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ARTICLE INFO ABSTRACT

Phragmites karka is gaining increasing attention as a biofuel crop due to high ligno-cellulosic biomass. In this
study we investigated plant growth, gas exchange, chlorophyll fluorescence, photosynthetic pigments, and so-
luble sugar after 7, 15, and 30 days exposure to saline conditions [0 (control), 100 mM (moderate) and 300 mM
(high) NaCl treatments]. Growth rate and net photosynthesis (Angr) were unchanged during short term (0-7
days) exposure to moderate salinity but decreased at 300 mM NaCl due to reduction in net assimilation rate,
stomatal conductance (gs), and intercellular carbon dioxide concentration (Ci). However, growth rate decreased
under long term (15-30 days) exposure to moderate salinity, while an increase in water use efficiency (WUE)
and instantaneous carboxylation efficiency (COE) helped to maintain Angr. Higher photosynthetic pigments,
respiration, sugar content and efficiency of photosystem II (YII) appear to work together to reduce the risk of
oxidative stress at 100 mM NaCl. Long term exposure at 300 mM NaCl decreased the Angr, gs, COE, and YII.
Stomatal closure improved WUE but resulted in increased ROS production (ETR/Ag.oss). Photosynthesis was
reduced by stomatal limitation under short-term exposure to high salinity and by both stomatal and biochemical
limitation during long term exposure. These results indicate that P. karka can survive in moderate salinity for
long durations by photosynthetic adaptations (photochemistry and gas exchange) that are vital for growth and
biomass production in natural ecosystems.
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1. Introduction et al., 2016; Liang et al., 2018; Yang and Guo, 2018). Utilization and

transport of soluble sugar helps the plant to alleviate the negative ef-

Plant growth is linked with photosynthetic performance and
changes in carbon economy under saline conditions (Gorai et al., 2011;
Nackley and Kim, 2015; Webster et al., 2016; Asrar et al., 2017;
Wungrampha et al., 2018). Salinity stress often results in biomass re-
duction as a survival strategy of plants which is related with failure in
carbon assimilation (Nackley and Kim, 2015; Sanchez et al., 2016; Fall
et al., 2017; Pompeiano et al., 2017). In such situations, plants dis-
tribute higher assimilated carbon to energy and maintenance rather
than development of plant parts (Kumar et al., 2016; Asrar et al., 2017).
One example of this is the production of stress protecting metabolites
such as sugar, proline, polyphenols and others (Slama et al., 2015; Sami

fects of salinity via osmotica, osmoprotectants or ROS scavengers and
regulate photosynthesis through feedback inhibition (Dadkhah and
Rassam, 2016; Sami et al., 2016).

Photosynthetic rates are reported to be linked with salinity con-
centration and duration of salt exposure (Liu et al., 2011;
Rakhmankulova et al., 2016; Fall et al., 2017; Pompeiano et al., 2017).
A decrease in net CO, assimilation is linked with stomatal closure to
regulate transpiration rate and water use efficiency in the initial phase
of salinity exposure (Hetherington and Woodward, 2003; Liu et al.,
2011). Long term salinity alters biochemical reactions (like Rubisco
carboxylase/oxygenase activity and regeneration of RuBP and triose

Abbreviations: Angr, net photosynthetic rate; Ci, intercellular carbon dioxide concentration; COE, instantaneous carboxylation efficiency; E, transpiration; ETR,
electron transport rate; Fv/Fm, maximum quantum yield of PS II; gs, Stomatal conductance; LAR, leaf area ratio; LMF, leaf mass fraction; NPQ, non photochemical
quenching; Py, photorespiration; qP, photochemical quenching; Rd, dark respiration; RGR, relative growth rate; SLA, specific leaf area; SS, soluble sugar; ULR, unit
leaf rate; WUE, water use efficiency; Y(NO), quantum yield of non-regulated non-photochemical energy loss in PSII; Y(NPQ), quantum yield of regulated non-
photochemical energy loss in PS II; YII, effective photochemical quantum yield of PS II
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phosphates) that regulate gas-exchange (Eller et al., 2014; Asrar et al.,
2017). However, in some grasses both stomatal and biochemical lim-
itation appear to affect photosynthesis as in the case of Eremochloa
ophiuroides (Liu et al., 2011), Aeluropus lagopoides and Sporobolus tre-
mulus (Moinuddin et al., 2017). Stomatal and biochemical limitation
inhibit the utilization of ATP and NADH for CO, assimilation leading to
photochemical limitation (Takahashi and Badger, 2011; Percey et al.,
2016). This excess excitation energy causes an oxidative burst in
chloroplasts that damage the photosynthetic apparatus, predominantly
photosystem II (PSII), D; and D, proteins (Redondo-Gémez et al., 2007;
Pang et al., 2010; Takahashi and Badger, 2011; Percey et al., 2016).
Salinity impaired biosynthesis and/or accelerated degradation of pho-
tosynthetic pigments lead to photo-inhibition (Megdiche et al., 2008;
Moinuddin et al., 2017). In general, halophytic grasses are reported to
decrease chlorophyll content under salinity (Liu et al., 2011;
Khalafallah et al., 2013; Asrar et al., 2017; Moinuddin et al., 2017).
Grasses have evolved numerous photo-protective mechanisms in-
cluding heat dissipation through the xanthophyll cycle, quenching of
excess electrons at PSI, and preventing over-reduction of the electron
transport chain by photorespiration (Asrar et al., 2017; Moinuddin
et al., 2017).

