bioRxiv preprint doi: https://doi.org/10.64898/2026.01.29.700749; this version posted January 30, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

1 Meéeatonin alleviates acid-induced stress in peanut (Arachis hypogaea L .) through
physiological, antioxidative regulation, and molecular defense mechanisms

N

Muhammad Hafeez Ullah Khan', Ruoyi Fu', Ali Muhammad?, Shuaichao Zheng®,
Daijing Zhang?, Zhiyong Zhang™, Quanyong Liu**

~ W

Xinxiang Key Laboratory of Crop Root Biology and Green Efficient
Production/Henan Key Laboratory of Quality and Stress-Resilient Bio-breeding and
Safe Production of Cotton and Oil Crops, School of Life Sciences, Henan Institute of
Science and Technology, Xinxiang, Henan, 453000, China

0 N O U

9  2College of Life Sciences, Henan Normal University, Xinxiang 453007, Henan, China.
10 Correspondence Author:
11 Zhiyong Zhang*
12 (Email: z_zy123@126.com)

13

14 Muhammad Hafeez Ullah Khan; hafeezkhan 88@yahoo.com, Ruoyi Fu;
15  fu_ruoyi0123@163.com, Ali Muhammad; alikhaksar87@gmail.com, Shuaichao
16  Zheng, yndxzsc@126.com, Daijing Zhang; zdjda@163.com, Zhiyong Zhang;
17  z_zyl123@126.com, Quanyong Liu; liuguanyong@hist.edu.cn.

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34


https://doi.org/10.64898/2026.01.29.700749
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.29.700749; this version posted January 30, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

35 Abstract

36 Acidic stress severely restricts crop growth by disrupting nutrient uptake, redox
37 homeostasis, and membrane stability, yet mitigation strategies remain limited. Here,
38 we investigated the role of melatonin (MT) in modulating growth, photosynthesis,
39 oxidative stress, antioxidant defense, and proton transport in peanut seedlings grown
40  under acidic (pH 4.0) and near-optimal (pH 6.5) conditions. Acid stress markedly
41  reduced biomass accumulation, chlorophyll content, and redox balance, while
42 enhancing ROS (H20) and lipid peroxidation (MDA). Exogenous MT application,
43  particularly at 50-100 uM, significantly improved shoot and root fresh and dry
44  weights, restored chlorophyll a, b, total chlorophyll, and carotenoids, and reduced
45  HyO, and MDA accumulation, with more pronounced effects under pH 4.0 than pH
46  6.5. MT strongly activated antioxidant enzymes (SOD, CAT, APX), while POD
47  activity declined, reflecting melatonin’s dual role as both a direct ROS scavenger and
48 a regulator of enzymatic redox networks. Notably, MT induced strong, dose-
49  dependent upregulation of HLI-ATPase genes (AH1 and AH2) in both leaves and roots
50 under acidic conditions, suggesting enhanced proton extrusion, intracellular pH
51 homeostasis, and stress adaptation. Although MT aso conferred benefits at pH 6.5,
52  responses were generally moderate compared with acid stress. Collectively, these
53 results demonstrate that MT confers robust acid stress tolerance in peanut by
54  integrating growth regulation, antioxidant defense, and proton homeostasis. This
55 study provides the first integrated evidence that melatonin enhances acid stress
56 tolerance by coordinating antioxidant defense with HI1-ATPase-mediated proton
57 homeostasis, revealing a novel mechanism for crop adaptation to low-pH soils.

58 Keywords: Melatonin supplementation, Peanut seedling resilience, Acidic soil
59  adaptation, ROS-pH coordination, Low-pH crop physiology
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68 Introduction

69  Soil acidification has become an escalating global concern, now affecting nearly 30—
70 40% of the world's arable lands and posing a serious threat to agricultural
71  productivity and food security (Huang et al., 2023). Soils with a pH below 5.5 are
72 considered acidic, and such conditions limit the availability of essential
73 macronutrients like phosphorus (P), calcium (Ca2L!), and magnesium (Mg?2Ll). At the
74  same time, they increase the solubility of toxic metal ions, especially aluminium
75  (Al3M) and manganese (Mn2r1), which can be highly detrimental to plant growth
76  (Delfim et al., 2025). This imbalance in nutrient and ion dynamics often results in
77 inhibited root elongation, reduced nutrient uptake, and disrupted photosynthetic
78  processes. Furthermore, an excess of hydrogen ions (HL) in the rhizosphere disturbs
79 pH stability and aters microbial community structure, compounding physiological
80 stressinplants (Naz et al., 2022; Thapaet al., 2025).

