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Abstract
Growth of plants is severely reduced due to water stress by affecting photosynthesis including photosystem II 
(PSII) activity and electron transport. This study emphasised on comparative and priority targeted changes in 
PSII activity due to progressive drought in seven populations of Panicum antidotale (P. antidotale) collected from 
Cholistan Desert and non-Cholistan regions. Tillers of equal growth of seven populations of P. antidotale grown in 
plastic pots filled with soil were subjected progressive drought by withholding water irrigation for three weeks. 
Progressive drought reduced the soil moisture content, leaf relative water content, photosynthetic pigments 
and fresh and dry biomass of shoots in all seven populations. Populations from Dingarh Fort, Dingarh Grassland 
and Haiderwali had higher growth than those of other populations. Cholistani populations especially in Dingarh 
Grassland and Haiderwali had greater ability of osmotic adjustment as reflected by osmotic potential and greater 
accumulation of total soluble proteins. Maximum H2O2 under water stress was observed in populations from 
Muzaffargarh and Khanewal but these were intermediate in MDA content. Under water stress, populations from 
Muzaffargarh and Dingarh Fort had greater K+ accumulation in their leaves. During progressive drought, non-
Cholistani populations showed complete leaf rolling after 23 days of drought, and these populations could not 
withstand with more water stress condition while Cholistani populations tolerated more water stress condition 
for 31 days. Moreover, progressive drought caused PSII damages after 19 days and it became severe after 23 days 
in non-Cholistani populations of P. antidotale than in Cholistani populations.

Keywords: grasses, relative water content, osmotic adjustment, photosystem-II, OJIP.

Resumo
O crescimento das plantas é severamente reduzido devido ao estresse hídrico, afetando a fotossíntese, incluindo 
a atividade do fotossistema II (PSII) e o transporte de elétrons. Este estudo enfatizou as mudanças comparativas e 
prioritárias na atividade do PSII devido à seca progressiva em sete populações de Panicum antidotale (P. antidotale) 
coletadas no Deserto do Cholistão e regiões fora do Cholistão. Perfilhos de igual crescimento de sete populações 
de P. antidotale cultivadas em vasos de plástico cheios de solo foram submetidos à seca progressiva, retendo a 
irrigação com água por três semanas. A seca progressiva reduziu o teor de umidade do solo, teor de água relativo 
nas folhas, pigmentos fotossintéticos e biomassa fresca e seca dos brotos em todas as sete populações. Populações 
de Dingarh Fort, Dingarh Grassland e Haiderwali tiveram maior crescimento do que as de outras populações. As 
populações de Cholistani, especialmente em Dingarh Grassland e Haiderwali, apresentaram maior capacidade de 
ajuste osmótico, refletido pelo potencial osmótico e maior acúmulo de proteínas solúveis totais. H2O2 máximo 
sob estresse hídrico foi observado em populações de Muzaffargarh e Khanewal, mas estas foram intermediárias 
no conteúdo de MDA. Sob estresse hídrico, as populações de Muzaffargarh e Dingarh Fort tiveram maior acúmulo 
de K+ em suas folhas. Durante a seca progressiva, as populações não cholistanesas mostraram rolagem completa 
das folhas após 23 dias de seca, e essas populações não conseguiram suportar mais condições de estresse hídrico, 
enquanto as populações cholistani toleraram mais condições de estresse hídrico por 31 dias. Além disso, a seca 
progressiva causou danos ao PSII após 19 dias e tornou-se severa após 23 dias em populações não cholistanesas 
de P. antidotale do que em populações cholistanesas.

Palavras-chave: gramíneas, conteúdo relativo de água, ajuste osmótico, fotossistema II, OJIP.
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(Gossett et al., 1994). It is also suggested that plants ability 
to reduce ROS generation or oxidative damage by regulating 
electron transport were higher tolerant to drought stress 
than those having greater antioxidant potential but lower 
capability in regulating electron transport. This argument 
is supported by the fact that investment of metabolic 
energy in enhanced production of antioxidants enzymes 
is greater than in regulating electron transport.

Deserts are primarily characterized by drought and high 
temperature stress. In Cholistan desert, annual rain fall is 
low and naturally occurring water bodies on permanent 
basis are totally absent (Arshad et al., 2008). Its vegetation 
consists of grasses, herbs, shrubs and trees. Vegetation 
of Cholistan desert are major source of food for livestock 
(Arshad et al., 2008).

Of various grass species, P. antidotale is dominant, 
highly frequent and nutritive grass species having high 
ecological amplitude, thus found growing on normal 
and drought hit lands (Hameed et al., 2002; Naz et al., 
2009). Different P. antidotale populations growing on 
drought-hit areas of Cholistan desert or on normal soil 
might have experience of degree of water stress for a 
long time. Presence of specific genomic differences and 
specific selection pressure are two key factors responsible 
for development of specific physiological trait for stress 
tolerance (Noble et al., 1984; Ashraf et al., 1986; Ashraf and 
McNeilly, 1990; Al-Khatib et al., 1992). Thus it is possible 
that some of drought tolerance traits have been fixed in 
some populations of P. antidotale growing on drought 
hit areas and these populations may vary considerably 
in terms of water stress tolerance. It is also possible that 
P. antidotale populations may also differ in the regulation 
of drought tolerance mechanisms. Thus, the primary 
objective was to assess physiological basis of tolerance 
to drought stress in P. antidotale populations differing in 
degree of drought tolerance by assessing physiological 
and biochemical characters.

2. Materials and Methods

Tillers of P. antidotale were collected from natural 
population at different sites across the districts 
Muzaffargarh, Multan, Khanewal and Bahawalpur. 
Twenty mature plants of each population were collected 
and identified and verified by Prof. Dr. Zafar Ullah Zafar, 
Institute of Pure and Applied Biology, Bahauddin Zakariya 
University, Multan. Stumps of all plants were thereafter 
grown in pots filled with garden soil in a wire net house 
at the Botanic Gardens of Bahauddin Zakariya University, 
Multan Pakistan. The plants were kept under full sunlight 
and irrigated daily till their establishment.