Increasing trends in world population and demand for energy along
with rapidly diminishing fossil fuel sources are emphasizing a needed
switch to alternate solutions like biofuels (Shamsutdinov et al., 2017).
At the same time, soil salinity causes heavy losses to prime land, which
is a major constraint to realise the desired goals. It is estimated that
food production will need to expand by 50-70% to fulfill the future
requirements worldwide (Millar and Roots, 2012). In addition, the
demand for biomass derived energy production through biofuel also
increases the pressure on conventional agriculture. However, most
biofuel crops are salt sensitive, and there has been a conflict between
using land for producing feed or fuel (Abideen et al., 2011). A suitable
option is thus to use salt resistant plants as second generation biofuel
candidates (Abideen et al., 2011; Shamsutdinov et al., 2017).

Phragmites karka is considered as a potential candidate for biofuel
because of suitable ligno-cellulosic content (Abideen et al., 2011), and
high productivity (capable of growth up to 4-10 meter height: Flora of
Pakistan, 2011). Biomass is linked directly with plant photosynthetic
capacity but negatively influenced by soil salinity (Webster et al., 2016;
Asrar et al., 2017; Wungrampha et al., 2018). Abideen et al. (2018)
reported that P. karka maintained growth and net photosynthesis at
100 mM NacCl, whereas growth reduction under high salinity was due to
stomatal closure and co-occuring reduction in CO, uptake. However, it
still remains unclear whether the decrease in photosynthesis of P. karka
is the reason or the result of growth reduction. Information is also
lacking regarding the relationship of growth rate with photosynthetic
efficiency of P. karka at different time intervals of saline condition. This
information would be useful to decrease the energy and land crises by
using saline degraded land. Therefore, the present study was designed
to determine changes in growth and photosynthetic attributes of P.
karka in response to salinity concentration and duration of salinity
treatment.

2. Materials and methods
2.1. Experimental conditions and salinity treatment

Seeds of Phragmites karka were collected from marshy habitats of
Karachi University, Pakistan (24°55’3” N and 67°6’19” E) in February
2014. Freshly collected seeds were sown in plastic trays containing
sandy soil plus manure and irrigated with water for germination. Five
week old seedlings of similar size (length 6-8 cm, three leaf stage) were
transplanted into plastic pots (6 cubic litres; three individuals per pot)
containing sand and loam (2:1) and sub-irrigated with %2 strength
Hoagland nutrient solution (modified after Epstein, 1972). Plants were
grown in a netted greenhouse under ambient environmental conditions
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(temperature: 37 *+ 1 °C; relative humidity: 50 + 5%; light intensity:
450 + 10umol m~2 s, photoperiod: 12h light-12h dark). Salinity
treatments were started after thirty days of seedling acclimatization.
Plants were divided into three salt treatment groups: 0, 100, 300 mM
NacCl (100 plants per group) and four sub-groups: 0, 7, 15, 30 days (25
plants per sub-group). In order to avoid osmotic shock, NaCl was ap-
plied gradually with an increase of 50 mM per day in the nutrient so-
lution. Treatment solution was completely replaced at weekly intervals
until the end of the experiment.

2.2. Growth parameters

Plants were harvested after 0, 7, 15 and 30 days from each salinity
treatment. The fresh weight (FW) and dry weight (DW) of each plant
was determined. Freshly collected samples were cleaned and placed in
an oven at 60 °C to determine the DW. Leaf area was calculated using
Image J software (1.47 V). The relative growth rate (RGR; g gf1 d™h
was calculated using the software tool of Hunt et al. (2002).

RGR = ULR x LAR
LAR = SLA X LMF

ULR: unit leaf rate, LAR: leaf area ratio, SLA: specific leaf area and
LMF: leaf mass fraction.

Unit leaf rate (ULR): rate of increase of total dry weight per unit of
total leaf area.

ULR (gm~2d") = (1/LA /dW/dt)

Leaf area ratio (LAR): ratio between the total leaf area and the total
plant dry weight.

