant were
recorded. Leaf area was measured by using formula:

Length x width x correction factor 0.75.

The shoot fresh weight (SFW) was taken instantly
after uprooting the plants.

Gas exchange traits: Net CO. assimilation rate (A) and
transpiration rate (E) of fully expanded matured leaf were
estimated through a portable infrared gas analyser system
(LCA-4, ADC, Hoddesdon, England). Photosynthetic
traits were assessed in the early morning under moderate
light conditions. The IRGA apparatus was adjusted to
molar airflow; 403.3 mmol m? s, vapour pressure; 6-9
bar, atmospheric pressure was 99.9 KPa; PAR, 1711 umol
m2 s?, level of CO, was 352 umol mol™? with relative
humidity 65% within the temperature of cuvette 25°C.
Following equation was used to estimate the WUE.

WUE = A/E, A represents the net assimilation rate and E
transpiration rate

Photosynthetic pigments: Plant leaves samples were
homogenized in acetone at 0-4°C to assess chlorophyll a,
b and carotenoids following the method of Arnon (1949).
The homogenized plant extract was centrifuged at 10,000
rpm for 5 min and specific absorption was recorded at
480, 645, 663 nm wavelengths by using UV visible
spectrophotometer (Hitachi-220, Japan).

Anatomical characteristics: For anatomical studies, the
plant material was preserved in the FAA (formalin acetic
alcohol) solution. The freehand sectioning technique
was used for root, stem, and leaf transverse sections.
The thickest adventitious root, tallest stem and largest
leaf were selected for anatomical studies. After
sectioning, a thin section was stained by following the
double staining method in a series of varied alcohol
concentrations (30, 50, 70, 90 and 100%). Two staining
dyes, safranin and fast green, were used. The stained
plant section was mounted on a glass slide by using
Canada balsam and covered with a coverslip.
Photographs of the prepared slides were taken by using a
light microscope (Nikon 104, Japan). Anatomical
features were measured by using an ocular micrometre
calibrated with a stage micrometer.

Statistical analysis

A complete randomized design (CRD) with three
replicates and five treatments was used. To analyze, data
were subjected to the Tukey pairwise comparison test
between sites of different species followed by an analysis
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of variance (ANOVA) at the significance level (p<0.05)
using the Minitab 19 software. Moreover, the data were
subjected to the multivariate analysis (PCA), cluster
analysis and correlation matrix by using an R statistical
software (R Core Team, 2019) to assess the relationship
between studied traits.

Results

Soil Physiochemical characteristics: Soil organic matter
and moisture content were the maximum in the least
saline population collected from Lilla-Khewra foothills
(LR). Soil ECe, Na*, K*, Ca?*, Mg?, CI, PO,3, and
NO3~were the maximum in Sahianwala (SH) population.
Soil pH was the maximum in Lilla-Khewra foothills (LR)
population (Table 1).

Morphological traits: Numbers of leaves and leaf area
significantly (p<0.05) increased as salt levels increased
within all populations. Maximum mean values for these
traits were recorded in SH population (Table 2). Plant
height significantly increased as the level of salinity
increased in KM and as SH populations, while this trait
was significantly reduced at 400 mM NacCl level in LR
population (Table 2). Shoot fresh weight (SFW) and shoot
dry weight (SDW) were the maximum at 200 mM salt
level in LR and KM populations. The SFW and SDW
were markedly increased up to 400 mM salt level in SH
population of F. complanata (Table 2).

Photosynthetic pigments: Chlorophyll a and chlorophyll
b significantly (p<0.05) increased up to 200 mM NacCl
level, whereas these pigments reduced significantly at the
highest salt level in LR and KM populations. The SH
population was the only case where a consistent increase
in Chl a and Chl b was observed with increasing salinity
levels (Table 2). A marked increase in carotenoids was
observed in LR and KM populations at 200 mM NaCl
levels, while reduction occurred at 400 mM NaCl.
Carotenoid content significantly increased in SH
population by an increase in salt levels (Table 2).