The experiment was organised in a completely 
randomized design (CRD) having two factors (population 
and drought level) and four replicates. Randomly selected 
four tillers from each population of equal size for each 
replication were detached and transplanted in pots filled 
with garden soil. Pots had drainage holes at bottom and 
plants were irrigated regularly with tap water. After 
establishment, plants were pruned to make them uniform 
in size. Two drought levels were maintained i-e control 

1. Introduction

Water stress is a potential threat to plant growth and 
productivity losses. These losses may reach up to 50% 
subject to severity of water stress (Wang et al., 2003). It is 
compulsory for plant to maintain 80-90% water content 
to carryout metabolic and physiological processes such 
as cell division and cell enlargement, CO2 fixation into 
carbohydrates, nitrogen metabolism etc. (Lawlor and 
Cornic, 2002). Plants loose cell turgor when experience 
water deficit conditions because of lower uptake of water 
through roots or greater rate of water transpiration under 
water stress conditions. Water stress decreased water and 
nutrient uptake in plants due to decreased membrane 
permeability, active transport and transpiration (Du et al., 
2010). Drought stress decreased soil water content, limiting 
water and nutrient uptake thus causing osmotic stress and 
oxidative stress in different cellular parts of plant cells 
(Blum, 2017). To avoid osmotic stress, plants accumulate 
various inorganic and organic osmolytes which lower the 
plant water potential and cell osmotic potential that result 
in osmotic adjustment (Zlatev et al., 2006; Taiz et al., 2015).

In natural water deficit conditions, selection pressure 
selects plants with reduced leaf area. Plants with smaller 
leaves or small leaf area were better able to maintain plant 
water status by lowering transpiration rate and thus save 
soil water for later but more important reproductive stage 
(Boyer, 1982). To reduce transpirational water loss reducing 
leaf area is better strategy than stomatal closure, where 
leaf temperature is substantially increased (Guilioni et al., 
2008). Researchers are struggling to uncover plant water 
saving strategies or water use efficient mechanism which 
can be used to enhance water stress tolerance in plants 
(Blum, 2005).

Photosynthesis is known to be disturbed by mild to 
severe drought stress and affects plant growth (Ashraf 
and Harris, 2013). Photosynthesis is generally limited by 
abiotic stresses including drought or water stress either 
through stomatal limitation or metabolic limitation 
(Guan et al., 2015). Drought also affects thylakoidal 
reactions to produce ATPs by limiting electron transport. 
Imbalance in production and consumption in reducing 
equivalents through electron transport leads to reactive 
oxygen species (ROS) formation and causes photoinhibition 
or photodamage of PSII. Chlorophyll fluorescence is an 
important non-intrusive method to assess health status 
of photosynthetic apparatus. Moreover, it can be used for 
discriminating species or populations of same species for 
their tolerance against abiotic stresses including drought 
(Ashraf and Harris, 2013; Goltsev et al., 2016; Ruban, 2016; 
Kirst et al., 2017; Murchie, 2017). For example, chlorophyll 
fluorescence was reported to be an effective indicator of 
drought tolerance in several plant species, e.g., mulberry 
(Guha et al., 2013).

Although ROS are mainly produced in chloroplast, these 
are also generated in mitochondria and peroxisomes (Apel 
and Hirt, 2004). In plants, several antioxidant enzymes and 
antioxidant compounds effectively scavenge ROS species to 
protect cellular organelles under normal or stress conditions 
(Ashraf, 2009). Several studies reported that drought 
tolerance is correlated with greater antioxidant potential 
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(regular irrigation) and drought (irrigation at soil saturation 
level then no irrigation). After three weeks of drought 
stress, plants were harvested. Before harvesting plants, 
photosynthetic pigments, relative water content, soil 
moisture content, osmotic potential, total soluble proteins, 
total free amino acids, hydrogen peroxide, malondialdehyde, 
potassium accumulation and fast chlorophyll a kinetic 
analysis were measured.

2.1. Biomass

Plants were harvested from the pots after the completion 
of experiment. During harvesting roots were removed 
carefully and plants were cut into roots and shoots for 
the purpose of fresh and dry biomass. After harvest, fresh 
weight was noted while for dry weight, plants were dried 
in oven at 65°C and then dry weight was measured.

2.2. Soil moisture content

Soil sample (50 g) from each pot was taken. Fresh 
weight of soil was noted and soil samples were dried in 
oven at 105oC for 24h then dry weight of soil samples was 
recorded. Then soil moisture content (SMC) was measured 
by following Formula 1:

( )         %   X 100
    

Fresh weight of soil Ovendried weight of soilSMC
Ovendried weight of soil

−
=  (1)

2.3. Relative water content

Young mature leaves were excised and their fresh 
weights were noted. Sample leaves were immersed in 
distilled water and then turgid weight was recorded. Sample 
leaves were oven-dried and dry weight was recorded. 
Then relative water content (RWC) was calculated by 
following Equation 2:

( )      %   X 100
    

Leaf fresh weight Leaf dry weightRWC
Leaf turgid weight Leaf dry weight

−
=

−
 (2)

2.4. Osmotic potential

Freezed leaf sample was thawed and leaf sap was 
extracted. After centrifugation, sap was used for 
determination of osmotic potential by vapour pressure 
Osmometer (WESCOR 5500, USA).

2.5. Photosynthetic pigments

Photosynthetic pigments were extracted in acetone and 
determined by method of Arnon (1949). 100 mg fresh leaf 
was homogenized in 5 mL of 80% acetone. The homogenate 
was filtered. The total volume of homogenate was made 
20 mL. Absorbance of the leaf extract was recorded by 
spectrophotometer (Hitachi-U-2900) at 470, 645, 652, 
663 and 750 nm wavelengths. It was assured that extracted 
samples were of good quality without plant debris as a 
suspension by accepting absorbance 0-0.009 at 750 nm. 
Concentrations of different photosynthetic pigment were 
calculated by following Equations 3, 4, 5, 6:

( ) ( )
( ]

/   .   12.7 . 663  

 2.69 . 645   /1000  

[Chlorophyll a mg g leaf fwt O D

O D V W

= −

× ×  (3)

( ) ( )
( ]

/   .   22.9 . 645

4.68 . 66  

[

3  /1000  

Chlorophyll b mg g leaf fwt O D

O D V W

= −

× ×
 (4)

( )  /   .    Total Chlorophyll mg g leaf fwt Chlorophyll a
Chlorophyll b

= +
 (5)

( ) ( )
( ] ( )

 /   .   1000 .  470   

1 8

[

.91   95.15 /19

Carotenoids mg g leaf fwt O D

Chl a Chl b

= −

−  (6)

