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The alleviating effect on the growth, oty

chlorophyll synthesis, and biochemical defense
system in sunflowers under cadmium stress
achieved through foliar application of humic
acid
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Abstract

Background With the progress of industrialization and urbanization, cadmium (Cd) pollution in farmland is increas-
ingly severe, greatly affecting human health. Sunflowers possess high resistance to Cd stress and great potential

for phytoremediation of Cd-contaminated soil. Previous studies have shown that humic acid (HA) effectively mitigates
plant damage induced by Cd; however, its alleviating effects on sunflower plants under Cd stress remain largely
unknown.

Results We employed four different concentrations of HA (50, 100, 200, and 300 mg L") via foliar application

to examine their ability to alleviate Cd stress on sunflower plants’growth, chlorophyll synthesis, and biochemi-

cal defense system. The results revealed that Cd stress not only reduced plant height, stem diameter, fresh and dry
weight, and chlorophyll content in sunflower plants but also altered their chlorophyll fluorescence characteristics
compared to the control group. After Cd stress, the photosynthetic structure was damaged and the number of PSI|
reactive centers per unit changed. Application of 200 mg L™" HA promotes sunflower growth and increases chloro-
phyll content. HA significantly enhances antioxidant enzyme activities (SOD, POD, CAT, and APX) and reduces ROS
content (0,7, H,O, and ~"OH). Totally, Application of 200 mg L™" HA had the best effect than other concentrations
to alleviate the Cd-induced stress in sunflower plants.

Conclusions The foliar application of certain HA concentration exhibited the most effective alleviation of Cd-induced
stress on sunflower plants. It can enhance the light energy utilization and antioxidant enzyme activities, while reduce
ROS contents in sunflower plants. These findings provide a theoretical basis for using HA to mitigate Cd stress

in sunflowers.
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Background

Recently, the rapid growth of industries has caused a sig-
nificant increase in heavy metal contamination in agricul-
tural soil, mainly due to human activities and industrial
emissions. Cadmium (Cd), an extremely toxic metallic
element, can disrupt the normal physiological functions
of living organisms and is particularly difficult to biode-
grade [1]. Generally, Cd can pose toxicity risks to plants,
even at low concentrations [2]. The Cd accumulation in
farmland soil and its involvement in the food chain pose
a serious threat to both agricultural products and public
health [3]. Therefore, it is urgent to solve soil Cd pollution
promptly. Accordingly, phytoextraction is a cost-effective
and eco-friendly approach compared to physical and
chemical methods [4]. Sunflower (Helianthus annuus L.),
a member of the Compositae family, ranks as the fourth
most significant oil crop globally. The robust root system
grants it high stress resistance, while its diverse genetic
makeup allows it to thrive in various environments [5].
As one of the most significant economic and ornamen-
tal crops, sunflowers are characterized by its substantial
biomass and ability to grow in heavy metal-contaminated
soil, and have immense potential for phytoremediation of
Cd pollution [6, 7].

The absorption of Cd by plants through their roots
in the soil typically causes initial root damage, alter-
ing cell membrane permeability and hindering the
element’s transport within the membrane [8]. Conse-
quently, it curtails the plant roots’ ability to absorb vital
mineral nutrients [9]. Cd is commonly found as Cd*"
and also exists in the form of Cd-chelates in the soil
solution [10]. The Cd-chelate is generally stable across
an extensive pH range, and can help plants reduce the
damage of Cd*". Due to identical charge, and simi-
lar ionic radius and chemical behavior, excess Cd*" in
soil has negative effect on the Ca’" uptake [11]. Cd*"
can also impede the activities of nitrate reductase and
nitrite reductase in plants, subsequently diminishing
the capacity of their roots to adsorb nitrate [12]. More-
over, Cd stress can increase the production of reactive
oxygen species (ROS) and cause oxidative damage to
biofilms, proteins, or DNA [13]. For instance, the pro-
duction of MDA and DNA damage caused by Cd stress
can decrease the photosynthesis, and hence seriously
affect the growth and development of plants [14, 15].
The antioxidant enzyme system concurrently responds
to excess ROS by increasing the activities of superox-
ide dismutase (SOD), peroxidase (POD), and catalase
(CAT) under Cd stress [16]. The continuous exposure
to Cd stress reduces plants’ antioxidant capacity and
photosynthesis, thereby impacting their growth, devel-
opment, and yield formation [14, 15].
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Numerous strategies are currently being investigated
to enhance plant tolerance to environmental stress,
such as the utilization of nanoparticles [17, 18], chela-
tors [6], cell signaling molecules [19, 20] and micronu-
trient fertilizers [21]. Recently, the use of plant growth
regulators (PGR) in high Cd-resistant plants has gained
significant attention for protecting them from heavy
metal-induced damage [22]. The organic compound
humic acid (HA) is commonly found in soil, water,
weathered coal, peat, and lignite, making it a preva-
lent component of the natural environment [23, 24].
On the one hand, the increase in HA level enhances
nutrient absorption, cell permeability, and the plant
growth stimulation response mechanism [25-27],
thereby promoting the plant germination, growth and
yield, and enhancing abiotic tolerance [26-28]. On the
other hand, the large granular colloid HA, with a nega-
tive surface charge, can absorb pollutants through elec-
trostatic interaction. After forming complexes, these
contaminants struggle to cross cell membranes due to
their non-polarity, significantly reducing their poten-
tial impact on crops [29, 30]. The role of HA in allevi-
ating Cd stress during plant growth is significant, with
mechanisms including chelation, oxidative pressure
reduction, promotion of soil microbial activity, and
regulation of plant growth hormone [31, 32]. Therefore,
whether HA can serve as an effective PGR candidate for
enhancing sunflower growth and stress tolerance under
Cd stress conditions needs further investigation.