LAR (m? g’l) = (LA/W)

Leaf mass fraction (LMF): ratio between the total leaf dry weight
and the total plant dry weight.

LMF (g g~ = (LW/W)

Specific leaf area (SLA): mean area of leaf displayed per unit of leaf
weight.

SLA = (LA/LW) (m? g~ ")

2.3. Leaf gas exchange

Photosynthetic measurements were conducted on fully expended
leaves (from the second node) at 7, 15 and 30 days of salinity treat-
ment. A standard leaf chamber (2 x 3 cm?) fitted on a portable pho-
tosynthesis system (6400XT, Li-Cor Inc., Lincoln, NE, USA) was used at
ambient relative humidity: 50-60%; CO,: 400 umol m ~2 s%; flow rate:
300 pumol s*; vapour pressure deficit < 2 and photosynthetically active
radiation (PAR): 700 urnolm_2 s1. Each leaf was allowed sufficient
time for equilibration in the chamber until constant readings were
obtained. Instantaneous water use efficiency (WUE) was calculated as
WUE = Angr / E, and the instantaneous carboxylation efficiency as
Angr/Ci according to Sales et al. (2015).

2.4. Chlorophyll fluorescence

Chlorophyll fluorescence was measured on fully expanded leaves
using a Pulse modulated chlorophyll fluorescence meter (2500 PAM,
Walz, Germany). Leaves were dark adapted (30 min for mid-day mea-
surements and over-night for pre-dawn measurements) before applying
modulated light (< 0.1 umolm’2 s™1!) to measure minimal fluores-
cence (Fo) followed by a saturating pulse of 10,000 umolm 2 s for
0.6s to measure the maximal fluorescence (Fm). Maximum photo-
chemical quantum yield of PSII was calculated using the formula: Fv/
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Fig. 1. Changes in morphology of Phragmites karka plants treated with 0, 100 and 300 mM NacCl for different time periods: 0 day (A), 7 days (B), 15 days (C) and 30

days (D).

Fm (Fm - Fp)/Fm (Kitajima and Butler, 1975). Leaves were con-
tinuously illuminated with actinic light to measure steady-state (Fs) and
maximal fluorescence (Fm') in light adapted conditions. Minimal
fluorescence (Fy) was estimated using the method of Baker and
Rosenqvist (2004). Effective photochemical quantum yield of PSII was
calculated as Y(II) = (Fm’ - Fs)/Fm'. Quantum yield of non-regulated
non-photochemical energy loss in PSII was calculated as Y(NO) = Fs/
Fm and quantum yield of regulated non-photochemical energy loss in
PS II was calculated as Y(NPQ) = (Fs/Fm") - (Fs/Fm) (Genty et al.,
1989). Stern-Volmer type non-photochemical quenching (NPQ) was
calculated as NPQ = (Fm/Fm') - 1 (Genty et al., 1989). The coefficient
of photochemical quenching (qP) was calculated as (Fm'-Fs)/(Fm'-F;)
(Van Kooten and Snel, 1990). Electron transport rate (ETR) was mea-
sured by using the actual leaf absorbance values (Krall and Edwards,
1992), with the help of a LiCor integrating sphere (Li 1800-12, LiCor
Inc., USA). The risk of oxidative stress was assessed by the ETR/Agoss
ratio (Geissler et al., 2015). The indicator of light stress is given by the
ratio (1-qP)/NPQ (Park et al., 1996). The photorespiration rate (Pr) was
calculated using the following equation as described in Bagard et al.
(2008).

Pr = 1/12 [ETR - 4 (A + Rd)]

2.5. Rapid light curve

Rapid light curve (RLC) measurements in dark adapted leaves were
made using a Pulse modulated chlorophyll fluorescence meter (2500
PAM, Walz, Germany). Each RLC exposed the leaf to initial quasi
darkness for 5-10 second, then provided a first saturating pulse fol-
lowed by nine steps of increasing actinic irradiance ranging from 0 to
1800 umol photons m~2 s™! of 10s duration, which finishes with a
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saturating pulse after each step. RLC records Y(II), Y(NPQ), Y(NO), and
ETR, which can be plotted as a function of PAR irradiance. The RLCs
were analyzed by non-linear regression to obtain the following para-
meters: maximum electron transport rate (ETRy.,), saturating irra-
diance (E;), and light harvesting efficiency of photosynthesis (a)
(Statton et al., 2018).