Where O.D is optical density

2.6. Total soluble proteins

Total soluble proteins (TSP) were quantified by method 
of Bradford (1976) by using comassie brilliant blue G-250. 
For extraction purpose, sodium phosphate buffer was used. 
Leaf sample extract (0.1 mL) was mixed with Bradford 
solution (5 mL) and absorbance was read at 595 nm by 
spectrophotometer (UV-1900 BMS). Bovine serum albumin 
was used as standard soluble protein. TSP were quantified 
by following Equation 7;

( )         /   .  
    1000

Reading of sample Volumeof sample Dilution factorTSP mg g leaf fwt
Weight of freshtissue

× ×
=

×
 (7)

2.7. Total free amino acids

Quantification of total free amino acids (TFAA) was 
done by method of Van Slyke et al. (1943). After mixing 
leaf sample extract (1 mL), 10% Pyridine (1 mL) and 2% 
Ninhydrin (1 mL), reagents were kept in water bath at 
about 90 °C for 30 min. After cooling of mixture, it was 
diluted with distilled water up to 50 mL. Absorbance was 
read at 570 nm on spectrophotometer (UV-1900 BMS). 
Leucine was used as standard free amino acid. TFAA were 
quantified by following Equation 8;

( )         /   .  
    1000

Reading of sample Volumeof sample Dilution factorTFAA mg g leaf fwt
Weight of freshtissue

× ×
=

×
 (8)

2.8. Hydrogen peroxide

H2O2 estimation in leaves was done by method of 
(Velikova et al., 2000). Fresh leaf tissue (0.5 g) was 
homogenized in trichloroacetic acid solution (5 mL). After 
centrifugation, supernatant (0.5 mL), potassium phosphate 
buffer (0.5 mL) and KI (1mL) were mixed. Mixture in test 
tube was vortex and absorbance was read at 390 nm on 
spectrophotometer (UV-1900 BMS). The absorbance of 
reaction mixture was recorded at 390 nm.

2.9. Malondialdehyde

Membrane lipid peroxidation was assessed as 
malondialdehyde content by following Cakmak and 
Horst (1991). Fresh leaf tissue (1 g) was homogenized 
in trichloroacetic acid solution (3 mL). Homogenate was 
centrifuged at 20000 g for 15 min. 20% Trichoroacetic acid 
containing 0.5% thiobarbituric acid (3 mL) was added to 
leaf sample extract supernatant (0.5 mL). Mixture was 
heated in water bath and cooled in ice water bath. Sample 
mixture was centrifuged and absorbance was read at 
532 and 600 nm on (UV-1900 BMS). The amount of MDA 
was calculated using following Formula 9
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( ) ( )532 600 

5

      /  

1.56  10
nm nmMDA concentration nano mole A A

x

− = ∆ −
 (9)

2.10. Chlorophyll a fluorescence

Continuous chlorophyll a fluorescence over one second 
(OJIP) on the leaves of each Panicum antidotale population 
was measured using handheld device FluorPen FP100 (PSI, 
Burno, Czech Republic). The leaves of each Panicum 
antidotale population were dark adapted for 20 min to 
ensure complete oxidation of PSII. A saturation pulse 
was applied on the dark-adapted leaf (4 mm area) with 
two light emitting diodes. The length of saturation pulse 
was 0.8 sec with 3000 μmole m-2s-1. The fluorescence was 
recorded after every 10 μs initially till 2 ms. Fluorescence 
at different time points was also recorded such as Fo as O 
(Fluorescence at 40-50 μs), FJ or Fluorescence at J (2 ms) 
point, FI or fluorescence at point I (30 ms), and fluorescence 
at point P (500 ms) or maximum fluorescence (Fm). The raw 
curves of OJIP were plotted on log scale. To assess differences 
in fluorescence under control and stress conditions, raw 
curves were first normalized by Fo or Fm or by both Fo and 
Fm values and then their differences were calculated. Both 
normalized and differential kinetics curves were plotted 
on log scale. Several JIP-test parameters were obtained 
from FluorPen 1.1 software (Photon System International, 
Czech Republic).

2.11. Leaf potassium

Accumulation of K+ in leaf was determined by method 
of Allen et al. (1986). After digestion of dry leaf material 
(0.1 g), sample was diluted up to 50 mL and filtered. This 
filtrate sample was used for estimation of potassium 
ion with flame photometer (JENWAY PFP 7). Potassium 
accumulation in leaves was calculated by following 
Equation 10;

( )            /  .   
    1000 1000 

Reading of sample Volumeof sample Dilution factor Molecular weightLeaf potassium mg g dwt
Weight of dry tissue

× × ×
=

× ×
 (10)

2.12. Statistical analysis

Analysis of variance (ANOVA) of data was determined 
by using COSTAT, statistical software (Cohort Software, 
Berkeley, California). Separate ANOVA was determined 
and means were compared for shoot fresh weight in order 
to assess masked effect of drought within populations on 
shoot fresh weight. Mean values were compared with LSD 
test following Snedecor and Cochran (1989).

3. Results

Analysis of variance of the data from all growth 
parameters shows that water stress had an adverse effect 
on growth of plants of different populations of P. antidotale. 
For example, imposition of water stress reduced shoot 
fresh and dry biomass of all P. antidotale populations. 
All populations of P. antidotale differed significantly in 
terms of their fresh and dry weight under water stress and 
control conditions. Although interaction term ‘Drought × 
Populations’ was significant for shoot fresh weight while 

populations of P. antidotale were statistically similar in their 
shoot fresh weights under drought condition. It could be 
due to a strong inhibitory effect of water deficit on shoot 
fresh weight, which may have masked ecotypic variation 
among the populations examined in the present study. 
Thus, a separate ANOVA was computed and means were 
compared. Analysis showed that maximum shoot fresh 
weight was found in the population from Multan followed 
by population from Muzaffargarh. Minimum shoot biomass 
was found in population from Khanewal. Cholistani 
populations (Dahranwala, Dingarh Fort, Dingarh Grassland 
and Haiderwali) were intermediate in shoot fresh weights. 
Among Cholistani populations, Dahranwala population 
had lower shoot fresh biomass (Table 1; Figure 1a). Shoot 
dry weight was also decreased due to water deficit. 
Under water stress, maximum shoot dry biomass was 
found in population from Multan, Muzaffargarh, Dingarh 
Grassland, Haiderwali and Dingarh Fort. Minimum shoot 
dry biomass was recorded in Khanewal population, while 
intermediate in Dahranwala population. But high percent 
decrease in shoot fresh and dry biomass was recorded 
in non-Cholistan desert populations comparing with 
Cholistani populations (Table 1; Figure 1b). Data showed 
that imposition of drought stress caused a considerable 
decrease in root fresh weights of all populations of P. 
antidotale. Maximum root fresh weight was found in 
Dingarh Grassland population. Water stress caused a 
markedly decrease in root dry weight of populations 
from Multan, Dahranwala and Dingarh Grassland only, 
whereas root dry weights remained unchanged in other 
populations due to drought stress (Table 1; Figure 1c, 1d).