The combined application of plants and exogenous
PGR or chelating agents can be effectively utilized for the
management of heavy metal pollution [33-35]. To test
the mitigating effect of HA on sunflower plants under Cd
stress, this study extensively investigated the growth, flu-
orescence characteristics, and antioxidant system of sun-
flowers after spraying them with different concentrations
of HA. The aim was to explore the optimal concentration
and effectiveness of HA in alleviating Cd stress on sun-
flowers, providing essential information for future appli-
cation in phytoremediation of Cd-contaminated soil.

Results

Effects of HA on growth of sunflower plants under Cd

stress

Cd stress significantly inhibited the growth of sunflower
plants, and the plant height, stem diameter, fresh and
dry weight were significantly reduced by 21.45%, 33.65%,
38.37% and 28.51%, respectively, compared with those of
CK (Fig. 1). In contrast, HA (HA1, HA2, HA3 and HA4
represent 50, 100, 200, and 300 mg L™ concentrations)
can mitigate the growth inhibition effects of Cd stress
on sunflower plants. For instance, plant height, stem
diameter, fresh weight and dry weight were significantly
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increased compared with those of Cd. With the increase
of HA concentration, the growth indexes of sunflower
plants first increased and then decreased. The HA3 treat-
ment had the greatest effect on growth of sunflower
plants.

Effects of HA on chlorophyll content of sunflower plants
under Cd stress

The chlorophyll content in sunflower plants exposed to
Cd stress exhibited a significant reduction compared to
the CK group (Fig. 2). The contents of chlorophyll a, chlo-
rophyll b, and total chlorophyll have reduced by 36.06%,
58.83%, and 41.62% respectively. Conversely, it showed
that HA significantly elevated the chlorophyll content
of sunflower plants in these four treatments, especially
HA3. When sunflower plants treated with 200 mg L™
HA (HA3), the contents of total chlorophyll, chloro-
phyll a, and chlorophyll b in the leaves exhibit a signifi-
cant increase of 41.18%, 85.73%, and 49.85%, respectively,
compared to Cd group.

Effects of HA on the PSIl photochemical activity

of sunflower plants under Cd stress

The potential photochemical activity (Fv/Fo) and the
maximum photochemical efficiency of PSII (Fv/Fm) of
sunflower plants reduced by 67.81% and 24.67% respec-
tively under Cd stress (Fig. 3A and 3B). However, after
treatment with HA, the Fv/Fo increased by 30.65% (HA1),
78.35% (HA2), 170.66% (HA3), and 123.63% (HA4), while
the Fv/Fm increased by 9.32% (HA1), 19.03% (HA2),
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Fig. 1 Effect of HA on growth of sunflower plants under Cd stress. The panel A-D represent the plant height, stem diameter, fresh weight, and dry
weight of sunflower plants under normal conditions (CK), Cd stress conditions (Cd), and Cd stress conditions with foliar spraying of four different HA
concentrations (HA1, HA2, HA3 and HA4). The significant differences in all detection indicators were determined using ANOVA, while the different
letter on the top of any two columns represent significant differences between pairwise samples using pairwise Duncan’s tests. The CK, Cd, HA1,
HA2, HA3 and HA4 treatments were labeled using green (#189D76), orange (#DA6309), purple (#7F7AB8), magenta (#£9489B), blue (#4486BC)

and red (#E41D1F), respectively

29.76% (HA3), and 25.20% (HA4) compared to Cd group.
HA could enhance photochemical efficiency sunflower
plants under Cd stress. The number of active PSII reac-
tion centers per unit area (RC/CSo) of sunflower plants
under Cd stress reduced 54.99% compared to the CK
group (Fig. 3C). Cd stress impaired the absorption and
conversion capabilities of pigment molecules within
PSII reaction centers. However, subsequent treatment
with HA demonstrated a significant increase in RC/CSo
compared to Cd, with increases of 18.49% (HA1), 34.96%
(HA2), 40.20% (HA3), and 23.16% (HA4), respectively.
The application of HA can facilitate the absorption and
utilization of light energy by pigment molecules within
PSII reaction centers. Compared to CK group, the pho-
tosynthetic activity (P1,,,) was significantly reduced after
Cd stress (91.95%, Fig. 3D), leading to impairment of the
structure and function of the PSII system. However, after
spraying HA, PL. was significantly increased. Totally,
HA application can enhance the overall performance of
the PSII system in sunflower leaves exposed to Cd stress,
thereby fostering photosynthesis.

Effects of HA on energy flow parameters of sunflower
plants unit PSll reaction center under Cd stress

When compared to CK group, the absorption of light
energy (ABS/RC), capture (TRo/RC), and dissipation
(DIo/RC) per unit reaction center in sunflower plants
under Cd stress exhibited increases of 51.24%, 16.50%,
and 216.67%, respectively (Fig. 4). In contrast, the energy
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Fig. 2 Effects of HA on chlorophyll content in sunflower plants
exposure to Cd stress. The panel A-C represent the contents
of chlorophyll a, chlorophyll b, and total chlorophyll of sunflower
plants under CK, Cd, HA1, HA2, HA3 and HA4. The abbreviation

FW stands for fresh weight. The same method of significance test
and color as depicted in Fig. 1 was employed
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for electron transport per unit reaction center (ETo/RC)
experienced a significant reduction of 51.29%. Following
the HA application, ABS/RC and DIo/RC decreased and
ETo/RC increased compared to Cd group.

