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Drought-induced variation in Photosystem II activity and Chlorophyll index: Implications for yield performance in mulberry genotypes.


ABSTRACT
The success of the sericulture industry depends critically on the production of high-quality mulberry leaves, is frequently constrained by moisture stress. The present experiment was carried out to assess the effect of moisture stress on four mulberry genotypes and three varieties in Rain Out Shelter at TNAU, Coimbatore. 120 days old mulberry plants were grown in pots and subjected to three water regimes viz., 100% PC, 50% PC and 25% PC for 30 days. Physiological traits such as chlorophyll fluorescence (Fv/Fm), chlorophyll index and chlorophyll stability index (CSI) were estimated before imposing stress and 30 days after drought stress. Higher chlorophyll fluorescence (Fv/Fm=0.78) and chlorophyll index (36.5) values were observed in mulberry genotype MI-0425 at severe drought stress. Genotype MI-0613 recorded lower fluorescence and chlorophyll index with higher reduction percentage of 41.67% and 51.77% respectively under stress conditions. CSI was altered by drought stress and decreased up to 55.35% and 60.05% in MI- 0613 and MI-0658 respectively. But lesser reduction was observed in genotypes MI-0425 (10.86%) followed by V1 (11.96%). V1 recorded higher yield under drought stress. While the genotype MI-0425 showed lesser reduction in yield and TDMA (Total Dry Matter Accumulation) under drought stress. It was clearly pronounced that mulberry with higher Fv/Fm values were found to have higher chlorophyll index resulted in lesser yield reduction at moderate and intense stress. Genotype MI-0425 and variety V1 performed well under moisture stress by maintaining higher fluorescence value coupled with higher CSI. Therefore, the study concluded that chlorophyll fluorescence, chlorophyll index, and CSI are effective indices for assessing drought tolerance in mulberry.	Comment by LENOVO: Remember humidity levels	Comment by LENOVO: When did the study start and when did it end?
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1. INTRODUCTION
India stands as the world’s second largest silk producer after China, and it is the only country producing four types of natural silk in world. Tamil Nadu occupies fourth position in national silk production with tune of around 2,679 MT (Central Silk Board - Annual report-2023-24). Area under mulberry cultivation is around 48,045 acres in Tamil Nadu (State Department of Sericulture, Tamil Nadu- Feb 2025). Quality mulberry leaf production is the key factor which determines the quantity and quality of cocoon production and the luxurious silk fabrics. High yielding mulberry varieties requires optimum inputs like water, fertilizer etc. in order to increase the productivity. Mulberry crop is affected by acute moisture stress in soil during post rainy season, resulting low leaf yield and coupled with poor quality silkworm survival (Benchamin et al., 1997). Ohyama (1988) studied the relationship between the water content of the soil and the growth of mulberry (Minamizawa, 1997). Mulberry leaf production is limited more by unfavorable physic-chemical environments than by all other factors combined (Manjula and Vijayakumari, 2015).
Drought stress is the primary constraint for crop productivity in many arid and semi-arid areas worldwide (Kapoor et al., 2020). One-third of the world's population lives in areas where water is scarce, and drought is expected to increase in frequency and severity in the future due to climate change (Lesk et al., 2016). Tolerance to drought is a complex quantitative trait controlled by several small effects (Fleury et al., 2010).
Chlorophyll is one of the important components of chloroplast and is the major factor that affects the photosynthetic capacity of plants under stress conditions. Drought stress leads to chlorophyll pigment degradation, resulting in irreversible moisture deficit damage to the photosynthetic apparatus mainly the photosystem II which is a key indicator of photosynthetic efficiency. In the photosynthetic apparatus, photosystem II (PSII) plays a key role in the response of leaf photosynthesis to stress environment (Havaux, 1992).  Photosystem II (PSII) is susceptible to heat and drought stress than CO2 diffusion and CO2 fixation pathways, ( Yin et al., 2010). Fv/Fm is an important parameter for the PSII activity and any decrease in Fv/Fm indicates the loss of PSII activity. The yield of chlorophyll fluorescence measurements will give the changes in the efficiency of photochemistry and heat dissipation (Krishnan et al., 2011).
