
Abstract
Aluminium (Al) toxicity is a primary constraint to plant productivity on acidic soils posing a threat to global food security. Here, we have 
monitored the impact of Al on photosynthetic pigment (chlorophyll and carotenoids) contents of certain rice (Oryza sativa L.) landraces from 
Sikkim Himalaya with contrasting Al tolerance namely, Kalo tukmar (KT), Champasari (CP), Krishna bhog (KB) and Dhansey (DH). Seedlings 
were grown hydroponically with half strength Hoagland solution containing Al (0-1500 µM, pH 4.5) for 14-d and chlorophyll (a, b and total) 
and carotenoid contents were measured. In response to the exposure to Al, pigment levels declined in a concentration dependent manner 
in all the tested landraces with strong landrace-specific differences. Thus, the extent of Al-induced decline in chlorophyll and carotenoid 
contents was much lower in KT and CP than that in KB and DH. A decline of 42, 50, 69 and 70% in total chlorophyll content at 1500 µM Al 
was evident in KT, CP, KB and DH, respectively. The observations are consistent with greater Al tolerance of KT and CP as compared to KB 
and DH. Chl a : b ratio tended to increase due to Al with landrace and concentration specific quantitative differences; minimum effect was 
evident in CP. The ratio increased by 91 and 45% at 1500 µM Al in KB and KT, respectively. The increased ratios suggest a higher Al-induced 
decline in Chl b content than that in Chl a.  The carotenoid contents were suppressed by 55 and 38% in KB and KT, respectively due to 1500 
µM Al treatment. Differential response of the tested landraces to Al could be ascribed to variations in cellular management of Al burden. 
The findings have implications for selection of suitable landrace(s) for acidic soil conditions. 
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to 21.26 million hectares in the North eastern region (NER) 
comprising eight states is acidic in nature (Majumdar et 
al. 2022). Aluminium toxicity is the most important factor 
affecting plant productivity on acidic soils (Kochian et al. 
2004; Kocjan et al. 2024). It ranks next to water deficit stress 
only. Although Al is the third most abundant element 
(approx.. 8%) in the earth crust (Marschner, 2012), it turns 
toxic only at soil pH < 5.5. Under these conditions, it oxidizes 
to trivalent ion (Al3+) that is readily taken up by plant roots 
causing severe phytotoxic impact. By contrast, at soil pH > 
5.5, Al forms complexes with silicates, phosphate, sulfides 
and oxides making it unavailable to plants (Chowra et 
al. 2017). Al3+ primary targets the root tips causing inhibition 
of cell wall extensibility, cell division and cell elongation and 
in turn reduction of root growth (Kochian, 1995; Barcelo 
and Poschenreider, 2002). The Al3+ affected roots appear 
thick, stunted with brittle root hair and deformed root 
apices (Matsumoto, 2000). Al3+ interference with signal 
transduction pathway, ROS (H2O2, O2

-) generation leading 
to plasma membrane lipid peroxidation and DNA damage 

Introduction

Soil acidity is a serious constraint for the global agricultural 
productivity. Approximately 30-40% of the world’s ice free 
arable lands are acidic. (Von Uexküll and Mutert, 1995). In 
India, acidic soils are prevalent in the sub-Himalaya belt, 
eastern Himalaya, coastal plains and peninsular India (Roy 
and Bhadra, 2014). Greater than 80% of total soil accounting 
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contribute to Al3+ toxicity (Sharma and Dietz, 2009; Kocjan 
et al. 2024). 

Al-induced suppression of root growth leads to altered 
water and mineral nutrient uptake that eventually affects 
the shoot growth. Al toxicity deleteriously affects different 
aspects of photosynthesis. It altered the chloroplast 
ultrastructure and also the activity of enzymes related to 
Calvin cycle (Jiang et al. 2008; Silva et al. 2012). Exposure 
to Al3+ resulted in inhibition of carbon assimilation in 
cereal crops (Peixoto et al. 2002; Silva et al. 2012). Likewise, 
Al-induced reduction in the maximum quantum yield (Fv/
Fm), maximum chlorophyll flourescence (Fm), total PSII 
performance, the quantum yield of electron transport 
and oxygen-evolving complex was shown in the sensitive 
cultivars of citrus (Jiang et al. 2008). Furthermore, Al3+-
induced reduction in the biosynthesis of plastid pigments 
via altered δ-aminolevulinic acid dehydratase and 
δ-aminolevulinic acid synthase in Al-sensitive maize species 
has been reported. This eventually triggered signalling 
mechanisms downstream initiating drastic change to the 
photosynthetic apparatus at physiological and biochemical 
levels (Mihailovic et al. 2008). As such, the analysis of 
photosynthetic pigments (chlorophylls and carotenoids) 
provides a simple and reliable idea about the photosynthetic 
potential of concerned plant species and genotypes under 
deviations from optimum growth conditions such as Al 
toxicity. 