Photosynthetic traits: Net CO. assimilation rate (A) was
the maximum in LR and KM populations at 200 mM salt
level, while A significantly increased in SH population
with increasing saline levels (Table 2). Transpiration rate
(E) in LR and KM population increased up to 200 mM
NaCl, thereafter a significant reduction occurred at the
highest salt level. A marked reduction in E was observed
in SH population of F. complanata along salinity
gradients (Table 2). Water use efficiency (WUE)
significantly enhanced as the level of salinity increased in
all populations (Table 2).

Leaf anatomical characteristics: Leaf lamina and
midrib thicknesses showed a considerable increase in all
populations with an increase in external salinity level,
however, the maximum value for the traits was found in
the SH population at 400 mM NaCl (Table 2, Fig. 1). All
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populations of F. complanata showed a substantial
increase in cortical cell area up to the highest salt levels
(Table 2). In the LR population, cortical cell area
increased up to 200 mM salt level, however, the
reduction was observed at 400 mM NaCl concentration.
The KM and LR population showed a significant
increase in cortical cell area up to the highest saline
level (Table 2). Cortical thickness and bulliform
thickness increased up to 200 mM salt level in LR and
KM populations, while both of these traits significantly
(p<0.05) increased in SH population along salinity
gradients (Table 2). The KM and SH showed a
significant increase in metaxylem area as salinity levels
were increased, while this trait was the maximum in the
LR population at 200 mM salt level (Table 2). Phloem
area and vascular bundle area significantly increased in
all populations of F. complanata along with elevated salt
levels (Table 2). The LR and KM populations exhibited
maximum vascular bundle numbers (VBN) at 200 mM,
but higher salt level decreased this trait significantly
(p<0.05) in both populations. The VBN increased
gradually by an increase in salt levels in the SH
population (Table 2). Aerenchymatous area increased
gradually in all three populations as the levels of salinity
increased. The mean value for aerenchymatous area was
the maximum in SH population (Table 2).

Leaf epidermis: The abaxial stomatal area increased up
to 200 mM NaCl, while reduction occurred thereafter in
LR and KM populations. A significant gradual increase
in abaxial stomatal area was observed in SH population
as external NaCl levels increased (Table 2, Fig. 2).
Adaxial stomatal area decreased as the level of salinity
increase in LR and KM populations, while this trait
showed an increase in SH population at 200 mM salt
concentration (Table 2). Abaxial stomatal density in all
three populations increased, while adaxial stomatal
density reduced significantly with an increase in salt
levels (Table 2).

Multivariate analysis: Principal component analysis
(PCAs) revealed a significant effect of NaCl treatments
on the morphological and physiological traits of F.
complanata (Fig. 3a). The first and second PCAs
explained 46.7% and 22.9% (69.6%) variability among
the salt treatments and traits. The Chl a, SDW and E were
the principal contributors to 200 mM salt level, and these
traits secured a higher positive eigenvalue (+2.5) as
shown in Fig. 3a. The major components of 400 mM
NaCl were NLPP and LA with a significant reduction in
negative eigenvalues (Fig. 3a).

Principal components analysis showed 70.6% and
12.5% (83.1%) variations among the anatomical traits of
F. complanata (Fig. 3b). Major contributors to the
absolute control 0 mM were only AdSD. Salt level 200
mM consisted only LTh as a principal component.
However, the major contributor to 400 mM salt treatment
was MXA, PhA, CCT, AbSD and MTh with positive
eigenvalues (Fig. 3b).
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Table 1. Soil Physico-chemical characteristics of soil collected salt-affected sites (n = 3, means + SE)

Characteristics

Lilla-Khewra foothills (LR)

Khewra mines foothills (KM)

Sahianwala (SH)