The CSI indicates how well chlorophyll performs under stress conditions 
(Kumari et al., 2004) and variability can be exploited to differentiate cultivar responses to temperature and drought stresses (Mohan et al., 2000). Cell membrane stability was used as an important trait associated with the tolerance of mulberry genotypes to salinity stress (Kumar et al., 2000). Since CSI is a function of temperature, it is used to correlate the chlorophyll pigments with the drought tolerance or susceptibility of crops. With this background, the present study was designed to explore how drought stress alters the photosynthetic apparatus, chlorophyll content and CSI, using these parameters as indices of drought tolerance in various mulberry genotypes/varieties.	Comment by LENOVO: The number of references is large in the introduction.
2.	MATERIALS AND METHODS
2.1	Plant materials and stress treatments
The present work was carried out during November, 2018 to April, 2019 in the Rain Out Shelter (ROS) at Department of Crop Physiology, TNAU, Coimbatore. The study comprised of four mulberry genotypes (MI-0613, MI-0658, MI-0425 and MI-0535) and three mulberry varieties (V1, MR2 and G4) were obtained from CSGRC (Central Sericultural Germplasm Resource Center), Hosur, Tamil Nadu. The mulberry cuttings of 12-15 cm length with 3 to 4 active buds were planted in pots of size 37×35cm filled with red loamy soil with the pH of 7.5. The pots were maintained under normal condition and watered daily up to 120 days. After 120 days the pots were kept inside the Rain Out Shelter for inducing drought stress, including control pots.	Comment by LENOVO: A table of rainfall amounts during the study period is added.
Pots of each genotypes/varieties were divided into three sets and arranged in the Factorial Completely Randomized design (FCRD), with three replications. Mulberry genotypes/ varieties kept as one factor and drought stress treatments were kept as another factor. Drought stress was imposed by dry down method (Guha et al., 2012) for the period of 30 days. Plants were submitted to three water regimes viz. T1-Control: pots maintained at 100% pot water holding capacity (PC) T2- moderate drought stress: 50% PC, T3- intense drought stress: 25% PC. The measured soil water content equivalent to 100% PC was 62.5% (weight basis). Likewise, the soil water contents equivalent to 50% and 25% PC was determined. Water was added to the pots to restore the required level of pot water holding capacity by weight basis. All the parameters were assessed at two stages viz., before imposing and thirty days after stress. Yield and TDMA were recorded at the end of the stress treatment.	Comment by LENOVO: The treatments were arranged using factorial experiments according to a completely randomized design CRD
2.2	Chlorophyll index (SPAD readings)
Chlorophyll index was recorded using a portable chlorophyll meter (Minolta SPAD 502). The Minolta SPAD-502 measures chlorophyll content as ratio of transmittance of light at wavelength of 650 nm and 940 nm. Five readings were taken from each replication and the average values computed using method described by(Minolta, 1989) and (Monje and Bugbee, 1992).	Comment by LENOVO: The method is explained in detail.	Comment by LENOVO: Remember the equation for this triat.
2.3	Chlorophyll fluorescence (Fv/Fm)
Chlorophyll fluorescence measurements were recorded by using Junior Pulse Amplitude Modulation Fluoro meter (PAM wincontrol-3.16, Germany) following the method of (Lu et al., 2001). Measurements were made between 9.00 hours to 12.00 hours on intact leaves, which were dark adapted for 30 minutes prior to measurement. Using light and dark fluorescence parameters, the maximal efficiency of PS II photochemistry in the dark adapted state, Fv/Fm = (Fm-Fo) / Fm (Kooten and Snel, 1990) was calculated.
2.4	Chlorophyll Stability Index (CSI)
Based on (Kaloyereas, 1958) protocol chlorophyll stability index was estimated. The third leaf from all the genotypes was selected for estimating CSI. The leaf samples were taken early in the morning. Sample size of 250 mg was taken and homogenized using 80 per cent acetone. The sample was then centrifuged at 3000 rpm for 10 min. The supernatant was collected and made up to 25ml. The OD value was measured at 652 nm. 
Total chlorophyll content (treated)
CSI (%) = 			                                         X 100
Total chlorophyll content (control)