Plants employ distinct external and internal Al 
detoxification strategies with marked species-specificity 
(Kochian et al. 2015; Kocjan et al. 2024). In the first, Al3+ entry 
into the plant roots is altogether prevented via formation 
of Al3+ complexes with organic acids (OAs) such as malate, 
citrate and oxalate in a species- specific manner (Delhaize 
et al. 2012; Kochian et al. 2015). In the second, binding of 
Al3+ to cell wall components particularly pectin is altered 
through changes in carbohydrate composition. In case of 
rice, substantially more tolerant to Al than other cereals, 
the involvement of OAs in Al3+ detoxification is only to a 
limited extent (Ofoe et al. 2023). A part of root Al burden in 
rice is reduced through vacuolar compartmentalization that 
requires a concerted action of  OsNrat1, a plasma membrane 
transporter and OsALS1, a tonoplast transporter (Delhaize 
et al.  2012; Kocjan et al. 2024). A part of Al is translocated to 
the shoot where it directly interferes with diverse metabolic 
processes.  

Sikkim, a small Himalayan state of NER, is known as 
“valley of rice” (Denzong) for its indigenous rice landraces 
which are grown in small areas of the state. Various aspects 
related to cultivation practices, genetic diversity, nutrient 
profile and germination characteristics of rice landraces from 
Sikkim have been reported (Kapoor et al. 2019; Chettri and 
Sathyanarayana, 2021; Chettri et al. 2021; Chetry and Sharma, 
2023). The pH in the agricultural lands predominantly lies in 

the range below 5.5 across different parts of Sikkim. Some 
of these landraces likely developed tolerance owing to the 
prolonged exposure to prevailing abiotic stress factors 
including Al toxicity. The screening of 10 rice landraces 
from across Sikkim for Al tolerance in terms of root growth 
response at seedling stage in a hydroponic assay revealed 
strong variations in Al tolerance. Of the tested landraces, Kalo 
tukmar (KT) proved most Al tolerant followed by Champasari 
(CP) whereas Krishna bhog (KB) was most sensitive followed 
by Dhansey (DH) (Chetry et al., unpublished data). It was 
of interest to examine whether the the landrace specific 
differences in Al toxicity observed on root growth will be 
reflected in the leaves in terms of photosynthetic pigment 
contents. Therefore, the influence of Al on the photosynthetic 
pigment (chlorophyll and carotenoids) contents of Al tolerant 
(KT and CP) and sensitive (DH and KB) rice landraces has been 
evaluated in a hydroponic system.

Material and methods 
Seed sources: The seeds of rice (O. sativa L.) landraces 
were provided by the local farmers from different locations 
in Sikkim (mentioned in parentheses) in December 2018 - 
January 2019 and subsequent years as follows: Champasari 
(CP) (Turuk, Namchi), Dhansey (DH) (Upper Rumtek, 
Gangtok), Kalo tukmar (KT) (Pentong, Mangan) and Krishna 
bhog (KB) (Saramsa, Pakyong).

Al treatment in hydroponic culture
Two-day germinated seeds with water-soaked vermiculite 
in dark were transferred for further hydroponic culture by 
placing them on nylon nets fixed to O-rings placed on the 
plastic containers (capacity, 1 L) in a plant growth chamber 
(28-30 ⁰C, 65% RH, 14 h photoperiod; PAR: 200 µmol m-2 s-1). 
Half-strength Hoagland solution of following composition 
was used: 3 mM KNO3, 2 mM Ca(NO3)2, 0.5 mM (NH4) H2PO4,1 
mM MgSO4, 35 µM Fe-Na EDTA, 0.1 µM Na2MoO4, 0.32 µM 
CuSO4, 0.77 µM ZnSO4, 5 µM MnCl2, 20 µM H3BO3. AlCl3 

stock solution was added appropriately to obtain the final 
concentrations of 100, 250, 500, 1000, 1500 µM Al. The pH of 
nutrient solution was adjusted to 4.5 with 1 N HCl and 1 N 
NaOH. Nutrient solution without Al supplementation served 
as the control. The nutrient solution was replaced every 
second day. The adopted hydroponic system allowed to 
maintain the nutrient and intended Al concentrations as well 
as pH. After 14 d of treatment, the shoots were harvested, 
rinsed properly in water followed by complete removal of 
adhering moisture with blotting paper. Thereafter, they were 
frozen with liquid nitrogen and stored at -80⁰C until analysis 
for pigment contents. 