2.6. Chlorophyll content

Content of chlorophyll a (Chl,), chlorophyll b (Chl,), total chlor-
ophyll (Chly) and total carotenoid (Cy.) were analysed using the pro-
tocol of Shabala et al. (1998). Fresh leaves were extracted with acetone
(1:20) and incubated at 4 °C for 48 h. After incubation, absorbance was
measured at 470, 644 and 662 nm with a spectrophotometer. Levels of
Chl,, Chlp, Chl; and Cy. . were calculated using these formulas:

Chl, = 9.784 D662 - 0.99 D644

Chl, = 21.42 D644 - 4.65 D662

Chlt = Chla + Chlb

Cx+c = (1000 D470 - 63.14 chlb)/214

2.7. Soluble sugar

Total soluble sugars were analysed by the method of Yemm and
Willis (1954), using a glucose standard. Distilled water was used to
extract the dried leaf samples at 100 °C for 1 h. The extract (1 ml) was
mixed with (2 ml) anthrone before heating the mixture for 11 min in a
boiling water bath. The reaction was stopped in an ice bath and ab-
sorbance was recorded at 630 nm.
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Table 1

Relative growth rate (RGR), unit leaf rate (ULR), leaf area ratio (LAR), leaf mass
fraction (LMF), and specific leaf area (SLA) of Phragmites karka treated with 0,
100 and 300 mM NacCl for different time durations (0-15 and 15-30 days).
Similar capital letters within each salinity treatment (among time periods) and
small letters among salinity treatments (within each time period) are not sig-
nificantly different (P < 0.05) from each other, LSD test.

Salinity duration (days) NaCl (mM)

0 100 300
RGR (gg 'd™
0-7 0.05 + 0.01%* 0.05 + 0.01%* 0.02 = 0.00""
7-15 0.05 + 0.01%* 0.04 = 0.01%* 0.02 * 0.00%°
15-30 0.14 + 0.00% 0.10 + 0.00*° 0.03 + 0.00%¢
ULR (gm~2d?)
0-7 4.45 + 0.23% 3.91 + 0.91% 2.70 * 0.23%°
7-15 4.40 + 1.00%* 3.56 + 1.12%* 1.14 + 0.03%
15-30 14.74 + 1.50**  14.40 = 1.10"* 835 =+ 1.30"°
LAR (m*kg™")
0-7 11.46 + 218"  12.24 + 1.26"*  10.76 + 2,93
7-15 10.31 + 2,59 9,90 + 0.974° 10.20 + 1.51%°
15-30 9.70 + 0.40% 7.02 = 0.30%° 5.70 + 0.70%¢
LMF (g g~ 1)
0-7 0.35 + 0.07%° 0.33 = 0.03* 0.33 + 0.04%
7-15 0.34 + 0.09% 0.32 + 0.03" 0.32 + 0.03%
15-30 0.34 + 0.00% 0.34 = 0.00% 0.25 * 0.00%°
SLA (m?>g™ 1)
0-7 0.04 + 0.00% 0.04 + 0.00% 0.03 + 0.01%
7-15 0.04 + 0.00% 0.03 + 0.00%%  0.03 *+ 0.00%
15-30 0.04 + 0.00% 0.02 + 0.00%° 0.02 + 0.00%°
LA (cm?)
7 84 + 3.1% 89 + 6.00%° 40 + 9.00%°
15 109 + 19.2% 81 + 6.70%* 50 + 4.00%°
30 703 *+ 46.1°° 265 + 14.50" 51 * 8.70%¢

2.8. Statistical analysis

All data were examined in at least five replicates (n = 5). Statistical
analysis and correlation between the various measured parameters
were carried out using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA).
The data were analyzed using analysis of variance (ANOVA) to identify
significant effects of NaCl concentration and the duration of the ex-
periment at P < 0.05. LSD was used to compare individual means.
Sigmaplot version 11.0 (Systat Software, San Jose, CA, USA) was used
to construct graphs.

3. Results
3.1. Effect of NaCl concentration and duration on growth parameters

Plant growth and relative growth rate (RGR) of P. karka were sig-
nificantly increased after 15 days under non-saline conditions (Fig. 1;
Table 1). The relative growth rate was reduced earlier (0-7 days) at
high salinity (300 mM NacCl) than at moderate salinity (100 mM NacCl).
Salinity decreased leaf area (LA) and unit leaf rate (ULR) from the early
phase (0-7 days) of 300 mM NaCl grown plants. Whereas, long term
exposure of 300 mM NaCl reduced leaf mass fraction (LMF), specific
leaf area (SLA) and leaf area ratio (LAR). However, long term exposure
of moderate salinity decreased RGR due to a reduction in LAR and SLA
(Table 1).