Water stress caused a marked reduction in chlorophyll 
a, chlorophyll b, total chlorophyll and carotenoids (Table 1; 
Figures 2, 3). All populations of P. antidotale did not differ 
significantly with each other in all photosynthetic pigments.

Relative water content (RWC) in leaves of all P. antidotale 
populations was decreased significantly under imposed 
water stress. Populations of P. antidotale differed in RWC 
significantly under water stress. Moreover, the interaction 
term, Drought × Populations, was also non-significant. 
Under drought stress, maximum value of RWC was observed 
in Dahranwala population followed by Haiderwali and 
Multan. Minimum RWC value was recorded in Dingarh 
Fort population (Table 1; Figure 4a). Soil moisture content 
in pots of each P. antidotale population was decreased 
significantly due to three week drought stress. Soil 
moisture content was similar in the pots of P. antidotale 
populations growing under normal or water stressed 
conditions (Table 1; Figure 4b). Significant decrease in 
osmotic potential was recorded in leaves of all P. antidotale 
populations under drought stress. Maximum decrease 
in osmotic potential due to water stress was recorded 
in Khanewal population, whereas minimum decrease in 
osmotic potential was recorded in Dingarh Grassland and 
Haiderwali populations (Table 1; Figure 4c).

Accumulation of total soluble proteins (TSP) in leaves 
significantly was increased in Dingarh Grassland and 
Haiderwali populations of P. antidotale only, whereas it 
remained statistically similar in all other populations. 
Accumulation of TSP was highest in population from 
Haiderwali under water stress conditions, whereas 
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populations from Muzaffargarh and Dingarh Fort were 
lowest in this biochemical attribute (Table 1; Figure 5a). 
Similarly, total free amino acids (TFAA) were enhanced in all 
P. antidotale populations except in populations from Multan 
and Dingarh Fort. Among all populations, maximum TFAA 
were found in plants from Haiderwali population. Minimum 
TFAA were found in plants of Dahranwala populations 
(Table 1; Figure 5b). Water deficit significantly enhanced 
hydrogen peroxide (H2O2) production and malondialdehyde 
(MDA) in leaves of all P. antidotale populations. Minimal 
increase in both hydrogen peroxide and malondialdehyde 
production was found in population from Dingarh Fort. 
Although maximal H2O2 production due to water stress was 
found in populations from Muzaffargarh and Khanewal, 
both were intermediate in leaf MDA. Similarly, plants 
of population from Haiderwali had maximal amount 
of MDA in leaves under water stress conditions, it was 
intermediate in H2O2 production (Table 1; Figure 6a, 6b).
Under water stress condition, K+ accumulation in leaves 
of populations from Muzaffargarh and Dingarh Fort was 
increased significantly, whereas it remained same in all 
other populations. K+ accumulation in leaves was maximum 
in Dingarh Fort and minimum in Khanewal population 
(Table 1; Figure 6c).

Progressive water stress was imposed on seven P. 
antidotale populations grown is soil culture by withholding 
water till wilting or leaf rolling at extreme conditions. After 
23 days of drought, non Cholistani populations showed 
complete leaf rolling and these populations could not 
withstand with more water stress condition. Therefore, 
these populations were re-watered while Cholistani 
populations remained under water stress condition. 
A comparison of photosynthetic potential in different 
populations of P. antidotale was made by assessing PSII 
structural stability under progressive drought stress 
using fast chlorophyll a kinetic analysis. Moreover, ability 
of ecotypes of P. antidotale to recover from PSII photo-
inhibition or photo-damage upon rehydration was also 
made. Structural stability of PSII to water stress was 
assessed using semi-quantitative and quantitative analysis. 
From the results of raw OJIP curves, differential kinetics of 
double normalized curves between O-P phases, it is clear 
that drought stress caused a significant change in the shape 
of OJIP curves over progressive drought in all ecotypes/
populations of P. antidotale (Figures 7, 8) However, in non-
Cholistani populations such changes appeared after 19 days 
of progressive drought, whereas in Cholistani populations 
such changes appeared after 31 days of progressive drought 
indicating that Cholistani populations had greater ability 

Table 1. Mean squares from analysis of variance of data for various parameters of seven Panicum antidotale populations, when three 
weeks old tillers of each population were subjected to drought stress for three weeks. 