Determination of chlorophyll and carotenoid 
contents
Approximately 100 mg leaf tissue was powdered with liquid 
nitrogen, homogenized with 1 ml of acetone (80%) and the 
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homogenate centrifuged at 10,000 rpm for 10 min. The final 
volume of supernatant was adjusted to 2 ml by acetone 
(80%) and the absorbance read at 663, 645 and 470 nm, 
respectively. The amount of chlorophyll and carotenoids was 
calculated by the following equations given by Lichtenthaler 
and Buschmann (2001):

Statistical analysis 
All measurements were made in four replicates and the 
values are presented as arithmetic means ± SE. Based on 
skewness and kurtosis values, the data distribution was 
considered normal. The data were subjected to two-way 
analysis of variance (ANOVA; p<0.001) followed by Tukey’s 
post-hoc test (p<0.05) using IBM SPSS Statistics for 
Windows, version 20 (IBM Corp., Armonk, NY, United States). 
Significantly different means are marked with different 
letters.

Results
Leaves from hydroponically grown seedlings of contrasting 
rice landraces in the presence of Al (0-1500 µM) for 14 d were 
analysed for pigment contents. Following observations 
were obtained:

Chlorophyll contents and Chlorophyll a : b ratio 
The total chlorophyll contents in control were generally 
comparable in the tested rice landraces with some 
quantitative fluctuations except lower chlorophyll contents 
in Dhansey (DH). In response to a 14 d exposure to Al (0-1500 

µM), total chlorophyll contents declined in a concentration 
dependent manner in all the landraces. However, the 
magnitude of decrease was lower in Al-tolerant landraces 
(KT and CP) as compared to that in Al-sensitive counterparts 
(KB and DH). Thus, the lowest tested Al concentration (100 
µM) induced a nonsignificant reduction in chlorophyll 
level in KT and CP. In contrast, the inhibitory effect of this 
concentration was significant in case of KB and DH (Figure 
1). In the Al-tolerant landraces KT and CP, the magnitude 
of Al-induced reduction in the chlorophyll content was 1, 
11, 22, 29, 42% and 9, 19, 28, 36, 50% at 100, 250, 500, 1000, 
1500 µM Al, respectively. On the other hand, in Al sensitive 
landrace KB, total chlorophyll declined by 17, 37, 50, 60, 69% 
at 100, 250, 500, 1000 and 1500 µM Al, respectively. In case 

Figure 1: Total chlorophyll contents (mg/g fresh weight) of leaves 
of four rice (O. sativa L.) landraces (KT, CP, DH, KB) from Sikkim 
Himalaya exposed to Al (0-1500 µM; pH 4.5) in hydroponics for14 
d. Values are arithmetic means of 4 replicates ± S.E.; landrace, 
treatment and landrace×treatment effects analyzed for significance 
(two-way ANOVA; p<0.001). Upper case letters represent significant 
differences among different treatments within a landrace, whereas 
lower case letters represent significant differences among landraces 
at same treatment (Tukey’s test; p<0.05).

Table 1: Chlorophyll a (Chl a) and Chlorophyll b (Chl b) contents 
and Chl a: Chl b ratio of four rice (O. sativa L.) landraces (KT, CP, DH, 
KB) from Sikkim Himalaya exposed to Al (0-1500 µM; pH 4.5) in 
hydroponics for 14 d. Values are arithmetic means of 4 replicates ± 
S.E.; landrace, treatment and landrace×treatment effects analyzed 
for significance (two-way ANOVA; p<0.001). Upper case letters 
represent significant differences among different treatments within a 
landrace, whereas lower case letters represent significant differences 
among landraces at same treatment (Tukey’s test; p<0.05).