2.5	Yield traits
Leaves were harvested from different drought stressed and control plants and their weights were recorded. The average leaf yield per plant was estimated. The total leaf yield per plant was expressed in grams. The plants were first shade dried and then oven dried at 72ºC for 48 hours for measuring Total Dry Matter Accumulation (TDMA). The dry weight of the whole plant at maturity (170 days) were recorded and expressed as g plant-1.
2.6 Statistical analysis
Data on various characters studied during the analysis were subjected to an analysis of variance as per the methods suggested by Gomez and Gomez (2010). An ANOVA was performed for each variable in this experiment to determine whether there were differences among the mulberry genotypes. A Pearson correlation analysis for leaf yield with chlorophyll fluorescence, TDMA with chlorophyll index and chlorophyll fluorescence with CSI was worked out.
3. RESULTS AND DISCUSSION
3.1	Chlorophyll Index 
Drought stress can lead to a decrease in chlorophyll content, particularly under moderate to severe stress. Chlorophyll index of 120 days old mulberry plants varied from 35.46 to 39.20. There is no variation observed in chlorophyll index among the genotypes before imposing water stress (Table 1). Drought stress causes significant (p<0.05) reduction in chlorophyll index at intense water stress than moderate drought stress among the genotypes. Fig 1 shows that, chlorophyll index values of control plants ranged from 39.3 to 45.26 after imposing drought stress. At 25% PC chlorophyll index showed apparent reduction in MI-0613 of 20.40 and also in MI-0535 (29.3). Chlorophyll index was marginally altered in MI-0425 (36.5) followed by V1 (35.22) in response to sever water drought stress, when compared to its well-watered plants. MI-0425 maintained higher chlorophyll index values with lesser reduction percentage of 19.35%. 
Fig.3.B shows significant positive correlation of chlorophyll index with TDMA. These results are in line with the study of Jhansilakshmi et al., 2014, where chlorophyll content used as drought resistance index and had significant positive association with leaf yield in mulberry accessions under water stress conditions. Higher chlorophyll content in leaves enhances the photosynthetic efficiency and it is used as a factor for determining photosynthetic rate in mulberry under stress conditions (Sujathamma and Dandin, 2000). Drought stress reduces the chlorophyll content of sunflower leaves(Petcu et al., 2001). 
3.2 Chlorophyll fluorescence (Fv/Fm)
Chlorophyll fluorescence values were measured at 120 days old mulberry plants. Almost all the genotypes recorded similar Fv/Fm values of 0.76 to 0.83. Higher Fv/Fm value was recorded in MI-0535 at before imposing water stress (Table 1). Measurements on chlorophyll fluorescence were widely monitored to evaluate the direct effects of drought stress on PSII photochemistry as a powerful tool to study the response of mulberry under drought stress (Massacci et al., 2008). The quantum efficiency of PSII estimated by the fluorescence ratio Fv/Fm of dark-adapted leaves ranged between 0.80-0.90 in control plants of all mulberry genotypes. At moderate (50% PC) and more conspicuously at highest stress level (25% PC), Fv/Fm ratio differed significantly (p<0.05) with in genotypes and between treatments (Table 2). At 25% PC Fv/Fm showed apparent reduction in MI-0613 (Fv/Fm=0.49) and also in MI-0658 (Fv/Fm=0.6). The ratio was marginally altered in MI-0425 (Fv/Fm=0.78) followed by V1 (Fv/Fm=0.70) in response to sever water drought stress, when compared to its well-watered strands. 
Like chlorophyll index, chlorophyll fluorescence also found to be high in MI-0425 and V1 at intense water stress. It was clearly pronounced that mulberry genotypes with higher Fv/Fm values were found to have higher chlorophyll index at moderate and intense stress. The percent of reduction was less in the drought tolerant genotype MI-0425 (13.33%) followed by V1 (13.48%). Susceptible MI-0613 recorded minimum fluorescence value at both moderate and intense water stress with higher reduction percentage of 41.67%. A strong positive correlation was obtained between chlorophyll fluorescence and leaf yield (Fig.3.A). This correlation clearly revealed that, the genotypes supposed to have higher chlorophyll fluorescence possess higher leaf yield under stress conditions. 
Similar to the above findings a decrease in Fm was observed in the sensitive mulberry plants, may be related to the decrease in the activity of the water splitting enzyme complex and perhaps a concomitant cyclic electron transport with or around PSII (Zlatev and Yordanov, 2004). Significant draw down in Fv/Fm was recorded in the susceptible genotypes viz., Bongurai and DD among field grown fifteen mulberry genotypes irrigated once in fortnight (Guha et al., 2010). Photosynthetic performance reflects the growth status and stress resistance of crops and determines crop productivity and yield (Xiong and Nadal, 2020). Shin et al., 2021, reported significant reduction in maximum quantum yield (Fv/Fm) of lettuce seedlings at extreme drought stress conditions. Furthermore, Yao et al., 2018 also found decrease in Fv/Fm in Arabidopsis only at the long exposure to drought stress. Similar results were obtained by (Chaitanya et al., 2003), where the chlorophyll fluorescence was severely down regulated in five mulberry genotypes under drought stress. 
3.3	Chlorophyll Stability Index (%)