SOV df SFW SDW RFW RDW Chl a Chl b

Drought 1 2659.7*** 75.4*** 1117.6*** 38.8*** 0.540* 0.112**

Populations 6 72.2** 7.8** 35.7** 8.5*** 0.094ns 0.013ns

Drought × 
Populations

6 55.4** 4.9* 21.5ns 6.5*** 0.150ns 0.014ns

Error 42 15.7 2.0 10.2 1.2 0.099 0.011

Total 55

SOV df Chl a/b Total Chl Carotenoids Car/Chl RWC SMC

Drought 1 0.158ns 1.358** 25.712* 2.686ns 17276.1*** 1721.1***

Populations 6 0.273ns 0.131ns 2.850ns 2.253ns 103.0* 22.3ns

Drought × 
Populations

6 0.257ns 0.281ns 5.023ns 3.328ns 46.0ns 15.8ns

Error 42 0.326 0.142 4.142 1.670 41.3561 12.1

Total 55

SOV df OP TSP TFAA MDA H2O2 Leaf K+

Drought 1 0.584*** 35.6*** 6.4*** 149.7*** 17857.5*** 173.5***

Populations 6 0.064*** 5.8* 0.9*** 4.5*** 103.3*** 35.3***

Drought × 
Populations

6 0.075*** 8.0** 0.5*** 4.1*** 346.7*** 54.3***

Error 42 0.012 01.1 0.1 0.4 13.4 7.4

Total 55

SOV = Source of variance; df = Degree of freedom; SFW = Shoot fresh weight; SDW = Shoot dry weight; RFW = Root fresh weight; RDW = Root dry 
weight; Chl a = Chlorophyll a; Chl b = Chlorophyll b; Chl a/b = Chlorophyll a/b ratio; Total Chl = Total Chlorophyll; Car/Chl = Carotenoid/Chlorophyll 
ratio; RWC = Relative water content; SMC = Soil moisture content; OP = Osmotic potential; TSP = Total soluble proteins; TFAA = Total free amino 
acids; MDA = Malondialdehyde; H2O2 = Hydrogen peroxide; Leaf K+ = Leaf Potassium; ns = Non-Significant; *, **, *** Significant at 0.05, 0.01 and 
0.001 levels respectively.
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Figure 1. (a) Shoot fresh weight, (b) shoot dry weight, (c) root fresh weight and (d) root dry weight of seven Panicum antidotale populations, 
when three weeks old tillers of each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN = Multan; 
KW = Khanewal; DW = Dahranwala; DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant difference 
at 5%; ns = Non significant; Error bars represent standard error; Mean ± S.E; Means of populations in control conditions are compared 
with capital letters while means of populations in saline conditions are compared with small letters.
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Figure 2. (a) Chlorophyll a, (b) chlorophyll b, (c) chlorophyll a/b ratio and (d) total chlorophyll of seven Panicum antidotale populations, 
when three weeks old tillers of each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN = Multan; 
KW = Khanewal; DW = Dahranwala; DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant difference 
at 5%; ns = Non significant; Error bars represent standard error; Mean ± S.E.
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to protect PSII over longer period of progressive drought. 
Differential kinetics of double normalized curves showed 
that a significant increase in fluorescence at K (stability of 
oxygen evolving complex), J (energetic connectivity of PSII 
core-complex with antennae) and I (re-reduction of PQ pool 
by PSI activity) phases after 19 and 23 days of progressive 
drought in all non Cholistani P. antidotale populations 
(Muzaffargarh, Multan and Khanewal). After 24 hours of 
rehydration, population from Khanewal gets recovered 
completely while population that from Multan partially 
recovered. Moreover, population from Muzaffargarh did 
not recovered from changes in fluorescence at K, J and I 
steps indicating damages to PSII at donor and acceptor 
end of PSII or blockage in intersystem electron transport 
to drought stress (Figures 7, 8).

After 29 and 31 days of progressive drought, a significant 
increase in fluorescence at K, J or I phases was found in 
populations those from Cholistan (Dahranwala, Dingarh 
Fort, Dingarh Grassland and Haiderwali). On D29, among 
Cholistani populations, K phase appeared in population 
from Dahranwala, J phase appeared in Dingarh Grassland 
while I phase appeared in all four populations. However, 
fluorescence rise at I phase was more in Dingarh Grassland 
population followed by the populations from Haiderwali 
and Dahranwala while less in Dingarh Fort. After 24 hours 
of rehydration, among Cholistani populations, changes in 
fluorescence at K, J and I phases did further increase in 

fluorescence in populations those from Dahranwala and 
Dingarh Fort while changes in fluorescence remained 
same in populations those from Dingarh Grassland and 
Haiderwali. These results indicated that drought stress 
caused the blockage of intersystem electron transport 
that lead to PSII irreversible photo-inhibition of PSII in 
populations from Dahranwala, Dingarh Fort and Dingarh 
Grassland. However, such drought induced damages 
to intersystem electron transport in population from 
Haiderwali lead to least photo-inhibition. From these 
results, it is suggested that all four Cholistani populations 
had less ability to recover PSII activity after 24 hours 
of rehydration except population from Haiderwali 
(Figures 7, 8).

Progressive drought stress caused a significant increase 
in Fo, Fj, Fi and Fm in all seven grass populations of P. 
antidotale. Overtime, fluorescence at all these steps was 
decreased significantly. However, 24 hours after rehydration 
both parameters of basic fluorescence were decreased as 
compared to 15 days water stressed plants of all seven 
grass populations except that from Muzaffargarh (Table 2).

Drought stress caused significant increase in relative 
variable fluorescence at J and I steps of plants of all 
populations of P. antidotale. Maximum increase in 
both these parameters was found in populations from 
Muzaffargarh and Multan. Among Cholistani populations, 

Figure 3. (a) Carotenoids and (b) carotenoids/chlorophyll ratio of seven Panicum antidotale populations, when three weeks old tillers of 
each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN = Multan; KW = Khanewal; DW = Dahranwala; 
DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant difference at 5%; ns = Non significant; Error 
bars represent standard error; Mean ± S.E.
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Figure 4. (a) Relative water content, (b) soil moisture content and (c) osmotic potential of seven Panicum antidotale populations, when 
three weeks old tillers of each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN = Multan; KW = 
Khanewal; DW = Dahranwala; DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant difference at 
5%; ns = Non significant; Error bars represent standard error; Mean ± S.E; Means of populations in control conditions are compared 
with capital letters while means of populations in saline conditions are compared with small letters.

population that from Haiderwali showed a minimal increase 
in relative variable fluoresce at J and I steps (Table 2)

Short term drought stress did not affect PSII quantum 
yield of all seven populations of P. antidotale. Prolong 
drought stress caused a significant decrease (P < 0.05) 
in quantum yield of PSII (Fv/Fm) and stability of oxygen 
evolving complex (Fv/Fo) in all populations of P. antidotale 
(Table 2). Rate of reduction of QA (Mo), fraction of reduced 
PQ pool (Area) and PQ pool (Fix area) were significantly 
increased due to drought stress. Rate of reduction of QA or 

PSII closure along with fraction of reduced PQ pool were 
maximum in water stressed plants of populations those 
from Muzaffargarh, Multan and Khanewal. However, pool 
of PQ was greater in water stressed plants of populations 
those from Cholistan desert (Table 2).

Performance index PIABS was significantly reduced due 
to progressive water stress in all seven populations of P. 
antidotale. Maximum reduction in PIABS due to drought stress 
was found in non-Cholistani populations. Among Cholistani 
populations, plants of population from Haiderwali had 
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maximal PIABS under maximum duration of water stress 
condition (Table 2). Of various bioenergetics fluxes, ABS/
RC and TRo/RC were increased with progressive drought 
stress while ETo/RC was decreased considerably. However, 
populations did not differ in ETo/RC under normal or water 
stressed conditions. Moreover, DIo/RC was increased 
considerably in non-Cholistani populations of P. antidotale 
due to progressive drought stress (Table 2). Active reaction 
centre density was decreased due to progressive drought 
in all populations. However, this decrease was maximal in 
populations that from Muzaffargarh and Multan.

