
South African Journal of Botany 174 (2024) 988�999

Contents lists available at ScienceDirect

South African Journal of Botany

journal homepage: www.elsevier.com/locate/sajb
Lead tolerance and accumulation in Arthrocaulon macrostachyum:
Growth, physiological and antioxidant responses
Azhar Manzoora, Irfan Aziza,*, Amtul Mujeeba, Zainul Abideena,b, Jean Wan Hong Yongc,*
a Dr. Muhammad Ajmal Khan Institute of Sustainable Halophyte Utilization, University of Karachi, Karachi 75270, Pakistan
b College of Agriculture, University of Al-Dhaid, P.O. Box 27272, Sharjah, United Arab Emirates
c Department of Biosystems and Technology, Swedish University of Agricultural Sciences, Alnarp, Sweden
A R T I C L E I N F O

Article History:
Received 22 May 2024
Revised 27 September 2024
Accepted 3 October 2024
Available online xxx

Edited by A. Andreucci
* Corresponding authors.
E-mail addresses: irfanaziz@uok.edu.pk (I. Aziz), jean

https://doi.org/10.1016/j.sajb.2024.10.006
0254-6299/© 2024 The Author(s). Published by Elsevier
A B S T R A C T

Lead (Pb) is a non-essential and toxic metal for plants. Current study was planned to assess Pb-induced toxic-
ity with and without NaCl in a halophyte Arthrocaulon macrostachyum. Three month old seedlings (after ger-
mination) were grown in pots containing quartz sand and sub-irrigated with 300 mM NaCl and different Pb
(NO3)2 concentrations (0, 0.75, 3, 6 and 12 mM) in plastic trays where 0 mM NaCl and Pb(NO3)2 were taken
as control for monitoring growth, physiological and biochemical characteristics. Plant growth (height and
biomass) was optimized in 300 mM NaCl while progressive increases in fresh weights up to 3 mM Pb(NO3)2
may be related to better shoot turgor, succulence and more plant pigments. Growth was substantially
reduced in 6 and 12 mM Pb(NO3)2 both with and without NaCl. Plant shoots accumulated higher levels of Pb
and Na+ of up to 3 mM Pb;while root Pb increased in > 6 mM Pb(NO3)2 treatments. Decreased pigments,
potential quantum yield (Fv/Fm) and yield of photosystem II (ɸ PSII) enhanced the accumulation of H2O2,
electrolyte leakage and consequently reactive oxygen species (ROS) in 12 mM Pb(NO3)2. The scavenging of
ROS was manifested with the increased in vitro activity of superoxide dismutase (SOD) of up to 6 mM Pb
(NO3)2; whereas higher Guaiacol peroxidase (GPx) may be related to cell wall hardening and poor growth.
The increases in SOD, marginal changes in catalase (CAT) and unchanged APX of up to 6 mM Pb(NO3)2 dem-
onstrated the activation of stress-responsive metabolism in Arthrocaulon machrostachyum; and Pb accumula-
tion of up to 200 mg kg-1 making this species a useful candidate for Pb phytoremediation.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Trace metal pollution and soil salinization have augmented land
degradation at the global level (Munns and Gilliham, 2015; Rodrí-
guez-Eugenio et al., 2018; Sch€uck and Greger, 2023). In addition to
the climate changes, increasing anthropogenic activities such as the
use of excessive chemicals in agriculture, industrial as well as urban
discharges have contributed to a rise in pollution which has ulti-
mately resulted in biodiversity loss (Mujeeb et al., 2021; Rahman et
al., 2024; Van Oosten and Maggio, 2015). Release of non-biodegrad-
able trace metals due to pollution consequently have a negative
impact on ecosystems and environment and eventually toxic for the
life on earth (Mujeeb et al., 2020; Rosado et al., 2016). Trace metal
toxicity not only hampers plant growth but also deteriorates human
health via their entry through food chain (Alamgir et al., 2024; Reh-
man et al., 2017; Shaghaleh et al., 2024; Tan et al., 2010).
Although plants essentially utilize some trace metals for growth
e.g., zinc, iron, copper, manganese etc. (de Bang et al., 2021; Jalil et
al., 2023; Taiz and Zeiger, 2015), others require lead, chromium, arse-
nic etc., have no or little role as minerals both for plants and animals
(Li et al., 2024; Qureshi et al., 2024; Yong et al., 2010). Non-essential
metals at elevated levels disturb physiology and may damage enzy-
matic machinery (Ekmekci et al., 2009) therefore, they need to be
removed from environment by using different methods (Khilji et al.,
2022; Lutts and Lef�evre, 2015; Qureshi et al., 2024; Sch€uck and
Greger, 2023; Shi et al., 2018; Singh et al., 2022; Tow et al., 2018;
Yong et al., 2010). Plants that may resist metal toxicity without any
visible symptoms are called “metallophytes” and these halophytes
are no different as they have the enhanced biological ability to
remove higher levels of metals (Christofilopoulos et al., 2016; Korze-
niowska and Stanislawska- Glubiak, 2015; Lutts and Lefervre, 2015;
Manousaki et al., 2014; Mujeeb et al., 2021; Mujeeb et al., 2020;
Nikalje and Suprasanna, 2018). These indigenous plants of the wild
can be explicitly used for removing toxic metal ions by keeping tight
physiological regulation (Lutts and Lef�evre, 2015; Manousaki and
Kalogerakis, 2011; Munns et al., 2019).
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Among heavy metals, cadmium (Cd), chromium (Cr), lead (Pb),
nickel (Ni) are recognized as main pollutants with no beneficial
effects on plants (Bernard, 2008; Li et al., 2024; Liu et al., 2012; Swa-
thika et al., 2024). Of these metals, Pb is hazardous and ubiquitous
contaminant that is released from industries and use of commercial
fertilizers and other chemicals due to which it may persist in soil
environment for longer periods (Haghighizadeh et al. 2024). The rec-
ommended ranges of Pb in soils are 300�600 mg kg-1 (Ashraf et al.,
2019), however, even the low concentrations in soils and irrigation
water may be harmful for different organisms and disturbs the eco-
logical equilibrium (Shi et al., 2018). Lead (Pb) as non-essential ele-
ment can damage membrane bound organelles, distort enzymatic
activities due to ROS production, reduces seed germination, mineral
uptake, and overall growth of plants besides stimulating the synthe-
sis of H2O2 (Sharma and Dubey, 2005; Zhao et al., 2018). Interestingly,
some species can survive in soils containing high Pb concentrations
(no visible phytotoxicity symptoms) and hyperaccumulate Pb at lev-
els between 300 and 1000 mg kg�1 in their dried shoots (Ashraf et
al., 2019).