Rice 
landrace

Al (µM) Chl a (mg/g) Chl b (mg/g) Chl a : b

Kalo tukmar 
(KT)

0 0.80±0.01Aa 0.44±0.01Ab 1.82:1

100 0.77±0.01ABa 0.41±0.04Aa 1.82:1

250 0.70±0.02BCa 0.36±0.06ABa 1.94:1

500 0.64±0.03CDa 0.30±0.06ABa 2.13:1

1000 0.58±0.03Da 0.26±0.06ABa 2.23:1

1500 0.50±0.02Ea 0.19±0.03Ba 2.63:1

Champasari 
(CP)

0 0.83±0.01Aa 0.40±0.04Ab 2.08:1

100 0.76±0.02ABa 0.36±0.03Aa 2.11:1

250 0.69±0.03BCa 0.31±0.00Aab 2.23:1

500 0.62±0.02CDa 0.27±0.08ABa 2.30:1

1000 0.55±0.00Da 0.24±0.02ABa 2.29:1

1500 0.40±0.04Ea 0.22±0.03ABa 1.82:1

Dhansey 
(DH)

0 0.59±0.02Ac 0.48±0.03Aab 1.23:1

100 0.44±0.03Bc 0.38±0.03Aa 1.16:1

250 0.42±0.03Bb 0.22±0.04Bb 1.91:1

500 0.40±0.02Bb 0.19±0.03Ba 2.11:1

1000 0.26±0.01Cc 0.15±0.04Ba 1.73:1

1500 0.20±0.02Cb 0.12±0.03Ba 1.67:1

Krishna 
bhog (KB)

0 0.68±0.04Ab 0.53±0.01Aa 1.28:1

100 0.60±0.03ABb 0.40±0.04Ba 1.50:1

250 0.50±0.03BCb 0.26±0.01Cab 1.92:1

500 0.43±0.02CDb 0.19±0.02CDa 2.26:1

1000 0.34±0.01DEb 0.16±0.04CDa 2.13:1

1500 0.27±0.01Eb 0.11±0.04Da 2.45:1
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of DH, these values were 23, 40, 44, 61 and 70%, respectively 
(Figure 1).

As in case of total chlorophyll, the levels of chlorophyll a 
and b declined due to Al treatment; magnitude of inhibition 
being generally greater in KB and DH than that in KT and 
CP (Table 1). However, there were quantitative differences 
in response of Chla and Chlb to Al that was reflected in 
differentially altered Chl a : b ratios in different landraces. 
In KT, Chl a : b ratio was not affected much at lower Al 
concentrations (100, 250 µM) but gradually increased at 
higher ones; an increase of 45% was evident at 1500 µM. 
In case of CP, the ratio was minimally affected by Al across 
the tested concentrations except a marginal decline at the 
highest tested concentration. In case of Al-sensitive KB and 
DH, Chl a : b ratio tended to increase at most of the tested 
Al concentrations. Thus, at 1500 µM Al, the ratio increased 
by 91 and 36% in KB and DH, respectively (Table 1). 

Carotenoid contents
The carotenoid contents in control did not differ significantly 
among the tested rice landraces except the higher levels 
in KT. As in case of chlorophylls, the carotenoid levels 
declined due to Al treatment in a concentration dependent 
manner in all the four landraces. However, the magnitude 
of decline was greater in the Al sensitive landraces (KB and 
DH) particularly at higher concentration than that in the 
Al-tolerant counterparts particularly KT; occasionally, the 
extent of decline in CP resembled that in KB and DH. For 
example, the carotenoid contents were suppressed by 27, 
40 and 55% in KB as compared to 24, 35 and 38% in KT at 
500, 1000, 1500 µM Al (pH 4.5) (Figure 2).

Discussion
The present study aimed at evaluating the impact of Al 
toxicity on photosynthetic pigment (chlorophyll and 
carotenoid) contents in a couple each of Al-sensitive (KB, 
DH) and Al-tolerant (KT, CP) landraces of rice from Sikkim 
Himalaya. Differential Al tolerance of these landraces was 
revealed in a short-term hydroponic root growth assay 
(Chetry et al., unpublished data). Indeed, the pigment 
levels are a reliable indicator of phytotoxicity of heavy 
metal(loids) (Gratao et al. 2005; Goncalves et al. 2009). They 
in turn indicate the photosynthetic potential of concerned 
genotype(s) under stressful growth conditions. The Al3+ 
tolerance mechanism in higher plants relies not only on the 
restricted uptake of Al3+ by roots, but also its restricted root-
to-shoot translocation (Guo et al. 2017). Interference of Al3+ 
with diverse metabolic processes such as photosynthesis, 
respiration and transpiration has been reported (Yamamoto 
et al.  2002). Here, the pigment levels were markedly 
suppressed due to Al treatment in a concentration 
dependent manner. The magnitude of suppression was 
generally lower in case of tolerant (KT and CP) than that 
in sensitive (KB and DH) rice landraces except occasional 
deviations for carotenoids in CP. Similar Al-induced 
reduction in the pigment contents and photosynthesis has 
been reported in several plant species (Phukunkamkaew et 
al. 2021; Zhao et al. 2017; Jiang et al. 2008).