3.2. Effect of NaCl concentration and duration on leaf gas exchange
parameters

Net photosynthesis (Angr) decreased in non-saline control plants
after 15 days. In addition, Aygr was unchanged in plants treated with
moderate salinity compared to non-saline controls, while it started to
decline linearly from the 7™ day at high salinity (Fig. 2). Moderate
salinity stimulated dark respiration (Rd) with time (Fig. 2). Both
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stomatal conductance (gs) and transpiration (E) were reduced early 7™
day) at 300 mM NaCl but declined from the 15" day in 100 mM NaCl
treatment (Fig. 2). Maximum WUE was found at 7 days of 300 mM NaCl
treatment, which decreased with further increase in the duration of
salinity treatment (Fig. 2). However, WUE increased in moderate sali-
nity at the 30" day while it decreased in the non-saline control after 15
days. Intercellular CO, (Ci) declined early at 300 mM NaCl and in-
creased gradually with time and showed a similar value as the control
at the end of the experiment. However, Ci decreased in plants grown
with 100 mM NacCl after 15 days of salinity treatment. Carboxylation
efficiency started to decline after 15 days at 0 and 300 mM NacCl, while
maximum COE (25% increase than the control) was found in plants
exposed to 100 mM NaCl for long period (Fig. 2).

3.3. Effect of NaCl concentration and duration on chlorophyll fluorescence

Potential quantum yield (Fv/Fm) at mid-day and actual yield of
PSII: Y(II) substantially decreased, while photoinhibition increased in
plants treated with 300 mM NaCl at the 15" day (Fig. 3). However, Fv/
Fm at pre-dawn decreased at 300 mM NaCl at the 30" day (Fig. 3).
Chlorophyll fluorescence parameters such as Y(NO) and qP were not
altered by salinity (Fig. 4). High salinity increased Y(NPQ), NPQ, the
ETR/Agross ratio, and Py, but decreased ETR and (1-qP)/NPQ (Fig. 4).

Y(II) yield decreased with increasing irradiance and the decline was
more rapid in 300 mM NacCl (Fig. 5). Y(NO) was not affected by salinity
and increasing irradiance. However, Y(NPQ) and NPQ increased from
100 unit of PAR in 300 mM and from 400 unit of PAR in both control
and 100 mM NaCl grown plants (Fig. 5). The coefficient of photo-
chemical quenching (qP) decreased from 600 unit of PAR in 300 mM
NaCl whereas it remained similar in control and 100 mM NaCl grown
plants (Fig. 5). Light harvesting efficiency of photosynthesis (a) de-
creased with an increase in salinity (Table 2). Whereas, maximum
electron transport rate (ETR;,ax) and photosynthetic light saturating
level (E;) were highest in 100 mM NaCl, and decreased with a further
increase in salinity (Fig. 5; Table 2).

3.4. Effect of NaCl concentration and duration on photosynthetic pigments

Total chlorophyll (Chl), Chl,, and Chl, content significantly in-
creased under saline conditions from the 7" day, whereas chlorophyll
content decreased at the 30™ day in the non-saline control (Fig. 6).
Carotenoid content increased from the 7 day in 300 mM NaCl and at
the 30" day in 100 mM NaCl (Fig. 6).

3.5. Effect of NaCl concentration and duration on soluble sugar

Soluble sugar (SS) increased early (0-7 days) in plants grown with
300mM NaCl and then decreased at the end of the experiment.
However, SS increased gradually with time in moderate salinity
(Fig. 7). Analysis showed significant positive correlation among various
growth parameters and whole plant photosynthesis. In addition, CO,
assimilation rate is also positively correlated with gas exchange and
fluorescence parameters (Supplementary Table 1).

4. Discussion

Growth, physiological and biochemical responses of plants vary
with intensity and duration of salt stress (Rakhmankulova et al., 2016;
Sanchez et al., 2016; Fall et al., 2017; Pompeiano et al., 2017). Plant
growth rate is strongly linked with the alteration in photosynthesis
resulting from salinity (Nackley and Kim, 2015; Wungrampha et al.,
2018). However, whether this reduction in photosynthesis is the reason
or the result of growth reduction is not known (Abogadallah, 2010). In
this study the short- and long- term impact of salinity on growth and
photosynthesis were determined in a giant grass, Phragmites karka.
Relative growth rate of Phragmites karka was similar in the non-saline
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Fig. 4. Effective photochemical quantum yield of PSII: Y(II), quantum yield of non-regulated non-photochemical energy loss in PSIl: Y(NO), quantum yield of
regulated non-photochemical energy loss in PSII: Y(NPQ), photochemical quenching (qP), non-photochemical quenching (NPQ), indicator of light stress (1-qp)/NPQ,
electron transport rate (ETR), risk of oxidative stress (ETR/Ag;oss) and photorespiration rate (Pg) of Phragmites karka after 0, 100 and 300 mM NaCl treatments for 15
days. Values among salinity treatments with different LSD letters represent significant differences at P < 0.05.