Adaptations to elevated levels of salts and metals in halophytes is
achieved via osmo-tolerance, water balance and enhancing antioxi-
dant systems (Amari et al., 2017; Munns et al., 2019; Patel and Parida,
2021; Wu et al., 2023). Plants that are sensitive to minor trace ele-
ment concentrations often undergo reduced primary root elongation,
secondary growth, root dieback that usually disrupt root-absorbing
area which could hamper water uptake and mineral acquisition
(Rucinska-Sobkowiak, 2016; Ningombam et al. 2024). Halophytes
can avoid metal ions spatially at the cellular level through compart-
mentalization by either in the vacuole or apoplast; while at shoot
level, they can resist metals by producing metallothioneins (MT’s)
(Aziz and Mujeeb, 2022). Some of the halophytes can tolerate water-
logging, salinity and contaminants e.g., Aegiceras corniculatum, Avi-
cennia marina, Aster tripolium, Atriplex nummularia, Halimione
portulacoides, Mesembryanthemum crystallinum, Tamarix smyrnensis,
and Sesuvium portulacastrum (Aziz and Mujeeb, 2022; Lokhande and
Suprasanna 2012). Besides other morpho-anatomical features, halo-
phytes have evolved special adaptive mechanisms to deal with multi-
ple stress factors simultaneously (Suzuki et al., 2014), such as
selective ion absorption from the soil, secretion of toxic ions like Na+

through leaf surface (via trichomes or glands) and vacuolar compart-
mentalization (Jiang and Liu, 2010; Sch€uck and Greger, 2023).

Arthrocaulon macrostachyum (synonym Arthrocnemum macrosta-
chyum) is a C3 stem succulent halophyte and a known bio-indicator
of Cd, Pb, As, and others (Martínez-S�anchez et al., 2012). Bioindicators
accumulate metals in above-ground parts while maintaining strong
linear correlations with soil metals (Aziz and Mujeeb, 2022; Van der
Ent et al., 2013). Arthrocaulon macrostachyum can also tolerate
extreme salinities of »1 M (1000 mM) NaCl or higher (Khan et al.
2005) and an important non-conventional crop for agricultural coun-
tries with warm saline coasts (Paraskevopoulou et al., 2015). It is
found all along the Mediterranean coast, Macaronesia and parts of
Africa, particularly Angola (southern part of Africa) and Arabian Pen-
insula (Gairola et al., 2015). The species is known for soil desaliniza-
tion (Jurado et al. 2024) and avoidance from toxic metals for example
Cd, As, Pb and Cu (Martinez-Sanchez et al., 2012; Gairola et al., 2015).
Although, mechanisms of salinity resistance and presence of different
metals in A. macrostachyum plants are explained in earlier studies by
Martinez-Sanchez et al. (2012), information regarding Pb and NaCl
tolerance as well as their extent of translocation to aerial parts is
largely unexplored. Field studies on A. macrostachyum suggest that
the bioavailability of Pb changes with seasonal fluctuations (Mujeeb
et al., 2021). Therefore, it would be interesting to check Pb transloca-
tion to shoots in A. macrostachyum under saline conditions since the
species is known for excreting metal ions (Usman et al., 2019).

In Pakistan, Arthrocaulon macrostachyum is found on the coastal
salt marshes of Karachi and Balochistan (Khan et al. 2005). This plant
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can also withstand waterlogged conditions (Jurado et al., 2024) and
can remove trace metals (Martinez-Sanchez et al., 2012). Therefore,
using such important species for cleaning saline and waterlogged
polluted soils would help in land reclamation particularly for the
standing crops. Since the underlying mechanisms of tolerance in A.
macrostachyum to NaCl and extraction ability of Pb is largely
unknown, current study was aimed at evaluating its physiological
and biochemical responses. (Mujeeb et al. 2021) reported in earlier
field studies that Pb is a prevalent metal which is accumulated in
tissues of most of the coastal plants. Therefore, variable concen-
trations of Pb(NO3)2 were tested, with and without NaCl, for
growth and biochemical parameters of A. macrostachyum. Bioac-
cumulation factor (BAF) as translocation (TF) in shoots was also
calculated to monitor the level of metal accumulation in tissues.
The following questions were addressed in the current research
work: 1) What is the level of Pb tolerance in Arthrocaulon macro-
stachyum under saline conditions? 2) Is Pb and NaCl tolerance in
Arthrocaulon macrostachyum related to oxidative stress manage-
ment and other adaptations?
2. Materials and methods