Effects of HA on ROS of sunflower plants under Cd stress

Cd stress can significantly increase the O,” produc-
tion rate and H,O, and “"OH contents in the leaves of
sunflower plants, which were 1.82 times, 1.18 times,
and 1.30 times those of the control group, respectively
(Fig. 5). With the elevation of HA concentration, the
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O,~ production rate and the content of H,0, and "OH
demonstrated a downward trend. Compared to the Cd
group, the O,~ production rate, H,O,, and “OH content
decreased the most in the HA3 group, with significant
reductions of 44.91%, 13.29%, and 21.00%, respectively.
Our results indicated that HA, especially HA3, could aid
sunflower plants in eliminating excessive ROS.

Effects of HA on antioxidant enzyme activity of sunflower
plants under Cd stress

Cd stress can activate the antioxidant enzymes, SOD,
POD, CAT, and ascorbate peroxidase (APX), in sun-
flower plants, leading to significant elevations of 16.95%,
77.07%, 32.79%, and 40.00%, respectively, compared to
the CK group (Fig. 6). As the HA concentration increased
(except HA4), the activities of these enzymes continued
to be upregulated. The HA3 group demonstrated the
most robust enzyme activity, with SOD, POD, and CAT
activities increased significantly by 13%, 207%, and 86%,
respectively, compared to the Cd group. Hence, spray-
ing 200 mg L™! HA can effectively enhance the activity of
antioxidant enzymes to scavenge the excessive ROS and
mitigate the deleterious effects of Cd stress on sunflower
plants.

Comparative analysis of physiological indexes of sunflower
plants under Cd stress by varying HA concentrations

We conducted hierarchical cluster analysis (Fig. 7A) and
K-means cluster analysis (Fig. 7B) based on all the tested
physiological index, which could be categorized into
three groups based on the relative level of each physio-
logical index. The first group exhibited the highest values
in the CK group and the lowest under Cd group. Among
the varying HA concentrations, it reached their peak at
HAS3 concentration. These indicators included Fv/Fm,
Fv/Fo, chlorophyll a, total chlorophyll, plant height, PL,,
fresh weight, dry weight, ETo/RC, RC/CSo, and stem
diameter and chlorophyll b. The second group showed
the lowest values in the CK group and increased in Cd
group. The index continued to rise with different concen-
trations of HA application, and reached its peak at HA3
concentration. Although declined at HA4 concentration,
it still slightly higher than the CK group. These indicators
included O,~, "OH, ABS/RC, H,0,, and DIo/RC. The
third group demonstrated the lowest values in the CK
group and the highest in the Cd group. Indexes in this
group decreased with varying concentrations of HA miti-
gation and reached their lowest point at HA3 concentra-
tion (although still slightly higher than the CK group).
These indicators included SOD, TRo/RC, APX, POD, and
CAT. Overall, 200 mg L~ HA was proved to be the most
effective in alleviating Cd stress in sunflowers.
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Fig. 3 Effect of HA on chlorophyll fluorescence characteristics of sunflowers exposure to Cd stress. The panel A-D represent the values of Fv/Fm,
Fv/Fo, RC/CSo and Pl parameters of sunflower plants under CK, Cd, HA1, HA2, HA3 and HA4. The same method of significance test and color

as depicted in Fig. 1 was employed
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Further, principal component analysis (PCA) was
performed on each physiological index and the biologi-
cal replicates of each sample were clustered together
(Fig. 7C). This suggested that the physiological state of
plants had significantly altered under various treatments,
with the differences between samples being greater than
those within samples. The proximity of the distances
between the samples of Cd and HA1, HA2, HA3, and
HA4, compared to the distance between the samples of
CK, indicates that although different HA concentrations

TRo/RC

CK Cd HA1 HA2 HA3 HA4

Dlo/RC

CK Cd HA1 HA2 HA3 HA4
Fig. 4 Effects of HA on energy fluxes per PSl reaction center of sunflowers exposure to Cd stress. The panel A-D represent the values of ABS/RC,
TRo/RC, ETo/RC and Dlo/RC parameters of sunflower plants under CK, Cd, HAT, HA2, HA3 and HA4. The same method of significance test and color
as depicted in Fig. 1 was employed

had a notable impact on alleviating sunflower plants,
there were still some disparities from the CK group. Sub-
sequently, we conducted correlation tests for each physi-
ological index (Fig. 7D) and found a positive correlation
between the main plant growth index and the photosyn-
thetic index (P<0.001). The three ROS and ABS/RC were
positively correlated with DIo/RC (P<0.001), and there
was a positive correlation between the activities of the
four antioxidant enzymes (P<0.001). In contrast, plant
growth indexes were negatively correlated with ABS/RC,
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Fig. 5 Effects of HA on ROS contents in sunflower plants exposure
to Cd stress. The panel A-C represent the superoxide radical

(0,), hydrogen peroxide (H,0,) and hydroxyl ion (OH) contents
of sunflower plants under CK, Cd, HA1, HA2, HA3 and HA4. The
abbreviation FW stands for fresh weight. The same method

of significance test and color as depicted in Fig. 1 was employed

DIo/RC, and TRo/RC (P<0.05). There was also a negative
correlation between plant growth index and the activity
of four antioxidant enzymes, although the correlation
was not significant except for SOD.