Seasonal inundation Lilla

Moderately salt-affected due to

Hyper-saline salt marsh near

Habitat description Khewra road side, least saline  runoff water carrying salts from the Sahianwala, highly salt-affected
study site Salt Range near Khewra Salt Mines site
Moisture contents (MC %) 446 £0.21a 21.9£0.19c 39.2 £ 0.40b
Organic matter (OM %) 2.12+0.12a 1.36 £ 0.03b 0.87 £ 0.01c
pH 9.3+£0.33a 6.9 £0.02c 8.1+0.11b
ECe (dSm™) 21.49 +0.01c 29.56 + 0.10b 49.28 + 0.03a
Na*(mg L) 3675 +19.11b 2714 + 0.65c 5344 £1.22a
Mg?* (mg L) 0.58 + 0.01b 0.45 +£0.01c 0.71 £ 0.03a
K*(mg L) 245 +0.48c 414 +0.12a 329 + 0.58b
Ca?* (mg L) 131+ 0.10b 104 + 0.15¢ 174 +0.10a
Cl-(mgL™) 1729 + 3.45¢ 3158 + 6.51b 4120 £ 3.75a
PO, (mg L™) 5.65 + 0.04c 7.15+0.12b 11.94+0.13a
NOs™ (mg L) 4,51 +0.05b 7.5+%0.11a 3.5+0.01c
Table 2. Morphological, photosynthetic traits and structural attributes of Fimbristylis complanata (Retz.)
Link. collected from salt-affected areas (n = 3, means + SE).
Lilla-Khewra foothills (LR) Khewra mines foothills (KM) Sahianwala (SH)
Traits|  0Mm 200mM | 400 mM 0mMm 200mM [ 400 mM omM [ 200mM | 400 mM
Morphological traits
NLPP  15.00+0.50b 16.67+0.76b  18.67+0.76a 16.00+0.50b 17.674+0.29b 19.20+0.22a 15.33+0.29c 18.33+0.29b  27.00+0.50a
LA 9.30+0.31c  12.88+0.09b 17.10+0.09a 13.00+0.03c 16.17+0.02b 21.45+0.06a 17.43+0.10c 24.274+0.02b  35.43+0.03a
PH 72.67+3.06c 115.00+3.12a 92.00+6.08b 60.00+4.36c 74.00+1.50b 88.33+5.0l1a 63.50+6.22b  78.00+6.06a 44.53+3.38c
SFW 2.57+0.18b 3.77+0.08a 2.80+0.09b  4.53+0.16b  5.63+0.16a  3.67+0.10b 2.53+0.28c  3.60+0.20b 5.05+0.09a
SDW 1.23+0.10b 1.97+0.03a 1.10+0.18c 1.06+0.06b 1.37+0.10a 0.77+0.06¢ 0.93+0.08b 0.95+0.07b 1.29+0.01a
Chlorophyll pigments
Chla 1.29+0.01b 1.66+0.02a 1.12+0.01c 1.4940.01b 1.59+0.03a 0.97+0.06¢ 1.27+0.01c 1.35+0.04b 1.50+0.02a
Chlb  0.63+0.01b 1.18+0.03a 0.61+0.03b  0.68+0.02b  1.3240.08a  0.52+0.01c 0.58+0.01c 1.22+0.03b 1.52+0.01a
Caro. 0.31+0.01b 0.52+0.02a 0.31+0.10b  0.60+0.01a  0.70£0.04a  0.67+0.02a  0.34+0.02c  0.78+0.03b 0.98+0.04a
Photosynthetic traits
Pn 8.60+0.05b  13.70+0.11a  7.0340.05b  13.07+0.01a 11.40+0.06b 14.70+0.08a 16.00+0.10b 16.63+0.22b  21.13+0.02a
E 0.8940.03b 1.45+0.15a 0.18+0.01c 1.24+0.05b 3.05+0.07a 1.09+0.01c 1.17+0.09a 0.71+0.11b 0.55+0.03c
AJE 1.52+0.18¢c 3.42+0.09a 1.75+0.11b 2.28+0.16c  3.79+0.13b 4.18+0.04a 2.76x0.03c 3.46+0.26b 4.75+0.05a
Leaf anatomy
MrTh  231.70+25.4c 285.14+10.2b 471.95+20.4a 244.01+20.7c 340.42+42.5b 367.65+20.3a 388.67+28.4c 513.08+11.9b 734.54+10.2a
LTh  201.53+6.24c 223.6+26.83b 314.0+4.05a 186.84+26.5c 234.53+10.5h 429.34+3.50a 323.31+8.50c 596.17+31.1b 790.63+6.24a
CCA 1710.1#20.7c 1753.6+27.7b 1793.4+19.9a 1406.9+75.4c 1852.0+21.7b 2172.0£50.0a 2293.5+77.3c 2699.6+12.8b 3973.3+£68.0a
CCT 145.20+8.98b 157.90+6.78a 134.44+5.55c 144.45+2.98b 159.87+5.56a 156.32+8.98a 178.34+4.98b 176.99+8.98b 223.44+6.87a
BTh 86.72+4.25¢c 159.33+4.48a 106.08+5.92b 124.03+4.61a 122.55+4.09a 102.49+4.35b 103.07+4.38c 161.37+5.00b 193.03t4.22a
CCTh 16.08+1.33c  38.13+4.72a 27.23+1.43b 22.03+2.14b 43.57+4.72a 19.88+2.10b 34.04+3.12c 46.30+2.36b  76.30+2.36a
MXA 594.4+15.98c 952.2+37.6a 839.1+23.54b 442.3+20.86c 1134.9+46.4b 1685.8+23.9a 773.6+56.7c 874.5+18.36h 1393.4+44.5a
PhA  1838.245.29b 1693.0£6.40c 2782.7+1.62a 4025.5+2.95c 7150.1+3.48b 8207.4+1.64a 5563.1+7.52c 7220.0+9.16b 9723.6+6.87a
VBA 9232.6+£86.2c 11270+91.4b 11328+39.9a 6749+72.6c 9303.9+72.4b 13229+53.4a 11608+111.7c 14793+65.7b 23723+124.9a
VBN 4.67+0.29b 5.33+0.58a  4.33+0.58b  3.67+£0.29c  9.00+0.50a  4.33+0.29b  4.67+0.29c  7.33+0.29b 9.20+0.50a
ArcA 3654.5+72.3c 5882.1+87.8b 6077.2+81.6a 3908.3+26.4c 5214.7+67.6h 6667.7+78.2a 4580.2+65.6c 7794.6+98.8b 10857+41.7a
Leaf epidermis
AbSA  3503.4+57.3c 5090.6+20.4a 3339.0+231b 5011.4+14.1a 4678.8+17.9b 3282.1+60.9c 2857.6+81.9c 3470.8+32.5b 3923.0+290a
AdSA  6643+580.1a 4964.8+47.1b 3665.3+80.5c 6713.0+319a 3898+128.7b 3288+43.7c 1348+134.6b 1672+320.4a 1245.6+51.3c
AbSD  40.67+1.26c 51.33+0.76b 62.67+2.08a 34.67+1.26c 48.67+1.04b 68.00+1.80a 39.33+1.26c 64.67+1.04b 100.67+2.52a
AdSD  33.00£1.00a 24.50+1.53b 24.00+1.32b  28.00+0.58a 24.00+1.00b 16.50+1.50c 26.00+1.26a 16.50+0.50b  10.50+0.50c