2.1. Material collection and growth conditions

Arthrocaulon macrostachyum seeds were obtained from the
marshes of coastal area near sand-spit (24.83190746811807,
66.92183071374966). Seeds were germinated in ambient environ-
mental conditions in a green netted cage (Ave temp: 32 °C; 12-h day
light » 400 mmol m�2 s�1) with mixture of sandy soil and organic
manure (1:1). After three months of seedling establishment with 5 to
6 nodes, plants were shifted into open cage (» 1200 mmol m�2 s�1

day light: min: 990 and max: 1300 and Ave temp: 32; min 26 and
max: 37 C) and transplanted to industrial quartz sand (»0.5 kg) in
plastic containers (volume » 950 cm3) which filled approximately 3/
4th of the pots. Prior to transferring plants, quartz sand was thor-
oughly washed and dried. Subirrigation applies water below the soil
surface to raise the water table into or near the plant root zone.
2.2. Selection of Pb concentrations for growth experiments

After transplanting A. macrostachyum into quartz sand, 3 pots (one
plant in each pot) were placed in each tray containing 2 l of half
strength Hoagland nutrient solution (Epstein, 1972). This sub-irriga-
tion technique was used to raise water table near the plant root zone.
Considering the levels of Pb up to 1000 mg kg�1 in soils near the
industries (Pourrut et al., 2011), following concentrations of Pb(NO3)2
viz., 0 mM (Control), 0.75 mM (250 mg kg�1) and 3 mM (1000 mg
kg�1) were used. However, no significant change in plant biomass
and height was found even after 2 weeks hence the concentrations of
Pb(NO3)2 were further raised to 6 ad 12 mM (Pb (NO3)2 doses (corre-
sponding to 2000 and 4000 mg kg�1). Hence, after reassessing initial
trials [i.e., 0, 0.75 and 3 mM Pb(NO3)2], five doses each of Pb [0, 0.75,
3, 6 and 12 mM Pb (NO3)2] with and without 300 mM NaCl (Supple-
mentary Fig. 1) with 6 replicates each (10 £ 6 = 60) were selected for
final experiment. The dosage of 0.75 mM Pb(NO3)2 (equal to 250 mg
kg-1) per day was incremented in each treatment until the final treat-
ment of 12 mM Pb(NO3)2 was reached on 8th day. Trays were
arranged in a completely randomized design (CRD). The entire exper-
iment was continued for 4 weeks after the final treatment (12 mM)
was achieved. The treatment solutions in sub-irrigation trays were
completely changed once in every week. However, due to diurnal
evaporative losses, water in each tray was added daily to maintain 2-
liter quantity of nutrient solutions.
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2.3. Growth parameters

Plants of A. macrostachyumwere harvested for growth parameters
after 4 weeks (viz., root and shoot lengths, total plant height and
number of shoot branches). Plant roots and shoots were carefully
separated, cleaned via sonication (use of ultrasonic waves), and
weighed immediately on a precision balance. Sonication of plant
samples was done to remove any dirt of soil particles using a Branson
2510 Sonicator (Marsall Scientific). All plant samples were then dried
in a heating oven (Thermo-scientific, USA) for 2�3 days at 60 °C or
when constant dry weights (DW) were obtained.
2.4. Water relations

Shoot water and osmotic as well as turgor potential in A. macro-
stachyum were determined a day before the final harvest. Water
potential was determined psychrometrically on shoots with the help
of Dew point microvoltmeter (Wescor, Inc., Logan, USA) and values
were recorded. All values were changed into megapascals (-MPa)
using regression equation plotted from the standard curve with NaCl.
Osmolality on press saps of same shoots were determined using
Osmometer (Vapro-5520, Wescor, Inc. USA) and values converted
into megapascal (-MPa) by applying Vant Hoff’s equation. Turgor
potential was calculated by subtracting osmotic potential from water
potential (Shoukat et al., 2018).
2.5. Ion/metal analyses and translocation factor

Root and shoot material were digested by the method of Otte et al.
(1993) with slight modification. Dried samples were cut into small
pieces and then powdered in a grinding mill (Retsch MM 400, Ger-
many) before acid digestion. Plant samples (0.2 g) were digested in
7 ml of HNO3 in a Teflon reactor, Model KJ-180 (Preekem, China).
Digested material was filtered using whatmann # 42 filter paper and
D.H2O was finally added to obtain 10 ml of the total volume for each
sample (Duarte et al., 2012). Sample dilutions were done as per
requirement of standard elemental analysis. Shoot and root Pb was
analyzed by flame atomic absorption spectrometry (Perkin Elmer
Analyst 700 USA). Precision of the quality assurance was maintained
by assessing the recovery of the analysis of matrix spike, its spike rep-
licates and reagent blank as control for each of the batch samples. The
percentage recovery of metals and metal spike were noted by the
same procedure as described in Mujeeb et al. (2021). Cation analysis
(Na+ and K+) was done by using flame photometer (Digital Clinical
Flame photometer, model number I-65, Intech). Translocation factor
(TF) of Pb was calculated according to the method of Marchiol et al.
(2004) i.e., shoot to root Pb ratio.
2.6. Photosynthetic pigments

Fresh shoot material was freeze dried in a lyophilizer (SCANVAC,
Coolsafe Touch, Denmark) for 4 h or till constant dry weights were
obtained and then crushed in liquid nitrogen using mortar and pestle.
Acetone (80 % v/v) was added to 0.1 g powdered material to make the
total volume of 2 ml in Eppendorf tubes. The mixture was vortexed
after which samples were kept in a refrigerator for 24 h. Photosyn-
thetic pigments (chlorophylls ‘a’ and ‘b’ as well as carotenoids) were
determined spectrophotometrically by the method of Lichtenthaler
and Buschmann (2001). Chlorophyll fluorescence parameters i.e.,
Intrinsic quantum yield of photochemistry (Fv/Fm) and effective
quantum yield of photosystem II (ɸ PSII) were determined on dark
adapted shoots (30 min) with the help of pulse modulated fluores-
cence instrument (PAM 2500, Walz, Germany) (Shi et al., 2020).
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2.7. Electrolyte leakage and hydrogen peroxide