Discussion

The issue of Cd pollution is garnering greater focus due
to its unique properties of long-term persistence, bio-
accumulation, irreversibility, high toxicity, and insidi-
ousness when compared to other contaminants [36].
Phytoremediation, a cost-effective and eco-friendly
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approach, utilizes plants to efficiently extract and neutral-
ize pollutants, significantly reducing their environmental
impact [37]. Excessive Cd concentrations adversely affect
essential physiological functions such as photosynthesis,
respiration, and nitrogen metabolism, leading to stunted
growth and diminished biomass accumulation [38]. Sun-
flower has demonstrated high tolerance and substantial
biomass increase under cadmium stress, rendering it a
promising solution for soil contamination mitigation [6,
7]. However, despite sunflowers surviving under a Cd
treatment of 300 mg kg™, their growth parameters (plant
height, stem diameter, fresh weight, and dry weight)
were significantly reduced compared to the CK group
(Fig. 1). Therefore, enhancing the tolerance of sunflow-
ers to Cd stress is crucial for enhancing the efficiency of
phytoremediation.

The active groups in HA, such as carboxyl, hydroxyl,
methoxyl, and acyl, facilitate the removal of Cd*" from
soil by ion exchange, chemisorption, and chelation [39,
40]. In our preliminary experiments, we employed HA
through two methods: soil application and foliar spray.
Among these exogenous treatments, foliar spray was
superior in enhancing plant biomass, chlorophyll con-
tent, and various physiological and biochemical indices.
Similar, previous studies also found that applying HA as
a foliar treatment significantly enhanced plant biomass
under stress [28, 41]. In this study, we confirmed that
foliar HA spraying can promote the recovery of various
morphological indexes of sunflower plants under Cd
stress. HA can affect the processes including cell res-
piration, photosynthesis, protein synthesis, nutrient
and water uptake, as well as enzyme activities, thereby
enhance crop yield [26, 27, 42]. Humic substances can
also work against environmental stresses by increasing
dry biomass weight and promoting plant growth [41].

The pigment chlorophyll is essential for photosyn-
thesis and plays a significant role in determining plant
growth [43]. The excessive Cd can inhibit chlorophyll
ester reductase and §-amino ester dehydrogenase activi-
ties, leading to the degradation of chlorophyll mem-
brane structure and exacerbating its decomposition [44,
45]. In this study, the contents of chlorophyll a, chloro-
phyll b, and total chlorophyll in sunflower plants under
Cd stress were notably decreased compared to the CK
group (Fig. 2), suggesting that Cd stress impedes chloro-
phyll synthesis in sunflowers. This result is similar with
Kaya et al. [41]. HA also has the potential to stimulate
the increase in plant biomass, chlorophyll content, min-
eral nutrition, and key antioxidant enzyme activity [46].
Thus, applying HA to the leaf surface can effectively
mitigate the chloroplast damage in sunflowers induced
by Cd stress. Moreover, chlorophyll fluorescence param-
eters in plants are widely regarded as crucial indicators
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for assessing the effects of environmental stress on pho-
tosynthesis, which can effectively reveal the degree of Cd
stress on photosynthesis [47, 48]. Under Cd stress, the
performance of PSII system in sunflowers significantly
declined, but increased after applying 200 mg L' HA
(Fig. 3). These results suggested that foliar application of
200 mg L™' HA can significantly elevate the photosyn-
thetic efficiency.

Abiotic stresses can lead to detrimental changes in
morpho-physiological and bio-molecular processes in
plants such as the generation of ROS, membrane dam-
age, loss of photosynthetic efficiency, etc. and thereby
result in reduced growth and yield penalty [20]. The
ROS are byproducts of lipid peroxidation in plants and
their levels reflect the extent of plant damage, making
them a valuable indicator for assessing cell damage [49].
Our results demonstrated that Cd stress significantly
increased the production rate of O,” and the contents
of H,0, and “OH in sunflower leaves (Fig. 5), indicating
the detrimental effects of Cd stress on sunflowers. Plants
can scavenge the excessive ROS from the body by pro-
ducing antioxidant enzymes, thus reducing its potential
damage [50]. When exposed to Cd, sunflowers’ antioxi-
dant defense system effectively enhanced the activity of
antioxidant enzymes, especially after spraying the HA
application (Fig. 6). SOD efficiently eliminates free radi-
cals, while POD catalyzes the oxidative decomposition of
active oxygen species [51]. CAT, in turn, removes H,0O,
from plant cells, safeguarding them from oxidative stress
[52]. This is a sensitive indicator reflecting the impact of
heavy metal pollution stress [53]. The results of this study
demonstrate that spraying 200 mg L™ HA can signifi-
cantly boost the activities of SOD, POD, CAT, and APX
in sunflowers following Cd stress (Fig. 6). This inter-
vention helps sunflowers clear excessive ROS (Fig. 5),
thereby effectively mitigating the damage caused by Cd
stress on sunflower.