Means provided with error bars; different letter indicates significance (p<0.05) between treatments
NLPP-numbers of leaves per plant, LA-leaf area, PH-plant height (cm), SFW-shoot dry weight (g/plant), SDW-shoot dry weight (g/plant), Chl a-
chlorophyll a (mg g~ FW), Chl b- chlorophyll b (mg g~' FW), Pn- net CO, assimilation rate (umol m=2s~"), E- transpiration rate (mmol m=2s7"),
WUE-water use efficiency (A/E), MrTh- mid rib thickness (um), LTh- mid rib thickness (um), CCA- cortical cell area (um?), CCT- cortical cell
thickness, BTh- bulliform thickness, CCTh- chlorenchyma cell thickness (um), MXA- metaxylem area (um?), PhA- phloem area (um?), VBA-
vascular bundle area (um?), VBN- vascular bundle numbers, AbSA- abaxial stomatal area (um?2), AdSA- adaxial stomatal area (um?), AbSD- abaxial
stomatal density, AdSD- adaxial stomatal density
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200 mM NaCl 0mM NaCl

400 mM NaCl

Fig. 1. Leaf transverse sections of Fimbristylis complanata collected from different salt affected habitats of Punjab, Pakistan [Lilla-
Khewra foothills (LR); Khewra mines foothills (KM); Sahianwala (SH)].