control and 100 mM NaCl treated plants until the 15% day; however,
from 15 to 30 days a fast growth rate was observed, which represents
optimal growth in the absence of salinity. Rapid plant growth in non-
saline conditions was significantly correlated with whole plant photo-
synthesis (r = 0.760) (Supplementary Table 1). Abideen et al. (2014)
previously reported growth stimulation in P. karka under moderate
salinity, which seems to be the result of differences in plant environ-
mental conditions (temperature, humidity, light intensity) and experi-
mental setup (use of quick check system for periodic flooding-twice a
day). However, in this study P. karka was grown similarly to natural
field environmental conditions with a sub-irrigation system. Relative
growth rate decreased at high salinity during early treatment (0-7 days)
of salinity. Salinity induced reduction in growth rate has been reported
in many halophytic grasses such as Phragmites communis (Gorai et al.,
2007); Phragmites australis (Gorai et al., 2011); Halodule uninervis
(Khalafallah et al., 2013); Aeluropus lagopoides, Sporobolus tremulus,
Paspalum paspalodes, and Paspalidium germinatum (Moinuddin et al.,
2014). In this experiment, RGR is positively correlated with unit leaf
rate (ULR: r = 0.897), as well as biomass allocated to leaf area (LAR:
r = 0.751, supplementary Tablel), indicating the role of both leaf
biomass and assimilation per unit area in regulating the growth rate.
However, RGR dependence on ULR and LAR varies with intensity and
time of exposure with salinity. Relative growth rate decreased at
300 mM NaCl within 7 days due to a decline in the ULR, which was also
supported by the data from the net photosynthesis rate. However, after
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15 days exposure to 100 mM NaCl, RGR decreased due to a reduction in
biomass allocated to leaf area (decreased LAR) rather than ULR. The
leaf area ratio depends on both SLA (leaf area per unit leaf dry mass;
r = 0.871) and LMF (total leaf dry weight per total plant dry weight;
r = 0.953) (supplementary Table 1), however this dependence varies
with increasing salinity concentration. A reduction in LAR after pro-
longed exposure at 100 mM NaCl was linked with the development of
smaller and thicker leaves (decreased SLA). The decrease in growth rate
due to a reduction in LAR and SLA under salinity has also been reported
in grasses like Phragmites australis (Eller et al., 2014); Arundo donax, and
Panicum virgatum (Sanchez et al., 2016). The decrease in RGR during
prolonged exposure to 300 mM was attributed to both ULR and LAR.
Lower LAR was due to a decrease in leaf mass fraction (LMF) and SLA at
high salinity which shows the existence of variation in leaf plasticity of
P. karka to survive in saline areas for longer periods. Salinity stress
alters photosynthesis directly due to stomatal-mesophyll limitations
and/or biochemical restrictions (photochemical or oxidative damage)
(Asrar et al., 2017; Moinuddin et al., 2017; Wungrampha et al., 2018).
Stomatal regulation and CO, fixation vary with plant species and
duration of salt exposure (Liu et al., 2011; Yan et al., 2015). Net pho-
tosynthesis of plants was maintained in 100 mM NaCl while a con-
siderable (2-fold) decrease was noted in 300 mM at the 7™ day com-
pared to the control plants. Reduction in photosynthesis at high salinity
was linked with lower stomatal conductance (gs) and intercellular
carbon dioxide concentration (Ci). However, carboxylation efficiency
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Table 2 exposure to high salinity, net photosynthesis decreased along with a

Maximum electron transport rate (ETRmax), photosynthetic light saturating
level (E¢) and light harvesting efficiency of photosynthesis () derived from
rapid light curve of Phragmites karka after 0, 100 and 300 mM NaCl treatments
for 15 days. Values among salinity treatments with different LSD letters re-
present significant differences at P < 0.05.

Parameters NaCl (mM)
0 100 300
ETR .« (electrons 211.15 * 6.3° 248.68 + 5.1* 136.80 + 4.6¢

m-2s1)
E; (mol m~2s™YH
a (electron/photon)