In summary, we extensively investigated the alleviating
effect of different HA concentrations on the growth, chlo-
rophyll synthesis, and biochemical defense system in sun-
flower plants under Cd stress through foliar application.
Under Cd stress, HA enhanced the fluorescence charac-
teristics and antioxidant enzyme activity, protected plant
photosynthesis, and hence promoted plant growth and
development (Fig. 8). Our results suggest that spraying
exogenous HA at varying concentrations had a mitigating
effect on deleterious effects caused by Cd stress on sun-
flower plants; particularly at a concentration of 200 mg
L~'. However, the concentration of 300 mg L™ HA had a
weaker effect than 200 mg L™, From the results, we may
infer that it may induce moderate osmotic stress through
foliar spray application when exposed to an elevated
concentration of HA (300 mg L), the alleviating effect
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could be mitigated consequently. Certainly, the present
inference is speculative in nature, and further studies is
required for its validation.

Conclusion

The present study confirms that HA is a plant growth
regulator, which can promote the sunflower growth when
exposed to Cd stress. Our investigation advances our
understanding of the alleviating effect of HA underpin
the variations in plant growth, physiology and biochem-
istry of sunflowers under Cd stress through foliar appli-
cation. It further demonstrated the potential role of HA
in protecting the sunflower plants against Cd phytotox-
icity through the following two major mechanisms (a)
up-regulating the light energy utilization and chlorophyll
content to enhance photosynthesis, (b) enhancing the
antioxidant defense system, especially the antioxidant
enzyme activity, to efficiently scavenge the generated
ROS to reduce its oxidative damage. Our results suggest
that spraying exogenous HA with certain concentration
had a significantly mitigating effect on deleterious effects
caused by Cd stress on sunflowers. Our study would pro-
vide valuable strategies for the application of HA in pro-
moting the phytoremediation of cadmium-contaminated
soil by sunflower plants.

Materials and methods

Plant cultivation and experimental treatment

The effect of HA on sunflowers’ physiological and bio-
chemical indices under Cd stress was investigated
through a pot experiment conducted in the biochemi-
cal laboratory of Changzhi University. The sunflower
cultivar (MH8361) seeds were purchased from Hebei
Maohua seed industry Co., LTD. HA was obtained from
Shandong Xiya Chemical Industry Co., LTD; Other bio-
chemical regents were obtained from Beijing Solarbio
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Science & Technology Co., Ltd. The consistent and full
sunflower seeds were sowed in porous plastic pots filled
with nutrient-rich soil. The experimental conditions
included a daytime temperature of 28 °C and a nighttime
temperature of 26 °C, a light—dark cycle of 16 h and 8 h,
and a humidity level of (60 +5) %. After reaching two true
leaves, the healthy and consistently growing sunflower
plants were selected and exposed to a concentration of
300 mg kg~' CdCl,. Meanwhile, the control was set as
normal growth condition (CK). After 7 days of Cd stress,
the plants were evenly sprayed each day with HA solu-
tions (0, 50, 100, 200, and 300 mg L) on both sides of
the leaves until water droplets formed. The plants treated
with these five HA solutions were designated as Cd,
HA1, HA2, HA3, and HA4, respectively. The CK treat-
ment was sprayed with distilled water. Relevant indices of
sunflower plants were measured after a 7-day treatment
period. All the six treatments had three biological repli-
cates, each with a minimum of three sunflowers to mini-
mize bias from individual variations.

Determination of plant growth and physiological indexes
The plant growth indexes (including plant height, stem
diameter, fresh weight, and dry weight) as well as chlo-
rophyll content were measured following the method by
Shen et al. [25]. The activities of SOD, POD, CAT, and
APX were determined according to the method by Xu
et al. [6]. The chlorophyll fluorescence parameters of sun-
flower plants were analyzed using the Handy-PE portable
plant efficiency analyzer (Hansha Scientific Instruments
Ltd.) following the method by Zhao et al. [54]. The con-
tent of H,O, and the O, production rate were deter-
mined by the method of Velikova et al. [55] and Jiang
et al. [56], respectively. The content of "TOH was meas-
ured using a hydroxyl radical kit (Solebol, Beijing).

Date statistics and analysis

The significant differences in all detection indicators were
determined using Analysis of variance (ANOVA) in R
(v4.3.1), while pairwise Duncan’s tests were used to assess
the significant differences between pairwise samples. All
data presented in the figures were depicted as mean val-
ues t standard deviations, with lowercase letters of dis-
tinct data denoting significant disparities among various
treatments (P <0.05). The pheatmap package in R was uti-
lized for heatmap visualization, while the psych package
in R was employed for conducting Pearson’s correlation
test. Principal component analysis (PCA) was conducted
using the online tools of Metware cloud (https://cloud.
metware.cn/#/home).

Page 9 of 11

Authors’ contributions

XW., AL and H.S. designed the study and revised the manuscript. X.W.,, J.Z.
and J.S. performed the experiments. XW,, J.Z, L.Z, PW.and H.S. analyzed data.
XW, J.Z.and A.L. wrote the manuscript. All authors read and approved the
final manuscript.

Funding

This study was supported by the Scientific and Technological Innova-

tion Programs of Higher Education Institutions in Shanxi (2021L526), and
the Basic Research Foundation for Young Scientists of Shanxi Province
(20210302124232, 20210302124145), Shanxi Scholarship Council of China
(2021-153). The funders had no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
Data is provided within the manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 April 2024 Accepted: 12 August 2024
Published online: 22 August 2024

References

1. Yang S, ZuY,LiB,BiY,JiaL, HeY,LiY.Response and intraspecific dif-
ferences in nitrogen metabolism of alfalfa (Medicago sativa L.) under
cadmium stress. Chemosphere. 2019,220:69-76.