Al-induced suppression of pigment levels could inter alia 
be ascribed to disturbances in ionic homeostasis. Indeed, the 
plant growth and productivity are compromised due to the 
deficiencies of essential elements (P, Ca, Mg, Mo) in acidic soils 
(Kochian et al. 2015). Fe is required for chlorophyll synthesis 
and Al3+ toxicity associated accumulation of Fe in roots but 
not in the shoots caused Fe the deficiency symptoms in 
wheat (Foy and Fleming, 1982). Additionally, Al3+ competes 
with Mg2+, the central constituent of chlorophyll, for active 
site in the chromatophores by blocking the Mg2+ transporters 
(Rengel and Robinson, 1989; Silva et al. 2009). Consequently,  
photosynthetic electron transport is inhibited which 
ultimately leads to lower assimilation of CO2 in Al3+-stressed 
plants. Toxic metal ions including Al impose a cellular redox 
imbalance by stimulating the generation of reactive oxygen 
species (ROS) and concomitantly diminishing antioxidative 
defence (Sharma and Dietz, 2009). Al3+ toxicity is known 
to enhance the levels of ROS (Ofoe et al. 2023) that might 
target the pigment molecules. The altered Chl a : b ratio 
due to Al treatment suggests the differential sensitivity of 
the two chlorophyll molecules to Al. Thus, enhanced Chl a, 
b ratio is a result of greater suppression of Chl b than that 
of Chl a. Carotenoids are the photosynthetic pigments that 
function as cellular non-enzymatic antioxidants (Strzalka et 
al. 2003). They play an important role in protecting plants 
subjected to various environmental stresses. Apparently, the 
reduced carotenoid levels in Al stressed plants weakened 

Figure 2: Carotenoid contents (mg/g fresh weight) of leaves of four 
rice (O. sativa L.) landraces (KT, CP, DH, KB) from Sikkim Himalaya 
exposed to Al (0-1500 µM; pH 4.5) in hydroponics for 14 d. Values 
are arithmetic means of 4 replicates ± S.E.; landrace, treatment 
and landrace×treatment effects analyzed for significance (two-
way ANOVA; p<0.001). Upper case letters represent significant 
differences among different treatments within a landrace, whereas 
lower case letters represent significant differences among landraces 
at same treatment (Tukey’s test; p<0.05).
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the antioxidative defence affecting the pigment contents. 
Differential impact of Al on photosynthetic pigment levels 
in the tested rice landraces is inter alia due to difference in 
root Al uptake and root-to-shoot translocation. Also, the 
pigment synthesis processes including the activities of 
enzymes involved might have been differentially influenced 
by Al in the tested landraces. Further research is required for 
precise understanding of molecular mechanistic basis of the 
differences observed. The landrace specific differences in 
response of pigment levels to Al have implications for the 
photosynthetic potential and in turn productivity of the 
tested rice landraces under acidic soil conditions. As such, 
the Al tolerant rice landraces are a unique genetic resource 
for crop improvement. 

Conclusion
In brief, the findings revealed landrace-specific differences 
in Al-induced suppression of pigment (chlorophyll and 
carotenoid) contents of certain rice landraces from Sikkim 
Himalaya  in a hydroponic system. The magnitude of 
suppression was lower in KT and CP than in KB and DH. The 
observed differential response could be ascribed to more 
efficient cellular management of Al in Al-tolerant (KT and 
CP) vis-à-vis Al-sensitive (KB and DH) landraces. The findings 
revealed KT and CP as promising landraces for cultivation in 
acidic soils due to their superior Al tolerance as evident by 
a lower magnitude of reduction in photosynthetic pigment 
levels.   
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