1265.48 + 14.9°
0.38 + 0.0

1624.68 + 18.4°
0.35 * 0.0°

1015.21 + 12.1°¢
0.30 * 0.0°

(COE) was unaffected in the early phase of high salinity which indicates
that the reduction in photosynthesis was initiated by stomatal limita-
tion. Decreased stomatal conductance resulted in lower transpiration in
the first 7 days of high salinity that helps plants to prevent water loss
and enhance water use efficiency, which is a known trait of salt re-
sistance grasses in saline conditions (Nackley and Kim, 2015; Webster
et al., 2016). However, a decline in gs also leads to a decrease in Ci and
ultimately photosynthesis (Liu et al., 2011). After long term exposure to
moderate salinity, plants increased photosynthetic light saturating le-
vels (E;) to utilize maximum light for photosynthesis, also indicated by
increased maximum electron transport rate that resulted in the main-
tenance of net assimilation rate (Aye,) similar to control plants. More-
over, increases in mesophyll thickness (lower SLA) could maximize
internal surface area for CO, absorption and improve net photosynth-
esis rate per leaf area (Nackley and Kim, 2015). The enhanced car-
boxylation efficiency (COE) (1.5-fold) also helps to maintain the net
assimilation rate at moderate salinity. However, after long term
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reduction in gs while Ci was maintained. In addition, instantaneous
carboxylation efficiency significantly decreased (4-fold than controls),
representing both stomatal and biochemical limitations of photo-
synthesis in the later phase of 300 mM NaCl treatment. Our results
showed a positive correlation among CO- assimilation rate (Aygr) and
gas exchange parameters (gs: r = 0.794; COE: r = 0.896), indicating
the role of both stomatal and biochemical limitation in regulating Angr
under high salinity (Supplementary Table 1). Similar results were also
reported in some halophytic grasses where stomatal factor limits pho-
tosynthesis under short term salinity stress, but prolonged exposure
caused both stomatal and biochemical limitation (Liu et al., 2011; Yan
et al., 2015).

A higher energy demand to respond to moderate salinity increases
the accumulation of soluble sugar (possibly for osmotic adjustment and
ROS defence mechanisms) and the rate of respiration (1.5-fold than
control) that caused a deficiency of C-skeleton and inhibition of leaf
growth (Kumar et al., 2016; Rakhmankulova et al., 2016; Sami et al.,
2016). An increased content of soluble sugar under salinity was ob-
served in the halophytic grasses Paspalidium geminatum (Moinuddin
et al., 2014); Aeluropus lagopoides (Kumar et al., 2016); and Paspalum
vaginatum (Pompeiano et al., 2016). Moreover, soluble sugar accumu-
lation, 2-fold compared to non-saline controls, with 300 mM NaCl
treatment could cause feedback inhibition of photosynthesis (Dadkhah
and Rassam, 2016).

The maximum quantum efficiency of PSII (Fv/Fm) not only mea-
sures the instantaneous photosynthetic capacity of a plant but also in-
dicates photoinhibition or salt induced damage to PSII as the difference
of pre-dawn and mid-day values (Yan et al., 2015). In P. karka, the mid-
day Fv/Fm value significantly (P < 0.05) decreased after 15 days
exposure to 300 mM NaCl. Whereas, the reduction in mid-day Fv/Fm
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Fig. 7. Soluble sugar of Phragmites karka after 0, 100 and 300 mM Nacl treat-
ments at 7, 15 and 30 days. Fand P (* P < 0.05, ns = non-significant) values
of the two-way ANOVAs are presented, S: salinity, T: time and T X S: time X
salinity interaction. For each time period, values among salinity treatments
with different LSD letters represent significant differences at P < 0.05. Asterisks
indicate significant differences among time periods at each NaCl treatment.

value completely recovered during the overnight period by dawn value,
indicating dynamic photoinhibition (Qiu et al., 2003). The decline in
mid-day Fv/Fm under high salinity at 15 days could be a way to down-
regulate the light harvesting reaction [decreased Y(II)] and thus not the
consequence of photo-damage (Qiu et al., 2003; Yan et al., 2015).
However, the mid-day and predawn Fv/Fm values both decreased at
the 30" day of exposure to 300 mM NaCl, indicating chronic photo-
inhibition (Qiu et al., 2003). Our results also indicate a positive cor-
relation of fluorescence parameters Fv/Fm and Y(II) with CO, assim-
ilation rate (Supplementary Table 1).