Electrolyte leakage was determined on freshly cut shoots (0.2 gm)
per replicate for each treatment after careful washing with distilled
water. Shoot fresh weights were immediately noted. Shoot samples
were inserted in screw capped test tubes containing 10 ml distilled
water and initial electrical conductivity (EC1) was noted after an hour
with the help of CM-115 m, Kyoto Electronics, Japan). Samples were
then autoclaved at 121 °C for 20 � 25 min, cooled to room tempera-
ture (25 °C) and then final conductivity (EC2) was noted. Electrolyte
leakage was calculated by:

%Electrolyte leakage ¼ EC1=EC2 � 100

For H2O2, fresh shoot tissues were mashed in liquid nitrogen and
homogenized in trichloroacetic acid (1.8 ml of TCA, 3 % w/v). The
extract was centrifuged (12,000 £ g) for 20 min at 4 °C and the super-
natant was used to determine H2O2 by spectrophotometric method
(Loreto and Velikova, 2001).
2.8. Antioxidant enzymes

Freshly harvested shoot (0.1 g) samples from each treatment were
crushed in a mortar and pestle using liquid nitrogen. The material
was then homogenized in KH2PO4 buffer (pH 7.0) by adding 2 % PVPP
(polyvinyl polypyrrolidone), 1 mM ascorbic acid and 5 mM EDTA.
Homogenates were centrifuged at 12,000 £ g for 20 min at 4 °C.
Supernatant was used as aliquot for enzyme extract on which super-
oxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6),
Guaiacol peroxidase (GPX; EC 1.11.1.7) and Ascorbate peroxidase
(APX, EC 1.11.1.1) were analyzed according to Hameed et al. (2012).
3. Osmolytes

3.1. Glycine betaine

Glycine betaine was determined spectrophotometrically in hot
water extracts by the method of Grieve and Grattan (1983). Reference
standards of betaine (50�200 mg/ml) were prepared in 1 N H2SO4

and GB calculated by plotting standard curve.
3.2. Proline

Proline was determined by using ninhydrin method of Bates et al.
(1973) on hot water extracts. Free proline was calculated from a stan-
dard curve using analytical grade proline spectrophotometrically.
3.3. Total soluble sugars (TSS)

Total soluble sugars in plant hot water extracts were determined
by the method of Gerhardt et al. (1994) by using anthrone reagent.
3.4. Statistical analyses

All statistical analysis was done by using SPSS software (Ver. 16,
2007). A One-way ANOVA was used to find out the significant differ-
ences across salinity and Pb treatments by using post hoc tests (Bon-
ferroni / Welch / Games-Howell tests) showing significance
(P < 0.05) and two- way ANOVA to calculate the combined effect of
salinity (NaCl) and Pb.



Fig. 1. Effects of different Pb(NO3)2 concentrations (0,0.75, 3, 6 and 12 mM) with NaCl (300 mM) and without NaCl (0 mM) on growth parameters: (a) Shoot FW, (b) Root FW, (c)
Shoot DW, (d) Root DW, (e) Shoot length, (f) Root length, (g) number of branches and (h) Plant height of Arthrocaulon machrostachyum. Grouped error bars with different letters
were significantly different at p < 0.05 (Bonferroni’s test).
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4. Results

4.1. Growth responses

Plant height, number of branches, shoot & root fresh weights
(Fig. 1a �d) as well as their dry weights (Fig. 1e & f) optimized in
saline (300 mM NaCl) treatments without Pb. However, in the
absence of NaCl, plants showed a progressive increase in growth
parameters up to 3 mM Pb(NO3)2 (Fig. 1c and d). Plant growth gener-
ally decreased with increasing Pb concentration under saline treat-
ments (Fig. 1b�d). Reduced number of branches with low fresh and
dry weights beyond 6 mM Pb indicated an overall poor growth
response. Visible signs of injury with stunted growth appeared in
12 mM Pb by the end of 4th week with prominent shoot necrosis.
4.2. Water relations

Shoot water and osmotic potentials in A. macrostachyum
decreased progressively (more negative) with the increases in Pb
without NaCl (Fig. 2a and b). On the contrary, both shoot water and
osmotic potential were similar up to 6 mM Pb (ranging between - 4.3
and �4.5 MPa) with NaCl but decreased substantially at 12 mM Pb
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(Fig. 2a and b). Similarly, shoot turgor was maintained up to 6 mM Pb
(> 0.6 MPa) but significantly decreased in 12 mM both with and
without NaCl (Fig. 2).
4.3. Lead accumulation in roots and shoots

Concentration of Pb in A. macrostachyum increased significantly
(P < 0.05) under increasing Pb(NO3)2 with highest values in 12 mM
i.e., 280�370 mg kg-1 in roots and 180�200 mg kg-1 in shoots (Fig. 2c
& d). Translocation (TF) to shoot was > 1 up to 3 mM (1.53 in
0.75 mM and 2.16 in 0.75 mM + NaCl) while in 6 mM and higher Pb
treatments, Pb allocation to roots was increased with lower TF values
(0.56 in 12 mM Pb and 0.39 in 12 mM + NaCl).
4.4. Plant pigments and chlorophyll fluorescence

Plant pigments differed significantly (P < 0.05) among differ-
ent Pb and NaCl treatments (Fig. 3a�d). Chlorophyll a, b and total
chl were higher in control and NaCl treated plants alone
(Fig. 3a�c). Carotenoid content remained consistently higher in
all treatments except for 3 mM Pb with comparatively lower val-
ues (Fig. 3d). All plants treated with 6 mM or higher Pb either