4. Discussion

Plants inhabiting in drought hit areas such as grasses 
are adapted to water deficit conditions and proposed 
to use in identifying mechanisms of drought tolerance. 
In the present study, seven P. antidotale populations 
were collected from habitats (with varying soil water 
status) were examined for drought tolerance. Natural 
populations were collected from different regions of 
Cholistan (Dahranwala, Dingarh Fort, Dingarh Grassland 
and Haiderwali) and non- Cholistan areas (Muzaffargarh, 
Multan and Khanewal). During the study, it has been found 
that growth of all seven P. antidotale populations was 
reduced under low moisture regime. Though, populations 

from non-cholistani regions had relative lower growth 
than populations from Cholistan regions under drought 
condition. Non-cholistani population from Muzaffargarh 
and Cholistani population that from Haiderwali had greater 
dry biomass under drought stress. Greater water stress 
tolerance in populations from Muzaffargarh and that from 
Haiderwali can be related to their adaptive potential to 
their dry habitats. Habitats of these two sites are drier 
than those of other habitats. Moreover, drought stress 
sensitivity in populations from Khanewal and Multan can 
be related to adaptation to available soil moisture content.

From these results and already published reports, 
variation in drought tolerance in P. antidotale populations 
collected from different habitat/sites may have been due 
to different selection pressure of availability of water in 
different habitat (Bennington and McGraw, 1995; Dudley, 
1996a, b; Heschel et al., 2002). Plants responses to water 
stress are very complex and natural populations develop 
multitude morpho-physiological characteristics which 
enable the plants to cope with extreme environmental 
conditions including drought stress. Drought stress affects 
elongation and expansion growth (Jaleel et al., 2009). 
Present study findings are similar to some of the earlier 
studies in which genetic variability for drought tolerance 
has been documented such as in grasses (Ashraf and 
Yasmin, 1995), P. antidotale (Shahbaz et al., 2012) and Zea 
mays cultivars (Ashraf et al., 2007).

Figure 5. (a) Total soluble proteins (TSP) and (b) total free amino acids (TFAA) seven Panicum antidotale populations, when three weeks 
old tillers of each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN = Multan; KW = Khanewal; 
DW = Dahranwala; DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant difference at 5%; Error 
bars represent standard error; Mean ± S.E; Means of populations in control conditions are compared with capital letters while means 
of populations in saline conditions are compared with small letters.
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Two important aspects which are interlinked with each 
other are growth and photosynthesis. Chlorophyll is an 
important component of chloroplast which is necessary for 
photosynthesis. Under water stress, reduction in chlorophyll 
content is usually considered as sign of oxidative stress. 
It may be due to photooxidation of pigment and degradation 
of chlorophyll (Huseynova et al., 2009). Results from 
present study show that drought stress caused marked 
reduction in photosynthetic pigments (Chl a, Chl b, total Chl 
and carotenoids) in leaves of all P. antidotale populations. 
Reduction in photosynthetic pigments might be due to 
reduced synthesis of chlorophyll or chlorophyll binding 
proteins LHC (Allakhverdiev et al., 2003) or increase in 
chlorophyll degradation by increase in chlorophyllase 
enzyme or chlorophyll degradation by singlet oxygen 
generation under water stress (Krieger-Liszkay, 2005). 

From the results, it is suggested that population tolerant to 
water stress had greater ability to protect photosynthetic 
pigments from photooxidative damage or higher rate of 
biosynthesis under drought stress.

Maintenance of plant water status for sustained growth 
is essential and relative water content (RWC) is more 
important physiological indicator for the assessment of 
plant water status than any other water relation parameters 
under water deficit conditions (Boyer et al., 2008). Drought 
tolerant or Cholistani populations of P. antidotale had 
greater RWC. Similarly, minimum reduction in osmotic 
potential was observed in Cholistani populations Dingarh 
Grassland and Haiderwali. Lowering of osmotic potential 
due to net solute accumulation in response to water 
stress has been observed in drought tolerant populations. 
Under stressful condition, osmotic adjustment may also 

Figure 6. (a) Malondialdehyde (MDA), (b) Hydrogen peroxide (H2O2) and (c) potassium (K+) accumulation in seven Panicum antidotale 
populations, when three weeks old tillers of each population were subjected to drought stress for three weeks. MG = Muzaffargarh; MN 
= Multan; KW = Khanewal; DW = Dahranwala; DF = Dingarh Fort; DG = Dingarh Grassland; HW = Haiderwali; LSD0.05 = Least significant 
difference at 5%; ns = Non significant; Error bars represent standard error; Mean ± S.E; Means of populations in control conditions are 
compared with capital letters while means of populations in saline conditions are compared with small letters.
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be favoured by solutes like accumulation of total soluble 
proteins, total free amino acids and soluble sugars. In our 
study accumulation of total soluble proteins in the leaves 
was significantly increased in Dingarh Grassland and 
Haiderwali populations of P. antidotale only. Similarly, 
total free amino acids were increased in all P. antidotale 
populations except in populations from Multan and 
Dingarh Fort. These results are similar to some earlier 
findings in which it has been observed that progressive 
drought increased the total free amino acids in wheat 
(Lawlor, 2002). Accumulation of total soluble proteins 
and total free amino acids are directly related with leaf 
osmotic potential and thus water status of leaf. Therefore, 
P. antidotale populations from Haiderwali and Dingarh 

Grassland might have maintained their water status with 
increase in total soluble proteins and total free amino acids 
concentration under water stress. Remarkable osmotic 
adjustment was observed during study in Jatropha curcas 
(Silva et al., 2010). From our results we can suggest that 
P. antidotale populations from Dingarh Grassland and 
Haiderwali have better ability of osmotic adjustment as 
compare to population from Khanewal under water stress.