LR leaf anatomy: a. 0 mM: well developed chlorenchyma, extensive sclerification beneath the epidermal cell layer, metaxylem cells
exceptionally large d. 200 mM intensive sclerification around vascular bundles, large vascular bundles, Large lysigenous aerenchyma
in cortical region g. 400 mM increased thickness of lamina and size of vascular bundles, large metaxylem. KM leaf anatomy: b. 0
mM Thick layer of sclerenchyma cells inside the epidermis, large air spaces present in cortical regions, e. 200 mM large epidermal
cells and metaxylem cells. h. 400 mM increased thickness of lamina, large epidermal cells. SH leaf anatomy: ¢. 0 mM Extensive
sclerification around vascular bundles, prominent and large chlorenchyma present f. 200 mM large air cavities present between

vascular bundles i. 400 mM single layer of small epidermal cells, chlorenchyma relatively small, large vascular bundle present.

Discussion

Fimbristylis is a genus of halophytic sedges that
mostly inhabit saline wetlands and salt marshes (Zahoor
et al., 2012). Fimbristylis complanata mostly inhabits
saline zones, swamps and salt marshes (Butt et al., 2018).
In the present study, populations of F. complanata
collected from different salt-affected wetlands, showed
varied response under different saline levels. Natural
saline habitats vary in salinity level due to some key
factors such as soil physicochemical characteristics,
topography and microclimate (Bazihizina et al., 2009).

The salttolerant plants possess better growth under
saline conditions by improving morphological traits
(Yuan et al., 2019). All populations of F. complanata
showed variable response to salt stress regarding
growth attributes. The highest tolerant population SH
showed a consistent increase in most of the growth
attributes which indicatesits hig degree of salt
tolerance than the other populations. Similar findings
have been reported by Muchate et al., (2016) in a

facultative halophytic Sesuvium portulacastrum. This
resulted in an increase in fresh and dry biomass
production of this population. Increased biomass under
high salinities is an indication of high degree of salt
tolerance as also been reported by Boestfleisch &
Papenbrock (2017) and Atzori et al.,, (2017) in
halophytes. Halophytes do not exist in non-saline
habitats because they need an optimal concentration of
salt for better growth (Rozema & Schat, 2013).

Chlorophyll pigments are considered as a sensitive
indicator of metabolic state under salt stress
(Chattopadhyay et al., 2011). In present work, chlorophyll
a, chl. b and carotenoids increased at lower salt level in
least saline LR and moderately saline KM population, as
also been reported by Amirjani (2011) and Sarabi et al.,
(2017). The highest saline SH population contend higher
amount of Chl a, b and carotenoids, increase in these
pigments are in line with various studies reported a
significant increase in photosynthetic pigments under
saline conditions (Sghaier et al., 2015; Rozentsvet et al.,
2017; Osman et al., 2020).
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Adaxial epidermal surface
LR KM SH

Fig. 2. Epidermal surface of Fimbristylis complanata collected from different salt affected habitats of Punjab, Pakistan [Lilla-Khewra
foothills (LR); Khewra mines foothills (KM); Sahianwala (SH)].

Abaxial epidermis of LR: a 0 mM- Some stomata are elliptic, stomata small b. 200 mM- stomata large, nearly elliptic and elongated in
stretched form c. 400 mM- stomata smaller in size, numerous, larger epidermal cells. Abaxial epidermis of KM: d. 0 mM-stomata small,
round shape and arranged in three files between veins e. 200 mM-stomata enlarged, oval shape f. 400 mM — stomatal size reduce, nearly
oval. Present after interval of two epidermal cells. Abaxial epidermis of SH: g. 0 mM-stomata arranged in a single linear file between
major veins h. 200 mM-some stomata round, some ecliptic i. 400 mM- stomata area reduced, arranged between major veins.