Fig. 2. Effects of different Pb(NO3)2 concentrations (0,0.75, 3, 6 and 12 mM) on shoot water relation parameters (left panel): a) without NaCl and b) with NaCl (300 mM). Inverted
bars (negative values) represent water and osmotic potential and positive bars turgor potential (TP). Right panel shows Pb concentrations in roots (c) and shoots (d) of Arthrocaulon
machrostachyum. Grouped error bars with different letters were significantly different at p < 0.05.
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with or without NaCl had low chlorophyll content (Figs. 3a� c).
The maximum quantum yield of foliar photochemistry (Fv/Fm)
was 0.64 in 0 mM Pb, increased to 0.8 at 3 mM Pb; however, it
was decreased in 6 and 12 mM Pb (0.6 and 0.54 respectively).
Fig. 3. Effects of different Pb (NO3)2 concentrations (0,0.75, 3, 6 and 12 mM) with 300 mM N
(c) total Chlorophyll and (d) Total carotenoids of Arthrocaulon machrostachyum. Grouped erro
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Effective quantum yield (ɸ PSII) was 0.64 in 0 mM Pb both with
and without NaCl with a transient increase in 3 mM + NaCl (0.74)
and decreased to 0.64 and 0.58 in 6 mM and 12 mM Pb corre-
sponding to decreases in chl ‘a’ and ‘b’.
aCl and without (0 mM) NaCl on shoot pigments: (a) Chlorophyll ‘a’, (b) Chlorophyll ‘b’,
r bars with different letters were significantly different at p < 0.05 (Bonferroni’s test).



Table 1
Two-way ANOVA for different growth, physiological and biochemical char-
acteristics of A. macrostachyum grown under different Pb treatments with
300 mM NaCl and without (0 mM) NaCl salinity.

Parameters Treatment Salinity Treatment * Salinity

Shoot Height 5.9 ** 33.9 *** 6.2 **
Root Height 5.0 ** 8.2 ** 5.6 **
Shoot FW 41.6 *** 215.8 *** 27.5 ***
Root FW 6.7 ** 46.4 *** 12.8 ***
Shoot DW 18.4 *** 111.2 *** 13.7 ***
Root DW 64.8 *** 128.4 *** 20.2 ***
Total Dry Biomass 40.8 *** 217.2 *** 29.8 ***
Electrolyte Leakage 81.6 *** 23.0 *** 6.1 **
Pb Shoot 863.6 *** 0.7 ns 0.5 ns
Pb Root 776.0 *** 75.5 *** 66.3 ***
Na Shoot 13.1 *** 1496.3 *** 15.8 ***
Na Root 9.0 *** 90.8 *** 9.3 ***
K Shoot 33.9 *** 12.5 ** 4.6 **
K Root 30.7 *** 0.3 ns 3.2 *
Catalase 17.6 *** 0.01 ns 1.1 ns
APX 2.1 ns 3.0 ns 2.4 ns
SOD 1.8 ns 21** 2.5*
GPX 1.00 ns 15.8 ** 0.6 ns
H2O2 35.6 *** 22.2 *** 4.5 **

Note: F values with asterisks (*) indicate significance level = * P < 0.05;
** P < 0.01; *** P < 0.001; n.s = non-significant.
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4.5. Cations (Na+) and (K+) content

A Two-Way ANOVA showed significant differences in root and
shoot Sodium (Na+) in NaCl treated plants (Table 1). Sodium concen-
tration in shoot and root progressively increased with the increases
in Pb in all NaCl treated plants compared to Control (Table 2). Highest
root Na+ was recorded in 12 mMwith NaCl and lowest in 0.75 mM Pb
without NaCl (Table 2). On the contrary, shoot Na+ concentration was
highest in 0.75 mM + NaCl treatment and significantly decreased
with increases in Pb (Table 2). Root and shoot K+ was unchanged up
to 3 mM Pb both with and without NaCl however, a decreasing trend
was observed with further increases in Pb concentrations (Table 2).
Root Na/K ratio increased with increases in Pb + NaCl treatments
(Table 2). A similar trend was observed for shoot Na/K ratio although
values were comparatively lower than roots in plants treated with
3 mM or higher Pb (Table 2) further indicating low supply of Na+ to
shoot.
4.6. Organic osmolytes

Total soluble sugars (TSS) were significantly higher in shoots at
6 mM Pb(NO3)2 (Games-Howell test; Fig. 4a). However, in NaCl
treated plants it was highest in 0.75 mM Pb (Fig. 4a). Proline (PRO)
content linearly increased with increases in Pb(NO3)2 with and
Table 2
Effects of different concentrations of Pb(NO3)2 (0, 0.75, 3, 6 and 12
concentration in roots and shoots of Arthrocaulon macrostachyum.
and capital letters with NaCl) are significantly different at p < 0.05 (

Treatments Root Na Shoot Na Root K

mmolkg-1 DW
0 68.1 § 6.2ab 153.3 § 7.5ab 63.5 § 8.2d

0+NaCl 580 § 19.2B 1663 § 37.7AB 76.75 § 1.3D

250 25.4 § 3.1a 112 § 5.8a 66.9 § 5.0d

250+NaCl 283 § 12.6A 2631 § 211C 21.32 § 1.1A

1000 94.2 § 2.2ab 191.3 § 11b 53.30 § 2.1c

1000+NaCl 1304 § 63C 1728 § 33.7B 53.94 § 2.8C

2000 65.2 § 18.9ab 140.3 § 6.4ab 31.98 § 9.8b

2000+NaCl 1739 § 38CD 1715.4 § 84B 38.80 § 4.7B

4000 31.2 § 2.0a 121.2 § 6.4a 17.05 § 2.3a

4000+NaCl 3029 § 72D 1447.5 § 84A 20.04 § 3.0A
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without NaCl (Fig. 4b). Shoot PRO was relatively higher in Pb treat-
ments alone with highest values in 12 mM (Fig. 4b). A one-way
ANOVA showed significant changes in TSS (P < 0.01) and PRO
(P < 0.05) of A. macrostachyum under Pb treatments both with and
without NaCl (Supplementary Table 1). Shoot glycinebetaine (GB)
was » 4-fold higher than PRO in all treatments with highest values in
0.75 mM Pb + NaCl treatments (Fig. 4c). Significantly reduced shoot
GB was observed in 12 mM Pb with and without NaCl (Fig. 4c).