Regarding the CSI, there was no significant genetic variation observed in before imposing water stress. However, V1 recorded higher CSI of 82% (Table 1). Significant variation in CSI was recorded in mulberry under three water regimes. A decreasing trend of CSI was observed in all the mulberry genotypes/ varieties exposed to drought stress (Table 2). All the plants recorded minimum CSI value at intense and moderate water stress compared to their respective control plants. CSI was altered by drought stress and decreased up to 55.35% and 60.05% in MI- 0613 and MI-0658 respectively. While, lesser reduction in CSI% was observed in MI-0425 followed by V1, where the reduction percentage was around 10.86% and 11.96%. Hence this genotype was found to maintained membrane stability even under severe water stress. The correlation between chlorophyll fluorescence and CSI (Fig 1) reflects that genotypes maintained higher CSI under drought stress supposed to have higher fluorescence values leading to higher yield. A higher chlorophyll stability index value signifies a plants ability to withstand stress through greater stability of chloroplast membranes leading to higher rates of photosynthesis, more dry matter production and higher productivity (Mohan et al., 2000). Less reduction in CSI% in drought resistant mulberry, Anantha compared to drought sensitive M5 was observed (Thimmanaik et al., 2002). The above findings are also supported by the results of (Ranjithkumar, 2018), where variety V1 recorded higher CSI% when exposed to high temperature stress. Decreased chlorophyll content coupled with chlorophyll stability index under both moisture stress and temperature stress was found by
(Sairam et al., 1997) in wheat.
3.4 	Leaf yield
Significant reduction in leaf yield was observed at 25% PC compared to control and 50% PC plants (Table 3). Among all the genotypes, MI-0613 and MI-0658 suffered greater reduction in leaf yield thanV1 which maintained higher yield at water stress condition (95.48g/ plant). In MI-0613 leaf yield was around 53.34 g. Reduction in yield of V1 was 12.32% and 20.46% at 50% PC and 25% PC respectively. This was followed by MI-0425 where the reduction percentage was 15.67% and 19.24% at 50% PC and 25% PC respectively. Significant positive correlation was obtained between leaf yield with chlorophyll fluorescence (Fig.3.A). It clearly revealed that, the genotypes supposed to have higher chlorophyll fluorescence possess higher leaf yield under stress conditions. This is line with the findings of Guha et al., (2010) who noticed higher yield performance in drought tolerant mulberry variety (V1) when irrigated once a fortnight in a growing season under field conditions. Singhvi et al., (2013) reported a reduction of upto 65.62% in leaf yield in the drought tolerant mulberry genotype (S-13). Similar trend was observed by Manjula and Vijayakumari (2017), where field grown mulberry variety V1 recorded highest leaf yield under different irrigation schedules of five and seven days. Prithvi Raje et al., (2011) considered leaf yield as tolerance indices for evaluation of six mulberry genotypes exposed to various stress conditions like soil moisture stress, alkalinity and salinity.	Comment by LENOVO: Are the irrigation transaction based on field capacity or are they irrigation on different days
3.5       Total Dry Matter Accumulation (TDMA)
Significant difference was observed in total biomass/ plant of all the genotype compared to control (Table 3). V1 recorded highest TDMA (52.50, 47.50 and 38.65) followed by MI-0425 (50.35, 45.75 and 36.78) at 100%, 50% and 25% PC respectively. Significant positive correlation was observed TDMA with chlorophyll index (Fig.3.B). The reduction percentage in TDMA was 55.05% in MI-0613. Whereas in V1 and MI-0425 is 26.38% and 26.95% in respectively. Similar to the above findings, Paul and Quaiyuum (2015) noticed a reduction in dry weight of five mulberry varieties subjected to 25% PC in pot culture experiments. Singhvi et al., (2013) also noted reduction in TDMA in mulberry genotypes at 25% field capacity by withholding irrigation. In addition to the above, Misra et al., (2012) reported a reduced TDMA in one-year old mulberry variety S-1635 irrigated once in a month under glass house condition.	Comment by LENOVO: Everything mentioned above is a review of the results. Where's the discussion? The researcher's findings should be discussed. The results are valuable and deserve promotion and discussion so that the manuscript is complete.
4.	Conclusion
The study has clearly demonstrated the effect of water stress in the maximum quantum yield of Photosystem II (Fv/Fm), a critical measure of the potential efficiency of light energy conversion in photosystem II. Under severe moisture stress, all mulberry genotypes exhibited marked declines in chlorophyll index, PSII activity, CSI and leaf yield, compared to moderate stress and control conditions. Among all the genotypes studied, genotype MI-0425 recorded lesser reduction in leaf yield and TDMA followed by variety V1. The study concluded that MI-0425 and V1 performed well even under intense water stress. The drought tolerance mechanism underlying in the said genotype might be due to maintenance of higher fluorescence value coupled with higher chlorophyll stability index under stress conditions. Therefore, these physiological parameters namely, chlorophyll fluorescence, chlorophyll index, and CSI act as meaningful indices for assessing drought tolerance.