81 Peanut (Arachis hypogaea L.), a major legume widely cultivated in tropical
82  and subtropical regions, is particularly vulnerable to acid soil stress (Li et al., 2024b;
83  Jamir et al., 2025). During early seedling stages, low pH and other abiotic stress
84  conditions restrict root development, damage cell membranes, and interfere with ion
85  transport mechanisms, ultimately impairing water and nutrient absorption. These
86 physiological disruptions often lead to reduced chlorophyll levels, decreased
87  photosynthetic efficiency, and poor biomass accumulation (Liu et al., 2018;
88  Borhannuddin Bhuyan et al., 2019; Li et al., 2021). On a cellular scale, acid stress
89 intensifies the generation of reactive oxygen species (ROS), including superoxide
90 anions (Or11"), hydrogen peroxide (H1Or), and hydroxyl radicals (*OH), which can
91  damage lipids, proteins, and nucleic acids (Ahmad et al., 2023b; Hasan et al., 2025).
92  Although plants possess both enzymatic antioxidants (such as SOD, POD, APX, and
93  CAT) and non-enzymatic compounds (like ascorbate, glutathione, and flavonoids).
94  These defense mechanisms are often inadequate to neutralize the rapid oxidative surge
95 induced by acidic environments, particularly in sensitive crops like peanut.

96 In recent years, melatonin (N-acetyl-5-methoxytryptamine) has been identified
97 as an effective plant growth regulator and stress alleviator (Zheng et al., 2025;
98 Muhammead et al., 2026). Melatonin was first found in animals, and is now widely
99 recognized in plants to modulate plant growth, development and defence responses

100 (Ahmad et al., 2023a). Exogenous melatonin has been reported to alleviate various
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101  abiotic stresses such as drought, salinity, acid, extreme temperature, nutrient
102  deficiency and heavy metal toxicity by enhancing photosynthetic efficiency,
103  maintaining redox balance and elevating antioxidant capacity (Basharat et al., 2025;
104 Dou et al., 2025; Kong et al., 2025). Melatonin is also involved in alleviating
105  auminium toxicity under suppressed soil pH, maintaining the integrity of cellular
106  membrane, stabilizing chloroplast structure and activating the antioxidant system
107 (Wang et al., 2025a). In addition to its direct ROS-scavenging ability, melatonin
108 indirectly regulates redox homeostasis by modulating the expression of redox-
109 responsive genes (Hasan et al., 2025; Jang et al., 20253).

110 Proton pumps, particularly plasma membrane and vacuolar HI-ATPases, are
111 fundamental molecular systems that enable plants to sustain cytoplasmic pH
112 homeostasis under an acidic environment (Cosse & Seidel, 2021; Zeng et al., 2024;
113  MacDonald et al., 2025). These ATPases actively transport protons from the
114  cytoplasm into the apoplast or vacuole, thereby establishing electrochemical gradients
115 that drive essential physiological processes such as nutrient uptake, ion transport,
116  stomatal regulation and stress adaptation (MacDonald et al., 2025; Sun et al., 2025).
117  In peanut, various ATPase genes have been characterized, among which AH1 and
118 AH2 are key regulators of intracellular pH balance and ion homeostasis under acid
119  stress. The upregulation of HLI-ATPase genes has been reported in several crops as an
120  adaptive mechanism to low pH, facilitating proton extrusion and protecting cellular
121 metabolism (Li et al., 2022; Li et al., 2024a). However, the regulatory dynamics of
122 these genes under melatonin treatment remain largely unexplored in the peanut
123 seedling.