2. Adrees M, Khan ZS, Ali S, Hafeez M, Khalid S, ur Rehman MZ, Hussain A,
Hussain K, Shahid Chatha SA, Rizwan M. Simultaneous mitigation of cad-
mium and drought stress in wheat by soil application of iron nanoparti-
cles. Chemosphere. 2020; 238: 124681.

3. Uddin MM, Zakeel MCM, Zavahir JS, Marikar FMMT, Jahan I. Heavy metal
accumulation in rice and aquatic plants used as human food: a general
review. Toxics. 2021;9(12):360.

4. Garbisu C, Alkorta |. Phytoextraction: a cost-effective plant-based
technology for the removal of metals from the environment. Bioresource
Technol. 2001;77(3):229-36.

5. Sacramento BLd, Azevedo Neto ADd, Alves AT, Moura SC, Ribas RF. Photo-
synthetic parameters as physiological indicators of tolerance to cadmium
stress in sunflower genotypes. Revista Caatinga 2018; 31(4):907-916.

6. Xul,Lil, Najeeb U, Li X, Pan J, Huang Q, Zhou W, Liang Z. Synergistic
effects of EDDS and ALA on phytoextraction of cadmium as revealed by
biochemical and ultrastructural changes in sunflower (Helianthus annuus
L) tissues. J Hazard Mater. 2021,407:124764.

7. de Andrade SAL, da Silveira APD, Jorge RA, de Abreu MF. cadmium accu-
mulation in sunflower plants influenced by arbuscular mycorrhiza. Int J
Phytorem. 2008;10(1):1-13.

8. Riaz M, Kamran M, Rizwan M, Ali S, Parveen A, Malik Z, Wang X. Cadmium
uptake and translocation. selenium and silicon roles in Cd detoxification
for the production of low Cd crops: a critical review. Chemosphere. 2021;
273:129690.

9. Dong J,Wu F, Zhang G. Influence of cadmium on antioxidant capacity
and four microelement concentrations in tomato seedlings (Lycopersicon
esculentum). Chemosphere. 2006;64(10):1659-66.

10. Haider FU, Liqun C, Coulter JA, Cheema SA, Wu J, Zhang R, Wenjun M,
Faroog M. Cadmium toxicity in plants: impacts and remediation strate-
gies. Ecotox Environ Safe. 2021;211:111887.


https://cloud.metware.cn/#/home
https://cloud.metware.cn/#/home

Wang et al. BMC Plant Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2024) 24:792

. Nazar R, Igbal N, Masood A, Khan MIR, Syeed S, Khan NA. Cadmium toxic-

ity in plants and role of mineral nutrients in its alleviation. Am J Plant Sci.
2012;03(10):1476-89.

Li J-Y, Fu Y-L, Pike SM, Bao J, Tian W, Zhang Y, Chen C-Z, Zhang Y, Li H-M,
Huang J et al. The Arabidopsis nitrate transporter NRT1.8 functions in
nitrate removal from the xylem sap and mediates cadmium tolerance.
Plant Cell. 2010; 22(5):1633-1646.

Sinnis P, Jaramillo-Gutierrez G, Molina-Cruz A, Kumar S, Barillas-Mury C.
The Anopheles gambiae oxidation resistance 1 (OXR1) gene regulates
expression of enzymes that detoxify reactive oxygen species. PLoS ONE.
2010;5(6): 11168.

Wang Z, Li G, Sun H, Ma L, Guo'Y, Zhao Z, Gao H, Mei L. Effects of drought
stress on photosynthesis and photosynthetic electron transport chain in
young apple tree leaves. Biol Open 2018; 7(11): bio035279.

Chu J, Zhu F, Chen X, Liang H, Wang R, Wang X, Huang X. Effects of
cadmium on photosynthesis of Schima superba young plant detected by
chlorophyll fluorescence. Environ Sci Pollut Res. 2018;25(11):10679-87.
Xia M, Wei Y, Lai M, Yang X, Gao Z, Zhao H, Jia H, Chang J, Ji X. Hydrogel-
potassium humate composite alleviates cadmium toxicity of tobacco by
regulating Cd bioavailability. Ecotox Environ Safe. 2023;263: 115361.
Mariyam S, Upadhyay SK, Chakraborty K, Verma KK, Duhan JS, Muneer S,
Meena M, Sharma RK, Ghodake G, Seth CS. Nanotechnology, a frontier

in agricultural science, a novel approach in abiotic stress management
and convergence with new age medicine-A review. Sci Total Environ.
2024,912:169097.

Kumar D, Dhankher OP, Tripathi RD, Seth CS. Titanium dioxide nanoparti-
cles potentially regulate the mechanism(s) for photosynthetic attributes,
genotoxicity, antioxidants defense machinery, and phytochelatins syn-
thesis in relation to hexavalent chromium toxicity in Helianthus annuus L.
J Hazard Mater. 2023;454: 131418.

Mariyam S, Bhardwaj R, Khan NA, Sahi SV, Seth CS. Review on nitric

oxide at the forefront of rapid systemic signaling in mitigation of salinity
stress in plants: Crosstalk with calcium and hydrogen peroxide. Plant Sci.
2023;336: 111835.