Table 1: Genetic variability in physiological traits of 120 days old mulberry plants	Comment by LENOVO: Were measurements taken after 120 days?
	Mullberry Genotypes/ Varieties
	Chlorophyll Stability Index (%)
	Chlorophyll index
	Chlorophyll fluorescence (Fv/Fm)

	MI-0613
	75 ± 3.30
	37.80 ± 0.2
	0.78 ± 0.03

	MI-0658
	75 ± 1.55
	36.70 ± 0.4
	0.76 ± 0.03

	MI-0425
	78 ± 1.88
	35.46 ± 0.2
	0.81 ± 0.01

	MI-0535
	80 ± 0.65
	37.02 ± 1.4
	0.83 ± 0.03

	V1
	82 ± 2.48
	37.51 ± 1.5
	0.79 ± 0.03

	MR2
	74 ± 0.24
	38.61 ± 2.0
	0.80 ± 0.01

	G4
	73 ± 2.72
	39.20 ± 0.4
	0.78 ± 0.07

	S.Ed
	NS
	NS
	NS

	CD (p<0.05)
	NS
	NS
	NS




















Table 2. Effect of drought stress on Chlorophyll fluorescence (Fv/Fm) and Chlorophyll Stability Index in mulberry genotypes
	Mulberry genotypes/ varieties
	Chlorophyll fluorescence (Fv/Fm)
	Chlorophyll Stability Index (%)