Drought stress causes the oxidative stress by generation 
of ROS species in various cellular organelles including 
chloroplast and thus reduced the photosynthetic capacity. 
Plant species tolerant to oxidative stress have greater 
photosynthetic efficiency. In this study, drought stress 
increased hydrogen peroxide (H2O2) and membrane 

Figure 7. Differential kinetics of fast chlorophyll a fluorescence analysis ΔVOP of non Cholistani Panicum antidotale populations, when 
three weeks old tillers of each population were subjected to drought stress for various days.
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Figure 8. Differential kinetics of fast chlorophyll a fluorescence analysis ΔVOP of Cholistani Panicum antidotale populations, when three 
weeks old tillers of each population were subjected to drought stress for various days.
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damage (measured as Malondialdehde, MDA) in leaves 
of P. antidotale populations. MDA is a product of lipid 
peroxidation (decomposition of polysaturated fatty 
acids of biomembranes) and it is considered as sign of 
oxidative damage. Therefore, its increased concentration 
shows plants under stress (Pan et al., 2006). Hydrogen 
peroxide is potential biochemical oxidative stress in 
plants as membrane damages mainly occur due this toxic 
substance (Foyer, 2018). The difference in responses of 
lipid peroxidation and hydrogen peroxide concentration 
in leaves of P. antidotale populations is associated with 
drought stress tolerance level.

Mineral nutrients are required by plant for growth 
and development (Marschner, 1995). Water stress 

causes reduction in uptake of mineral nutrients in plants 
(Marschner, 1995; Baligar et al., 2001). Drought resistant 
plants usually show minor reduction in nutrients absorption 
(Garg, 2003; Gunes et al., 2006). Potassium has various 
physiological roles in drought stress tolerance in plants 
such as osmoregulation, photosynthesis, protein synthesis 
etc. (Khan et al., 1999). Alam (1994) reported that plant 
root growth and potassium diffusion are influenced by soil 
moisture content. In our results, P. antidotale populations 
showed significant difference in K+ accumulation in 
leaves. Under drought stress, drought tolerant populations 
those from Muzaffargarh and Dingarh Fort had greater 
K+ accumulation in their leaves. Shahbaz et al. (2012) 
also demonstrated that drought tolerant population of P. 

Table 2. Mean squares from analysis of variance of data for OJIP parameters of seven Panicum antidotale populations, when three weeks 
old tillers of each population were subjected to drought stress for various days. 

SOV df Fo Fj Fi Fm

Populations 6 1239690.2ns 6506784ns 11630517ns 33708020ns

Drought 1 71019130*** 4.8259*** 8.49253*** 6.3791***

Duration 3 69180781*** 8.6279*** 1.72628*** 2.9765***

Populations × Drought 6 3121082.2*** 30508835*** 61182624** 62399878*

Populations × Duration 18 1206621.6* 8539261.4ns 18640956ns 30960855ns

Drought × Duration 3 9751252.9*** 82151661*** 1.1255*** 1.2205**

Populations × Drought × Duration 18 3030085*** 29643234*** 63104429*** 76164003***

Error 392 612090.04 7093298.1 18285644 25202719

Total 447

SOV df Fv/Fo Fv/Fm Mo PIABS

Populations 6 1.6757*** 0.0048*** 0.0867*** 6.0623***

Drought 1 10.0586*** 0.0333*** 1.6852*** 80.8137***

Duration 3 6.5188*** 0.0140*** 0.6056*** 5.8465***

Populations × Drought 6 0.8959** 0.0030** 0.0941*** 3.2926***

Populations × Duration 18 0.3667ns 0.0009ns 0.0135ns 0.9683*

Drought × Duration 3 0.9921* 0.0024* 0.1639*** 11.9201***

Populations × Drought × Duration 18 0.1749ns 0.0005ns 0.0326*** 0.8276*

Error 392 0.2660 0.0008 0.0096 0.5013

Total 447

SOV df ABS/RC TRo/RC ETo/RC DIo/RC

Populations 6 0.1227* 0.0399ns 0.0759*** 0.0495**

Drought 1 6.2056*** 2.3391*** 0.0534** 0.9256***

Duration 3 2.3343*** 2.1024*** 0.5458*** 0.0394*

Populations × Drought 6 0.3565*** 0.1335*** 0.0096ns 0.0637***

Populations × Duration 18 0.0711ns 0.0289ns 0.0084ns 0.0147ns

Drought × Duration 3 0.4252*** 0.1678*** 0.0528*** 0.0621**

Populations × Drought × Duration 18 0.1119** 0.0592*** 0.0106* 0.0137ns

Error 392 0.0461 0.0193 0.0056 0.0132

Total 447

SOV = Source of variance; df = Degree of freedom; ns = Non-Significant; *, **, *** Significant at 0.05, 0.01 and 0.001 levels respectively.
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antidotale had greater ability to accumulate K+ in leaves 
under water stress. Likewise, Tanguilig et al. (1987) found 
greater K+ uptake in drought tolerant maize cultivars. 
Long ago, it has been demonstrated that drought tolerant 
plants had better ability for uptake and accumulation of 
macronutrients such as N, P and K under drought stress 
conditions such as chickpea (Gunes et al., 2006), grasses 
(Akram et al., 2008) and soybean (Samarah et al., 2004) .

Progressive drought caused the gradual depletion of 
soil moisture which had negative effects of leaf water 
status and photosynthetic activity of all populations of P. 
antidotale. It is suggested that adverse effects of drying soil 
on photosynthesis was mainly due to higher level of leaf 
dehydration. Progressive drought caused PSII damages after 
19 days and it became severe after 23 days in non-Cholistani 
populations of P. antidotale as revealed by several changes 
in OJIP raw curves and differential kinetics of double 
normalized curves between O and P time points. However, 
in Cholistani populations such damages appeared after 
almost one month. These differences were possibly due to 
differences in maintenance of plant water status in both 
these types of populations. Comparison of OJIP curves and 
JIP-test parameters indicated extent of damages to different 
sites of PSII such as antenna and core protein, donor and 
acceptor site of PSII and reaction centre. Moreover, it also 
reveals about inhibition in electron transport. For example, 
drought increased Fo in non-Cholistani populations after 
19 and 23 days of drought stress whereas no significant 
change was found Cholistani populations. This increase in 
Fo can be reasoned to either due to structural damage at 
antenna and core protein leading to lower energy transfer 
from antenna to reaction centre or inactivation of reaction 
centre (Redillas et al., 2011; Goltsev et al., 2012). Moreover, 
increase in relative variable fluorescence at J step (VJ) and 
appearance of K band (ΔOJ) in non-Cholistani populations 
after 19 and 23 days of drought suggested that antenna 
complex and core proteins of PSII in Cholistani population 
remain intact over longer period of time. Moreover, 
Cholistani populations of P. antidotale had greater ability 
to resist an imbalance in electron transfer from donor 
end to accepter side to PSII caused by the drought stress 
as has been earlier report in wheat (Zivcak et al., 2014). 
Changes in fluorescence at I step indicates oxidation/
reduction status of PQ pool (Ceppi et al., 2012) and drought 
stress caused over-reduction of PQ pool in all populations 
of P. antidotale. Such adverse effects appeared earlier in 
non-Cholistani populations. This result indicated that 
Cholistani populations were better capable to maintain 
rate of PQ pool reduction as has been found in some 
drought tolerant genotypes of barley (Rapacz et al., 2019), 
rapeseed (Lotfi et al., 2018), grapes (Wang et al., 2012, 2015) 
and mango (Helaly et al., 2017). Changes in fluorescence 
in I-P phase indicated the electron flux from PQH2 to PSI 
end electron acceptors (Bussotti, 2004; Guha and Reddy, 
2014; Bussotti et al., 2020). Severe drought stress reduced 
this phase after 23 days of water stress in non-Cholistani 
populations which might have been due to severe reduction 
in leaf water status. The energy transformation status in 
reaction center was assessed by calculating energy flux 
per active reaction center (Strasser et al., 2000, 2004, 
2007; Stirbet and Govindjee, 2011; Goltsev et al., 2012). 