4.7. Contribution of solutes to osmolality

Among organic osmolytes the contribution of GB to osmolality
was highest ranging between 0.13 and 2.1 % (0.75 mM+ NaCl), fol-
lowed by PRO (0.06 in C to 0.63 % in 12 mM Pb) and TSS (0.06 in C to
0.17 % in 0.75 mM Pb). However, among all tested solutes the contri-
bution of Na+ was highest with maximum values (22 %) in 0.75 mM+
NaCl. Similarly, the contribution of K+ was also highest in 0.75 mM+
NaCl treatments with maximum values of 2.9 %.

4.8. Electrolyte leakage and hydrogen peroxide activities (H2O2)

Plants treated with 0.75 and 3 mM Pb both with and without NaCl
showed low % electrolyte leakage while a significant increase was
observed in 12 mM Pb with and without NaCl (Fig. 5a). The H2O2 con-
tent was transiently decreased in 3 mM Pb though its values were
comparatively higher in 0.75 mM while significant increases were
observed in 6 mM or higher Pb concentrations (Fig. 5b).

4.9. Antioxidant enzymes

The SOD activity increased with the addition of Pb and remained
similar up to 6 mM Pb(NO3)2 without NaCl, however, its activity sig-
nificantly increased with the increases in Pb under NaCl and
decreased at 12 mM (Fig. 6a). The activity of CAT transiently
decreased in 0.75 mM and 3 mM Pb both with and without NaCl
while a significant increase was observed in 6 mM and 12 mM Pb
(Fig. 6b). No change in the activity of GPx was found in all Pb treat-
ments without NaCl but GPx was significantly increased in 6 and
12 mM Pb with NaCl (Fig. 6c). The activity of APx was marginally
higher in 6 mM Pb without NaCl although no significant change was
observed in any of the Pb treatments (Fig. 6d).

5. Discussion

Arthrocaulon macrostachyum optimized its growth in the presence
of NaCl (300 mM) as commonly observed in obligate halophytes
(Redondo-Gomez et al., 2010; Flowers and Colmer, 2008; Nisar et al.,
2021) which may be related to improved water use efficiency and
better nutrient acquisition (Ehsen et al., 2019). An improvement in
mM) with 300 mM and without (0 mM) NaCl on Na+ and K+

Mean § SE values with different letters (small letters without
Bonferroni’s test).

Shoot K Root Na/ K ratio Shoot Na / K ratio

141 § 8.1d 1.1 § 0.14b 1.09 § 0.1a

107 § 1.1C 7.55 § 0.2A 15.4 § 0.51A

141 § 11d 0.38§ 0.04a 0.8 § 0.02a

107 § 2.21C 13.3 § 0.79B 24.4 § 1.9B

96.4 § 3.33c 1.77 § 0.1b 1.98 § 18.3b

93.8 § 3.75BC 24.2 § 0.6C 18.4 § 0.5A

67.5 § 16.9b 2.05 § 0.25bc 2.11 § 0.21c

63.78 § 3.75B 44.32§ 8.0D 27.0 § 1.9C

17.63 § 1.3a 1.89 § 0.21b 6.89 § 0.2d

37.52 § 9.9A 4.8 § 2.3A 42.6 § 8.7D



Fig. 4. Effects of different Pb(NO3)2 concentrations (0, 0.75, 3, 6 & 12 mM) with 300 mM NaCl and without (0 mM) NaCl on different organic osmolytes in shoots of Arthrocaulon
macrostachyum: (a) Soluble sugars (TSS), (b) Proline (PRO) and (c) Glycine betaine (GB) in (mmol kg-1 DW). Grouped error bars with different letters were significantly different at
p < 0.05 (Games-Howell test).
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growth up to 3 mM Pb(NO3)2 in the absence of NaCl may be related to
better nitrate acquisition as an osmolyte for maintaining turgor
(Marschner, 2011) and not due to Pb alone; however, this assumption
needs experimental testing in future studies. Conversely, the lower
growth parameters in higher concentrations of Pb(NO3)2 (> 6 mM)
were attributed to decreases in turgor potential (Koyro et al., 2013).
Hence, the biological threshold of attaining cross tolerance of Pb and
NaCl in A. macrostachyum was 6 mM but at the expense of growth.
Progressive decreases in water and osmotic potentials in A. macrosta-
chyum highlighted a typical osmo-conformor response in this species
(Khan et al., 2005). The phenomenon of reduced turgor in 6 mM or
higher Pb concentrations appeared to be a consequence of cell wall
thickening (Rucin�ska-Sobkowiak et al., 2016; Krzes»owska, 2011) and
reduced cell elongation (Pawlak-Sprada et al., 2011).