Choudhary R, Rajput VD, Ghodake G, Ahmad F, Meena M, Rehman Ru,
Prasad R, Sharma RK, Singh R, Seth CS. Comprehensive journey from
past to present to future about seed priming with hydrogen peroxide
and hydrogen sulfide concerning drought, temperature, UV and ozone
stresses- a review. Plant Soil. 2024;500(1-2):351-73.

JinW, Cheng L, Liu C, Liu H, Jiao Q Wang H, Deng Z, Seth CS, Guo H, Shi Y.
Cadmium negatively affects the growth and physiological status and the
alleviation effects by exogenous selenium in silage maize (Zea mays L.
Environ Sci Pollut Res. 2024; 31(14):21646-21658.

Chen L, Long C, Wang D, Yang J. Phytoremediation of cadmium (Cd)

and uranium (U) contaminated soils by Brassica juncea L. enhanced

with exogenous application of plant growth regulators. Chemosphere.
2020;242:125112.

Schellekens J, Buurman P, Kalbitz K, Zomeren Av, Vidal-Torrado P, Cerli

C, Comans RNJ. Molecular features of humic acids and fulvic acids from
contrasting environments. Environ Sci Technol. 2017; 51(3):1330-1339.
Doskocil L, Burdikové-Szewieczkova J, EnevV, Kalina L, Wasserbauer J.
Spectral characterization and comparison of humic acids isolated from
some European lignites. Fuel. 2018;213:123-32.

Shen J, Guo M, Wang Y, Yuan X, Wen Y, Song X, Dong S, Guo P. Humic acid
improves the physiological and photosynthetic characteristics of millet
seedlings under drought stress. Plant Signal Behav. 2020;15(8):1774212.
MoraV, Bacaicoa E, Zamarrenio A-M, Aguirre E, Garnica M, Fuentes M,
Garcia-Mina J-M. Action of humic acid on promotion of cucumber shoot
growth involves nitrate-related changes associated with the root-to-
shoot distribution of cytokinins, polyamines and mineral nutrients. J Plant
Physioly 2010; 167(8):633-642.

Eyheraguibel B, Silvestre J, Morard P. Effects of humic substances derived
from organic waste enhancement on the growth and mineral nutrition of
maize. Bioresource Technol. 2008;99(10):4206-12.

El-Shabrawi HM, Bakry BA, Ahmed MA, Abou-El-Lail M. Humic and

oxalic acid stimulates grain yield and induces accumulation of plastidial
carbohydrate metabolism enzymes in wheat grown under sandy soil
conditions. Agr Sci. 2015,06(01):175-85.

Salvestrini S. Diuron herbicide degradation catalyzed by low

molecular weight humic acid-like compounds. Environ Chem Lett.
2013;11(4):359-63.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 10 of 11

Kushwaha A, Rani R, Patra JK. Adsorption kinetics and molecular interac-
tions of lead [Pb(Il)] with natural clay and humic acid. Int J Environ Sci
Technol. 2019;17(3):1325-36.

Asadi M, Sedghi M, Ifi RSS. Effects of humic acid on the germination traits
of pumpkin seeds under cadmium stress. Notulae Scientia Biologicae.
2013;5(4):480-4.

Zandonadi DB, Canellas LP, Faganha AR. Indolacetic and humic acids
induce lateral root development through a concerted plasmalemma and
tonoplast H* pumps activation. Planta. 2006;225(6):1583-95.

Singh D, Agnihotri A, Seth CS. Interactive effects of EDTA and oxalic

acid on chromium uptake, translocation and photosynthetic attrib-

utes in Indian mustard (Brassica juncea L. var. Varuna). Curr Sci.
2017;112(10):2034-42.

Kumar D, Mariyam S, Gupta KJ, Thiruvengadam M, Sampatrao Ghodake
G, Xing B, Seth CS. Comparative investigation on chemical and green
synthesized titanium dioxide nanoparticles against chromium (VI) stress
eliciting differential physiological, biochemical, and cellular attributes in
Helianthus annuus L. Sci Total Environ. 2024;930: 172413.

Xu Z,Pan J, Ullah N, DuanY, Hao R, Li J, Huang Q, Xu L. 5-Aminolevulinic
acid mitigates the chromium-induced changes in Helianthus annuus L. as
revealed by plant defense system enhancement. Plant Physiol Biochem.
2023;198:107701.

Abbas T, Rizwan M, Ali S, Adrees M, Mahmood A, Zia-ur-Rehman M, Ibra-
him M, Arshad M, Qayyum MF. Biochar application increased the growth
and yield and reduced cadmium in drought stressed wheat grown in an
aged contaminated soil. Ecotox Environ Safe. 2018;148:825-33.

Krdmer U. Phytoremediation: novel approaches to cleaning up polluted
soils. Curr Opin Biotech. 2005;16(2):133-41.

Sanita di Toppi L, Gabbrielli R. Response to cadmium in higher plants.
Environ Exp Bot. 1999; 41(2):105-130.

Yang C, Xiong S, Ma X, Li X, Ye S, Wang J, Chen Y, Zhong C. Interaction and
molecular mechanism between rare earth ions and oxygen-rich humic
acid molecules derived from excess sludge in low-concentration systems.
JWater Process Eng. 2024;59: 104913.

LiuY, Zhi L, Zhou' S, Xie F. Effects of mercury binding by humic acid

and humic acid resistance on mercury stress in rice plants under

high Hg/humic acid concentration ratios. Environ Sci Pollut Res.
2020;27(15):18650-60.