Drought stress increased the energy fluxes for absorption, 
trapping and electron transfer per active reaction center. 
It is suggested that such increase in absorption energy 
flux can be related to inactivation of reaction centers or 
regrouping of antenna of inactive PSII reaction centers to 
active PSII reaction centers (Strasser et al., 2000, 2004, 
2007). Moreover, quantum yield of probability of electron 
transfer further than QA reduced substantially particularly 
in non-Cholistani population indicating inhibition or down 
regulation of electron transfer thereby resulting in increase 
in heat dissipation per active reaction center (Guha et al., 
2013; Guha and Reddy, 2014). This lowering in electron 
transport facilitated Cholistani populations in lesser 
over-reduction of electron acceptors and photo-oxidative 
PSII damage (Zivcak et al., 2013). Difference in energy 
fluxes for absorption, electron transfer and dissipation 
might have contributed in photoprotection of PSII under 
severe drought stress. Moreover, this ability was greater 
in Cholistani populations.

5. Conclusion

Water stress is important environmental factor that 
cause reduction in plant growth of P. antidotale. Moreover, 
considerable variation has been observed in populations 
of P. antidotale for drought tolerance. Populations of P. 
antidotale that from Cholistan showed better growth under 
water stress conditions as compared to that from other than 
Cholistan desert. Better ability to maintain leaf water status 
was probably due osmotic adjustment. However, drought 
sensitive population that from Khanewal was unable to 
maintain turgor despite having lower osmotic potential. 
Water stress decreased the photosynthetic pigments and 
activity of photosystem-II (PSII). However, greater drought 
tolerance in Cholistani populations was associated with 
protection from oxidative damage and greater PSII stability 
and functionality. Similarly, progressive drought stress 
caused leaf wilting by lowering in soil moisture content, 
lower water uptake and thus lower leaf water content, 
increase in oxidative stress and decrease in PSII activity. 
Such adverse physiological changes over three weeks caused 
reduction in growth of all populations of P. antidotale. 
However, leaf wilting in populations of P. antidotale that 
from Cholistan desert was observed after four weeks. 
Detailed chlorophyll fluorescence analysis suggested that 
drought tolerance was mainly due to maintenance of leaf 
water content and regulation of electron transport and 
protection of PSII from drought induced oxidative stress. 
Photoinhibition of PSII was lesser in populations that from 
Cholistan desert. Chlorophyll a fluorescence is non-invasive 
technique which can be used for measurement of stress 
tolerance level and screening purpose.
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Photosynthetic acclimation in Panicum antidotale

Abbreviations

Symbols/Items Descriptions

SFW Shoot fresh weight

SDW Shoot dry weight

RFW Root fresh weight

RFW Root dry weight

Chl a Chloropyll a

Chl b Chlorophyll b

Chl a/ Chl b Chloropyll a/Chlorophyll b ratio

Total Chl Total chlorophyll

Car/Chl Carotenoids/Chlorophyll ratio

RWC Relative water content

OP Osmotic potential

TSP Total soluble proteins

TFAA Total free amino acids

H2O2 Hydrogen peroxide

MDA Malondialdehyde

K+ Potassium ion

PSI Photosystem I

PSII Photosystem II

LHC Light harvest complex

RC Reaction center

QA Quinone A (Primary quinone acceptor of PSII)

QB Quinone B (Secondary quinone acceptor of PSII)

K step Stability of oxygen evolving complex

J step Energetic connectivity of PSII core-complex with antennae

I step Re-reduction of PQ pool by PSI activity

Fo Minimum fluorescence (50 μs) of OJIP, when all reaction 
centers of PSII are assumed to be open.

Fm Maximum fluorescence at the peak of OJIP, when all reaction 
centers of PSII are assumed to be close.

Fj Fluorescence at J step (2 ms) of OJIP

Fi Fluorescence at I step (30 ms) of OJIP

Fv Variable chlorophyll fluorescence

Vj Variable chlorophyll fluorescence at J step

Vi Variable chlorophyll fluorescence at I step

Fm/Fo Fm/Fo ratio

Fv/Fo Fv/Fo ratio (a value that is proportional to the activity of the
water-splitting complex on the donor side of the PSII)

Fv/Fm Fv/Fm ratio (a value that is related to the maximum quantum
yield of PSII)

Mo Rate of closure of PSII (Approximate value of the initial slope 
of relative variable chlorophyll fluorescence curve)

Area Area above chlorophyll fluorescence curve between Fo and Fm 
(representing size of plastoquinone pool

Fix Area Fix area above chlorophyll fluorescence curve between Fo and 
Fm (representing size of plastoquinone pool)

N Number of QA redox turnovers until Fm is reached (the 
number indicating how many times QA is reduced while 
fluorescence reaches its maximal value)

PIABS Performance index for energy conservation from photon 
absorbed by PSII antenna to reduction of QB

ABS/RC Absorbed energy flux per PSII reaction center

TRo/RC Trapped energy flux per PSII reaction center

ETo/RC Electron transport flux per PSII reaction center

DIo/RC Dissipated energy per PSII reaction center