Photosynthetic pigments play a crucial role in energy metabolism
under stressed conditions (Patel and Parida, 2021; Ma et al. 2021; He
et al., 2023). Higher levels of foliar pigments were observed in plants
growing in NaCl, but substantial decreases with increasing Pb
(NO3)2 + NaCl revealed the combined and synergistic effects of metal
and ionic stress. The reduction of photosynthetic pigments in 6 mM
and higher Pb treatments may be linked with enzyme instability
along with degradation of protein complexes of photosynthetic pig-
ments (Patel and Parida, 2021) as their biosynthesis is often disrupted
with increasing metal stress (Helaoui et al., 2023). Carotenoids, as
non-antioxidants are also effective in protecting plant photosynthetic
machinery under stress (Ghanem et al., 2021) and consistently higher
CAR in A. macrostachyum (except for 3 mM Pb) seemed effective
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strategy. Similarly, decreases in foliar chlorophyll fluorescence i.e.,
Fv/Fm (potential photo-chemical quantum yield) and ɸ PSII (effective
photochemical efficiency) in 6 and 12 mM Pb concentrations may be
linked to disrupted photosystems and lower net carbon assimilation
of A. macrostachyum as observed in other species (Ehsen et al., 2019;
Ma et al., 2021; Wu et al., 2023).

5.1. Sodium (Na+), potassium (K+) and lead (Pb) content

The plants managed to have normal shoot growth while main-
taining Na+ content of up to 3 mM Pb with transiently decreasing
root Na+; however, root Na+ substantially increased in Pb concentra-
tions higher than 6 mM compared to shoot indicating lower translo-
cation. In this experiment, a two-fold increase in root Pb levels with
highest Na+ in 12 mM Pb(NO3)2 was indicative of possible hampered
Pb transport to shoots via possible blockage of channels (Pourrut et
al., 2011). The accumulation of » 200 mg kg-1 Pb in shoots indicated
that the A. macrostachyum plants have some phytoremediation com-
petence (Aziz and Mujeeb, 2022). To be designated as a typical hyper-
accumulating species for specific heavy metals or metalloids, the
plants should accumulate over 1000 mg kg-1 of Pb (Van der Ent et al.,
2013). Root and shoot K+ consistently decreased with the increases in
Pb and so as Na/K ratio. Potassium (K+) is known to maintain plant
growth and its lower values may be directly related to growth reduc-
tion (Munns et al., 2019; de Bang et al., 2021). Salt tolerant plants
often use Na+ as cost effective osmoticum in place of K+ (Munns et al.,
2019; He et al., 2023; Wu et al., 2023) as observed in this study.



Fig. 5. Effects of different Pb (NO3)2 concentrations (0, 0.75, 3, 6 and 12 mM) with
300 mM NaCl and without (0 mM) NaCl on shoot damage markers: (a) Hydrogen per-
oxide (H2O2) in mmol g-1 FW, (b) Electrolyte leakage (EL%) in Arthrocaulon machrosta-
chyum. Grouped error bars with different letters were significantly different at
p < 0.05 (Bonferroni’s test).
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Halophytes are reported to exclude salts via trichomes or salt glands
and those lacking this mechanism tend to increase shoot succulence
(Flowers et al., 2008). Higher shoot succulence in A. macrostachyum
could have assisted in achieving optimized water balance (Katschnig
et al., 2013; Patel and Parida, 2021) and avoiding phytotoxicity attrib-
uted to elevated Pb and NaCl levels as in other marsh plants (Wang et
al., 2012).

5.2. Organic osmolytes

Osmolytes are low molecular weight, readily soluble and non-
toxic substances that helps in cellular osmotic adjustment without
disrupting metabolism (Slama et al., 2015). Such compounds can also
serve as osmoprotectants for sub cellular structures by preventing
them from oxidative damage (Bose et al., 2014, 2015). Unlike glyco-
phytes, salt resistant plants could use Na+ in place of K+ for osmotic
adjustment (Hameed et al., 2021; He et al., 2023). A combination of
both organic and inorganic solutes seems to achieve osmotic balance
by maintaining cell turgor (Hameed et al., 2021). Total soluble sugars
(TSS) not only play a major role in metabolic processes (e.g., respira-
tion, photosynthesis etc.) but also assist in coping with ROS genera-
tion (Annunziata et al., 2019). In this study, TSS was highest in 6 mM
Pb, although its contribution to osmolality was lower compared to
PRO and GB. Among organic solutes, GB had highest values as well as
percent contribution followed by PRO in A. macrostachyum however,
Na+ appeared to contribute the most in osmolality for its higher con-
tent (Flowers and Colmer, 2008; Wu et al., 2023). Plants usually
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accumulate some trace metals in different organs although their
higher values could be phytotoxic that may increase cytosolic acidity
(Amjad et al., 2022; Gupta et al., 2009), damage photosynthetic pig-
ments and enhances ROS generation leading to apoptosis and cell
death (Natasha et al., 2019; Rafiq et al., 2018; Zhao et al., 2018; Sha-
hid et al., 2017). Proline (PRO) and TSS appeared to function as osmo-
protectants in A. macrostachyum under stress as found in other halo-
phytes (Hameed et al., 2021; Annunziata et al., 2019). Moreover, PRO
can also help in chelation of metals that helps in reducing their toxic-
ity (Wiszniewska et al., 2019). Linear increases in PRO content of A.
macrostachyum with the increases in Pb and NaCl could be related to
ROS scavenging as has been reported in some studies on drought and
salt tolerance (Thakur and Sharma, 2016; Wiszniewska et al., 2019;
Lamhamdi et al., 2013; Hameed et al., 2021). Glycine betaine (GB) is a
quaternary ammonium compound often found in chenopods (Chen
and Murata, 2011) and meant for the protection of PS-II machinery
(Ashraf et al., 2019). Higher GB content in A. machrostachyum may be
related to the protection of D1 protein (Chen and Murata, 2011).
However, a significant decrease in GB for test plants growing in
12 mM Pb (with and without salinity) indicated that A. machrosta-
chyum plants were unable to manage oxidative stress which was also
manifested in visible signs of injury. The concomitant decreases in
foliar fluorescence values (Fv/Fm and ɸ PSII) further supported this
observation pertaining to the disruption of photosynthetic apparatus
(Ma et al., 2021).
5.3. Stress markers and antioxidant enzyme activities

Plants surviving in stressed environments generates various types
of ROS when exposed to metal ions, but they are detoxified in the
presence of enzymatic and non-enzymatic antioxidants (Amjad et al.,
2022; Hasanuzzaman et al., 2020). Levels of H2O2 and electrolyte
leakage (%EL) usually represents ROS generation and damage to the
membrane systems (Hameed et al., 2012). In this study, transient
decreases of EL and H2O2 up to 3 mM treatments complemented
with better growth and physiological parameters, while significantly
higher values in 12 mM point towards membrane disruption.