Adaxial epidermis of LR: j. 0 mM- stomata large, twice as long, as broad k. 200 mM- less stomata with deformed shape. I. 400 mM-
large elongated stomata. Adaxial epidermis of KM: m. 0 mM-stomata large, oval shape n. 200 mM- stomatal area reduced, stomata
have spindle shape 0. 400 mM — large circular stomata, epidermal cell area increased. Adaxial epidermis of SH: p. 0 mM-stomatal
size much reduced, elongated in shape g. 200 mM- large stomata, circular in shape. r. 400 mM -stomatal area reduced, circular.
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Fig. 4. Correlation among morphological,
photosynthetic and anatomical traits.

Figure legends: NLPP-numbers of leaves per plant, LA-leaf
area, PH-plant height (cm), SFW-shoot dry weight (g/plant),
SDW-shoot dry weight (g/plant), Chl a- chlorophyll ¢ (mg g™
FW), Chl b- chlorophyll b (mg g~' FW), Pn- net assimilation
rate (um m2s~!), E- transpiration rate (um m—2s~'), WUE-
water use efficiency (4/E), MrTh- mid rib thickness (um), LTh-
mid rib thickness (um), CCA- cortical cell area (um?), CCT-
cortical cell thickness, BTh- bulliform thickness, CCTh-
chlorenchyma cell thickness (pm), MXA- metaxylem area
(um?), PhA- phloem area (um?), VBA- vascular bundle area
(um?), VBN- vascular bundle numbers, AbSA- abaxial stomatal
area (um?), AdSA- adaxial stomatal area (um?), AbSD- abaxial
stomatal density, AdSD- adaxial stomatal density.

physiological,

Photosynthesis  is  considered an  imperative
biochemical process in which plants convert solar energy
into chemical energy (Parihar et al., 2015). In the present
study, high salt level resulted in an increase of
photosynthetic rate (Pn). Sengupta and Majumder (2009)
also reported maintenance or even increase in Pn in
Porteresia coarctata. Increase in photosynthetic rate is
strongly correlated with photosynthetic pigments and

water use efficiency in F. complanata. Transpiration rate
(E) in all populations of F. complanata reduced
significantly, as reduction in E is a survival strategy to
reduce water loss under salinity induced osmotic stress
(Harris et al., 2010). Populations of F. complanata
showed an increasing trend in instantaneous water use
efficiency (WUE) at higher salt regimes. Increase in
WUE is associated with increased rate of photosynthesis
in F. complanata populations. Previous literature support
increase in WUE as observed in Atriplex halimus (Chen et
al., 2019; Pérez-Romero et al., 2020).

Leaf structural modification is considered as an
important feature of halophytic plants to circumvent with
higher saline conditions (Parida et al., 2016). Modifications
in leaf structure cause a change in gas exchange and
increase net photosynthetic efficiency of plants (Paradiso et
al., 2017). Leaf succulence in term of leaf thickness (midrib
and lamina thickness) increased in all populations of F.
complanata along the salinity gradients. This increase
occurs due to a high proportion of palisade parenchyma
tissues and these palisade parenchyma contain most of the
chloroplast which is directly engaged in photosynthesis
(Paradiso et al., 2017). Increase in leaf thickness enhances
the water storage capacity (Naz et al., 2016; Rayner et al.,
2016). Leaf succulence is a reliable source to monitor leaf
water status (Afzal et al., 2017). Cortical cell area and
thickness generally increased with increase in salt levels,
while increase in the cortical cell also increase leaf
succulence and this directly confer salinity tolerance and
results in greater photosynthesis due to large proportion of
mesophyll in cortical region (Han et al., 2013). Bulliform
cell thickness increased significantly in all populations of
F. complanata, as bulliform cells roll the leaf (Xiang et al.,
2012), and reduce the loss of water and ensure the water
conservation, which is an important commodity under salt-
induced water stress (Hajihashemi et al., 2020). Leaf
rolling under stress is convenient for better photosynthesis
(Zhou et al., 2018). Chlorenchymatous thickness in a leaf
of F. complanata population increased as salt levels
increased. Chlorenchyma cell present in mesophyll cells fix
atmospheric CO; and directly anticipate in the process of
photosynthesis (Miszalski et al., 2017).
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Metaxylem and phloem area increased in all
populations of F. complanata, as large metaxylem and
phloem vessels are positively correlated with efficient
conduction of nutrients and water (Smith et al., 2013), as
well as improved photosynthetic efficacy of plants (Akhtar
et al.,, 2016). Salt tolerant plant species equipped with
larger metaxylem vessels are vibrant for enhanced
conduction of water (Naz et al., 2015; Naseer et al., 2017).
Salt tolerant plants enhance phloem area for better
distribution of photo-assimilates and it contributes to better
growth (Lemoine et al., 2013). Vascular bundle area and
number increased in an increase in all population of F.
complanata, as this increase is considered as a more
striking feature for better conduction of water and solutes
(Batool & Hameed, 2013). Excessive numbers of vascular
bundles in Plantago media increase photosynthesis
(Miszalski et al., 2016).