	
	T1
	T2
	T3
	T1
	T2
	T3

	MI-0613
	0.84 ±0.01
	0.68 ± 0.01
	0.49 ± 0.04
	82.45 ± 1.56
	60.56 ± 1.06
	55.35 ± 2.39

	MI-0658
	0.80 ± 0.02
	0.68 ± 0.01
	0.60 ± 0.02
	78.98 ± 0.16
	65.37 ± 1.96
	60.05 ± 1.07

	MI-0425
	0.90 ± 0.04
	0.82 ± 0.03
	0.78 ± 0.02
	84.47 ± 2.95
	78.05 ± 1.04
	75.30 ± 0.23

	MI-0535
	0.86 ± 0.01
	0.78 ± 0.02
	0.75 ± 0.03
	82.05 ± 3.54
	70.45 ± 1.97
	68.30 ± 3.51

	V1
	0.89 ± 0.04
	0.79 ± 0.03
	0.77 ± 0.03
	88.23 ± 0.88
	80.01 ± 0.14
	77.68 ± 0.14

	MR2
	0.85 ± 0.04
	0.77 ± 0.02
	0.71 ± 0.01
	81.95 ± 2.51
	75.43 ± 2.02
	70.05 ± 1.36

	G4
	0.85 ± 0.02
	0.76 ± 0.03
	0.72 ± 0.01
	86.23 ± 2.44
	72.45 ± 1.07
	70.77 ± 1.73

	G (p<0.05)                
	0.039*
	3.134*

	T
	0.026*
	2.052*

	G×T
	0.069*
	5.429*




Table 3. Yield and yield traits in mulberry genotypes/ varieties exposed to drought stress
	Mulberry genotypes/ varieties
	Leaf yield (g/ plant)
	TDMA (g/ plant)

	
	T1
	T2
	T3
	T1
	T2
	T3

	MI-0613
	98.70 ± 4.6
	62.45 ± 1.3
	53.34 ± 2.1
	45.35 ± 0.1
	33.20 ± 1.5
	20.25 ± 0.5

	MI-0658
	98.50 ± 2.6
	67.45 ± 1.5
	62.35 ± 0.9
	46.10 ± 0.1
	35.70 ± 1.7
	22.47 ± 0.5

	MI-0425
	112.00 ± 1.5
	94.45 ± 3.6
	90.45 ± 0.5
	50.35 ± 1.8
	45.75 ± 0.9
	36.78 ± 0.1

	MI-0535
	99.85 ± 1.3
	75.86 ± 0.4
	60.78 ± 3.1
	46.75 ± 2.4
	36.45 ± 0.2
	25.40 ± 0.8

	V1
	120.00 ± 3.2
	107.56 ± 1.7
	95.45 ± 0.9
	52.50 ± 2.0
	47.50 ± 1.3
	38.65 ± 0.2

	MR2
	100.00 ± 2.8
	87.68 ± 0.9
	78.56 ± 4.1
	48.60 ± 1.9
	44.43 ± 2.3
	35.43 ± 1.2

	G4
	118.00 ± 1.2
	90.56 ± 1.4
	88.97 ± 2.0
	48.90 ± 0.4
	40.60 ± 0.7
	32.30 ± 0.4

	V (p<0.05)
	3.817*
	2.057*

	T
	2.499*
	1.347*

	V×T
	6.611*
	3.562*





Fig. 1. Effects of drought stress on Chlorophyll Index in different mulberry genotypes / varieties.	Comment by LENOVO: The title of the figure is mentioned at the bottom  of the figure, not at the top.
[image: C:\Users\Durga seri\Desktop\agro meteorology\Graph6.jpg]
Mulberry genotypes: 1. MI-0613; 2. MI-0658; 3. MI-0425; 4. MI-0535; 5. V1; 6. 
MR2; 7. G4


Fig. 2. Correlation co-efficient of Chlorophyll Fluorescence with Chlorophyll Stability Index

Fig.3.A. Correlation co-efficient of Leaf yield with Chlorophyll fluorescence


Fig. 3.B. Correlation co-efficient of TDMA with Chlorophyll Index
B
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y = 71.439x + 19.023
R² = 0.9019

0.49	0.6	0.78	0.75	0.77	0.71	0.72	55.35	60.05	75.3	68.3	77.680000000000007	70.05	70.77	chlorophyll fluorescence (fv/fm)


Chlorophyll Stability Index (%)



y = 165.9x - 40.03
R² = 0.654
0.58499999999999996	0.64000000000000368	0.8	0.76500000000000368	0.78	0.74000000000000321	0.74000000000000321	57.895000000000003	64.900000000000006	92.45	68.319999999999993	101.505	83.11999999999999	89.765000000000001	Chlorophyll  fluorescence
(Fv/Fm)
Leaf yield (g/ plant)
tdma	y = 0.562x + 2.989
R² = 0.958
42.309999999999995	46.992500000000113	66.857500000000002	49.622500000000194	72.289999999999992	61.525000000000013	63.107500000000002	26.724999999999987	29.084999999999987	41.265000000000164	30.924999999999986	43.075000000000003	39.93	36.449999999999996	Chlorophyll index
TDMA g/ plant
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