Superoxide dismutase (SOD) primarily act as a defensive tool for
protecting plants against oxidative damage as it converts superoxide
radicals (€O-) into relatively less toxic compound i.e., H2O2 (Iftikhar et
al., 2021; Natasha et al., 2019). However, other antioxidative enzymes
helps in further detoxification of H2O2 by breaking down into water
and oxygen (Iftekhar et al., 2021; Rehman et al., 2019; Shahid et al.,
2017). Consistent increases in SOD up to 6 mM Pb in A. macrosta-
chyum epitomizes steady ROS scavenging though, a sudden decrease
in 12 mM Pb both with and without salinity suggests failure of SOD
in ROS detoxification (Rehman et al., 2019). Other enzymes for exam-
ple, CAT, GR and peroxidases are also involved in ROS detoxification
(Patel and Parida, 2021). Among them, increased levels of GPX indi-
cates both ROS quenching as well as cell wall hardening (Yildiztugay
et al., 2014) as observed in shoots of water hyacinth in response to Pb
stress (Malar et al., 2014). The reason could be impaired redox
homeostasis following ROS generation (Maqsood et al., 2023). The
overproduction of ROS is cytotoxic which can damage chloroplast
membrane system, enzyme activity, protein, and lipo-proteins (Gill
and Tuteja, 2010). Earlier research has demonstrated that the various
enzyme activities may be hampered due to metal toxicity (Anjitha et
al., 2021). In the current study, there was no significant change in
GPx up to 3 mM Pb; however, increased activity in 6 and 12 mM Pb
coupled with NaCl was observed in A. macrostachyum. The reason of
increased GPx activity may have either caused cell wall hardening
(Yildiztugay et al., 2014) or having lower indole acetic acid (auxin) in
the test species resulting in growth reduction (Hameed et al., 2012).
The higher GPx with reduced growth in A. macrostachyum supported
the above-mentioned assumptions.



Fig. 6. Effects of different Pb (NO3)2 concentrations (0, 0.75, 3, 6 and 12 mM) with 300 mM NaCl and without (0 mM) NaCl on the activity of antioxidant enzymes in shoots: (a)
Superoxide dismutase (SOD), (b) Catalase (CAT), (c) Ascorbate peroxidase (APX) and (d) Guiacol peroxidase (GPX) expressed in U mg �1 protein of Arthrocaulon machrostachyum.
Grouped error bars with different letters were significantly different at p < 0.05 (Games-Howell test).
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A transient decrease in CAT activity at 0.75 and 3 mM Pb could
also be related to low H2O2 while a noteworthy increase in 6 mM Pb
suggest plant’s ability to tolerate higher H2O2 production (Amjad et
al., 2022) and activation of stress-responsive antioxidative metabo-
lism under saline conditions (Rehman et al., 2019). The activity of
APx enzyme was marginally increased in 6 mM Pb without NaCl
although no change was observed in any of the Pb treated plants.
Marginal increases in APx at 6 mM could be related to increases in
TSS which reflects AsA biosynthesis, a substrate for APx enzyme
(Nisar et al., 2021). This enzyme is known to be involved in detoxifi-
cation of ROS at chloroplast level where CAT activity is usually low or
absent (Rahman et al., 2021). However, to confirm whether ROS pro-
duction at Pb concentrations of 6 and 12 mM was chloroplastic or
cytoplasmic needs further testing on different isozymes in A. macro-
stachyum (Nisar et al., 2021). These findings suggested that a well
coordinated antioxidant system helped in the ROS scavenging pro-
cess and up to 3 mM; while the plants were unable to cope with
12 mM Pb possibly due to chloroplast membrane damage.

The following conclusions could be inferred from the current
research:

1. Concentration of Pb in Arthrocaulon macrostachyum at 6 mM or
higher treatments increased Pb allocation to roots compared to
shoots indicating limited vascular translocation.

2. Dual tolerance to salinity and Pb in A. macrostachyum was
achieved by antioxidant enzyme feedback of up to 3 mM Pb
(NO3)2, efficient ROS scavenging, enhanced plant pigments and
tissue turgor. However, the 12 mM Pb treated plants grew poorly,
996
developed visible injury symptoms and with lower chlorophyll
levels.

3. Due to its high Pb accumulation ability under saline conditions,
Arthrocaulon macrostachyum may be considered as a suitable spe-
cies for phytoremediation of saline polluted lands.

6. Conclusions

The wetland halophyte Arthrocaulon macrostachyum can tolerate
Pb concentrations of up to 6 mM while naturally thriving in coastal
salt marshes. Despite having lower growth beyond 3 mM Pb(NO3)2,
the A. macrostachyum plants were able to manage salinity and Pb
dual tolerance possibly through optimised antioxidant feedback. This
stem succulent halophyte showed Pb accumulation of up to 3 mM;
but in concentrations higher than 6 mM Pb, the accumulation was
more pronounced in roots. Nevertheless, the test species may be
grown for Pb phytoextraction from polluted areas. This study offered
an innovative way to harness the potential of wetland halophytes for
phytoremediation of polluted lands. Moving forward, the molecular
mechanisms underlying the unique physiological performances of
halophytes and elevated Pb levels require further studies.
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