Chlorophyll and carotenoids are light harvesting components of the
photosynthetic apparatus. Salt stress is reported to cause chlorophyll
destruction in many halophytic grasses; however, in some species in-
creased chlorophyll content under salinity could be linked with plant
salt tolerance (Stefanov et al., 2016). In this study, chlorophyll content
decreased with time in the non-saline control; however, it increased
from the early phase under saline conditions. In non-saline conditions,
P. karka sharply increased photosynthetic active tissues (leaf number
and leaf area) after two weeks, which correlated with a decrease in all
photosynthetic pigments (Chlorophyll and carotenoids) and low pho-
tosynthesis (Angr) on a unit leaf area basis, as previously reported in
other halophytic grasses: Eremochloa ophiuroides (Liu et al., 2011), Ar-
undo donax and Panicum virgatum (Sanchez et al., 2016). This indicated
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Fig. 6. Chlorophyll and carotenoid content of Phragmites karka
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that the reduction in Angr after 15 days under non-saline condition was
not due to stomatal limitation (as no change in E and Ci), water lim-
itation (as lower WUE) and photosystem damage (no change in Fv/Fm,
YII and photoinhibition). However, the substantial increase in leaf area
after 15 days under control conditions was directly linked with whole
plant photosynthesis. Higher chlorophyll content in P. karka under
salinity could be related to both increased thylakoid number per
chloroplast and enhanced mesophyll thickness (lower SLA) (Pompeiano
et al., 2016). In addition, higher chlorophyll content helps plants to
increase light absorption at 100 mM NaCl, which functions to retain the
photosynthesis rate similar to controls. However, carotenoid content
increases in the later phase of moderate salinity possibly prevent for-
mation of singlet oxygen (Asrar et al., 2017). Salt stress-induced in-
creases in chlorophyll and carotenoid content to support photosynthesis
were also reported in some halophytic grasses: Zoysia japonica
(Pompeiano et al., 2014); Paspalum vaginatum (Pompeiano et al., 2016);
and Paspalum scrobiculatum (Shonubi and Okusanya, 2007). However,
under high salinity increased chlorophyll content can enhance the flow
of electrons through the photosystems, which increases the risk of
photoinhibition. Under high salinity plants cannot cope with excess
light due to salinity as an indicator that light stress (1-qP)/NPQ ratio
increased, resulting in an increased risk of oxidative stress (ETR/
Agross). Excess light energy could enhance reactive oxygen species
synthesis, which causes damage to chloroplasts at the cellular level
(Yordanova and Popova, 2007). Plants can dissipate excess energy ei-
ther by photochemical or non-photochemical quenching (Moinuddin
et al., 2017). In high salinity, photochemical quenching (qP) remained
the same, whereas the fraction of absorbed light used in photochemistry
Y(II) and ETR decreased. The reduction in maximum electron transport
rate (ETRya)and light harvesting efficiency of photosynthesis (a) at
300 mM NacCl could be linked with the reduction in net assimilation
rate, and ultimately biomass production, this led to increased carbon
demand as previously reported in P. australis (Eller et al., 2014). This
indicated that the excessive electrons that run through the PS II could
not be used in electron transport, so they are either used in non-pho-
tochemical quenching or they could be stored as alternative electron
sinks through the Mehler reaction, photorespiration or cyclic electron
transport (Takahashi et al., 2008). High salinity plants use a regulated
and efficient process Y(NPQ) to dissipate absorbed light energy in the
form of heat, so quantum yield loss by non-regulated process Y(NO)
remained unchanged. A similar result has been reported in other ha-
lophytic grasses such as Paspalum paspalodes and Paspalidium geminatum
(Moinuddin et al., 2017). Plants increased carotenoid content from the
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Fig. 8. Schematic model representing changes in growth and gas exchange parameters of Phragmites karka grown with 100 and 300 mM NacCl treatments. The
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Abbreviations: Leaf area ratio (LAR), unit leaf rate (ULR), hydrogen peroxide (H0-), maondialdehyde (MDA).

early phase of high salinity that contributes to regulated photo-
protective NPQ to dissipate energy in the form of heat via the xan-
thophyll cycle (Pompeiano et al., 2017; Moinuddin et al., 2017).
However, long term (30 days) exposure to high salinity also increased
photorespiration to sustain photons in a non-assimilatory pathway,
which thus functions as a sink for excessive excitation energy (Lima
et al., 2017). The coordination between photochemistry and alternate
electron sink (xanthophyll cycle, photo-protective compound -car-
otenoidsand photorespiration) can assist plants to avoid damage to the
photosystems (Qiu et al., 2003; Lima et al., 2017; Moinuddin et al.,
2017; Pompeiano et al., 2017). However, these modifications could not
completely protect the plant from high salinity during long term ex-
posure.

5. Conclusion

In conclusion, Phragmites karka maintains relative growth rate
(RGR) during the early phase of moderate salinity treatment, which

512

decreased at high salinity due to a reduction in unit leaf rate (ULR).
However, in the later phase, decreased RGR at moderate salinity was
the result of lower leaf area ratio (LAR), whereas at high salinity the
reduction in RGR was the consequence of both ULR and LAR. Phragmites
karka under moderate salinity maintained net photosynthesis through
increased chlorophyll content, and improved water use and carbox-
ylation efficiency (Fig. 8). Moreover, photo protection due to increased
carotenoid content helps in maintaining PSII yield and avoiding
membrane damage. Photosynthesis reduction under high salinity was
due to stomatal limitation during the early phase. However, in the late
phase of high salinity treatment, both stomatal and biochemical factors
were responsible for the reduction in net CO, assimilation (Fig. 8). This
study provides a detailed explanation for the impact of salt con-
centration and duration on biomass and photosynthesis regulation in
the giant grass P. karka.
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