Aerenchyma is a characteristic feature of plants
colonizing waterlogged or saline waterlogged areas (Hameed
et al., 2012; Al Hassan et al., 2015), which is responsible for
gaseous exchange under anaerobic conditions (Evans 2004;
Yamauchi et al., 2013). Aerenchyma is a fast diffusion
pathway for solutes that are involved in the bulk salt
movement (Carter et al.,, 2006; Lynch & Wojciechowski
2015; Watson et al., 2015). Increase in aerenchymatous area,
especially in the SH population may contribute to better
translocation of water, nutrients, and salts for metabolic
processes and ionic homeostasis throughout the plant body
(Rahat et al., 2019). Large aerenchyma in seagrass enhances
photosynthetic  capability by storing excessive CO;
concentration (Larkum et al., 2018).

A significant reduction was observed in the stomatal
area in LR and KM populations under high salinity. Such
reduction in the stomatal area is beneficial, especially when
there is a limitation of water availability because the
maintenance of cell turgidity requires less water and hence
less energy (Naseer et al., 2017). The smaller stomatal size
directly relates to faster stomatal response (Drake et al.,
2013), and even with high stomatal density, stomatal
regulation will be easier. It also controls the transpiration
rate under limited water availability (Doheny et al., 2012).

The present work demonstrates that halophyte F.
complanata has greater amplitude for salinity tolerance by
structural and functional modification. These modifications
directly anticipate in better photosynthesis among all
populations of F. complanata. The SH populations ranked as
the highest tolerant by numerous modification in
photosynthesis like higher biomass production, increase in
chlorophyll pigments and WUE to ensure the cell water
status and better photosynthesis and decrease rate of
transpiration for water conservation. Population SH also
showed structural modifications; increased leaf succulence
due to high proportion mesophyll tissue for better
photosynthesis, efficient bulliform cells for leaf rolling to
prevent from water loss, large aerenchyma for gaseous
exchange and efficient metaxylem for better conduction of
water and phloem for the transport of photoassimilates.
Moderately saline population KM also showed modifications
in photosynthesis by lowering rate of transpiration low
salinities. Population KM showed significant alteration in
leaf structural and epidermis traits related to photosynthetic
efficiency. Least saline population LR secured higher
concentration of chlorophyll content, increase leaf
succulence and higher abaxial stomatal density.

MUHAMMAD KALEEM & MANSOOR HAMEED

Correlation matrix: The traits studied under salt stress
exhibited a significant correlation (p<0.05). The A/E, Pn
and Caro, SFW, and Chl b, MXA and PhA, LTh, BTh and
MrTh were significantly and positively correlated. A
negative correlation was assessed between E and PH,
PHA and VBN, MXA and CCT (Fig. 4).

Conclusion

In conclusion, present work validate that modifications
in structural and functional greatly contribute to salinity
tolerance and maintain  photosynthetic  efficiency.
Population SH disclosed a greater performance and rated as
high tolerant as compared to its counterparts. In future
perspectives, these halophytic populations of F.
complanata can use for the rehabilitation and reclamation
of salt-affected soil and wetlands.
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