Kaya C, Akram NA, Ashraf M, Sonmez O. Exogenous application of humic
acid mitigates salinity stress in maize (Zea mays L.) plants by improv-

ing some key physico-biochemical attributes. Cereal Res Commun.
2018;46(1):67-78.

Mayi AA, Ibrahim ZR, Abdurrahman AS. Effect of foliar spray of humic
acid, ascorbic acid, cultivars and their interactions on growth of olive
(Olea european L.) Transplants cvs. Khithairy and Sorany. IOSR J Agr Veter
Sci. 2014;7(4):18-30.

Wang W, Min Z, Wu J, Liu B, Xu X, Fang Y, Ju Y. Physiological and transcrip-
tomic analysis of Cabernet Sauvginon (Vitis vinifera L) reveals the alleviat-
ing effect of exogenous strigolactones on the response of grapevine to
drought stress. Plant Physiol Biochem. 2021;167:400-9.

Hashem A, Abdallah EF, Algarawi AA, Egamberdieva D. Bioremediation of
adverse impact of cadmium toxicity on Cassia italica Mill by arbuscular
mycorrhizal fungi. Saudi J Biol Sci. 2016; 23(1):39-47.

Dalla Vecchia F, Rocca NL, Moro |, De Faveri S, Andreoli C, Rascio N.
Morphogenetic, ultrastructural and physiological damages suffered by
submerged leaves of Elodea canadensis exposed to cadmium. Plant Sci.
2005;168(2):329-38.

Ahmad P, Ahanger MA, Alam P, Alyemeni MN, Wijaya L, Ali S, Ashraf

M. Silicon (Si) supplementation alleviates NaCl toxicity in mung bean
[Vigna radiata (L) Wilczek] through the modifications of physio-bio-
chemical attributes and key antioxidant enzymes. J Plant Growth Regul.
2018;38(1):70-82.

Ghassemi-Golezani K, Lotfi R. The impact of salicylic acid and silicon on
chlorophyll a fluorescence in mung bean under salt stress. Russ J Plant
Physiol. 2015;62(5):611-6.

Shahid M, Pourrut B, Dumat C, Nadeem M, Aslam M, Pinelli E. Heavy-
metal-induced reactive oxygen species: Phytotoxicity and physicochemi-
cal changes in plants. Rev Environ Contam Toxicol. 2014;232:1-44.

Mittler R, Zandalinas SI, Fichman'Y, Van Breusegem F. Reactive oxygen
species signalling in plant stress responses. Nat Rev Mol Cell Biol.
2022;23(10):663-79.



Wang et al. BMC Plant Biology ~ (2024) 24:792

50.

51

52.

53.

54.

55.

56.

Ahmad P, Jaleel CA, Salem MA, Nabi G, Sharma S. Roles of enzymatic
and nonenzymatic antioxidants in plants during abiotic stress. Crit Rev
Biotechnol. 2010;30(3):161-75.

Huang X, Wu'Y, Zhang S, Yang H, Wu W, Lyu L, Li W. Changes in antioxi-
dant substances and antioxidant enzyme activities in raspberry fruits at
different developmental stages. Sci Hortic. 2023;321: 112314.

Rajput VD, Harish, Singh RK, Verma KK, Sharma L, Quiroz-Figueroa FR,
Meena M, Gour VS, Minkina T, Sushkova S, et al. Recent developments in
enzymatic antioxidant defence mechanism in plants with special refer-
ence to abiotic stress. Biology. 2021; 10(4): 267.

Zhen W, Yingxue L, Fang W, Xiao-chen Z. Estimation of winter wheat
chlorophyll relative content combing with canopy spectrum red edge
parameters and random forest machine learning. Transactions of the
Chinese Society of Agricultural Engineering (Transactions of the CSAE).
2024,40(4):171-82.

Zhao Q, Dong J, Li S, Lei W, Liu A. Effects of micro/nano-ozone bubble
nutrient solutions on growth promotion and rhizosphere microbial
community diversity in soilless cultivated lettuces. Front Plant Sci.
2024;15:1393905.

Velikova V, Yordanov |, Edreva A. Oxidative stress and some antioxidant
systems in acid rain-treated bean plants. Plant Sci. 2000;151(1):59-66.
Jiang M, Zhang J. Effect of Abscisic acid on active oxygen species,
antioxidative defence system and oxidative damage in leaves of maize
seedlings. Plant Cell Physiol. 2001;42(11):1265-73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11



	The alleviating effect on the growth, chlorophyll synthesis, and biochemical defense system in sunflowers under cadmium stress achieved through foliar application of humic acid
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Effects of HA on growth of sunflower plants under Cd stress
	Effects of HA on chlorophyll content of sunflower plants under Cd stress
	Effects of HA on the PSII photochemical activity of sunflower plants under Cd stress
	Effects of HA on energy flow parameters of sunflower plants unit PSII reaction center under Cd stress
	Effects of HA on ROS of sunflower plants under Cd stress
	Effects of HA on antioxidant enzyme activity of sunflower plants under Cd stress
	Comparative analysis of physiological indexes of sunflower plants under Cd stress by varying HA concentrations

	Discussion
	Conclusion
	Materials and methods
	Plant cultivation and experimental treatment
	Determination of plant growth and physiological indexes
	Date statistics and analysis

	References