124 Melatonin has been shown in other crop species to influence proton pump
125  activity and ion transport. For instance, melatonin-induced activation of H1-ATPases
126  can enhance nutrient absorption, stabilize membrane potential, and promote root
127  development under stress conditions (Huang et al., 2022; Tahjib-Ul-Arif et al., 2025).
128 Therefore, integrating physiologica, biochemical and transcriptional analysis,
129  particularly through expression profiling of AH1 and AH2, can provide vauable
130 mechanistic insight into how melatonin supports pH regulation and overal
131  homeostasis in peanut seedlings under acidic conditions.

132 The present study aims to elucidate the integrated physiological, antioxidative,
133 and molecular mechanisms underlying melatonin-mediated acid tolerance in peanut

134  seedlings, with a particular focus on AH1 and AH2 gene expression. We demonstrate
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135 that melatonin enhances peanut tolerance to acid stress by improving growth and
136  photosynthetic traits, strengthening antioxidant defense, and upregulating key H[1-
137 ATPase genes to stabilize cellular pH and ion homeostasis. Unravelling these
138  mechanisms will contribute to the development of sustainable agronomic strategies
139  and genetic improvement of peanut for acid soil environments.

140 Materialsand methods

141 Plant material and experimental design

142  The experiment was conducted in the greenhouse (2571+12°C, 60-70% RH, 16/8 h
143 light/dark, 2007 pmol ™ m™12[1sI11) at the Henan Institute of Science and Technology,
144  Xinxiang City, Henan Province, China, under controlled environmental conditions. A
145  paper roll culture system was used in a hydroponic setup to evauate the effects of
146  melatonin on peanut growth under acidic stress conditions. The experiment followed a
147  randomized complete design (RCD) with eight biological replications to ensure
148  datistical reliability.

149 Uniform, mature, and healthy seeds of peanut (Arachis hypogaea L. cv.
150 Xinbaihua 25) were selected as experimental material. Seeds were surface-sterilized
151  with 1% sodium hypochlorite solution for 5 min and rinsed several times with
152  distilled water to remove any residual disinfectant. To investigate the effects of
153  melatonin on plant growth, photosynthetic pigments, antioxidant responses, and gene
154  expression, the seeds were soaked for 10 hours in melatonin solutions of 0.5 uM, 5
155  uM, 50 uM, and 100 puM. Seeds soaked in distilled water under identical conditions
156  served asthe control (CK).

157 For each replicate, seven seeds were placed vertically on moistened
158  germination paper to ensure uniform orientation and root emergence. The papers were
159  then carefully rolled and secured with rubber bands to maintain contact and prevent
160  unrolling during incubation. Following treatment, the paper rolls containing the seeds
161  were placed vertically in plastic containers filled with half-strength Hoagland nutrient
162  solution prepared according to the modified composition described by Cai et al. (2021)
163 (Cal et al., 2021). Two nutrient pH regimes were maintained: anormal condition with
164 pH 6.5 and an acidic condition with pH 4.0. The pH of each solution was carefully
165 adjusted using 1 M HCl or NaOH and monitored daily to ensure consistent stability
166  throughout the experiment. The lower ends of the paper rolls were immersed

167  approximately 2-3 cm into the solution to facilitate the upward capillary movement of
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168 nutrients and water while maintaining adegquate aeration around the root zone. To
169  prevent nutrient depletion and pH fluctuations, the nutrient solutions were replaced
170  every two days. During the early germination stage, the paper rolls were kept under
171  dark conditions until radicle emergence to ensure uniform germination. After
172 emergence, seedlings were exposed to normal light conditions for continued growth.
173  After 15 days of cultivation, seedlings were harvested for measurements of growth
174  parameters, photosynthetic pigments, antioxidant enzyme activities, and gene
175  expression analyses.

176  Plant Germination and Growth Parameters

177  Seed germination was monitored daily until radicle emergence, which was defined as
178 a visble protrusion of at least 2 mm from the seed coat, and the germination
179  percentage (GP) was calculated at day 7. After 15 days of cultivation, seedlings were
180 carefully removed from the paper rolls and gently rinsed with distilled water to
181 remove residual nutrient solution. Shoot length was measured from the base to the tip
182  of the longest leaf, and root length from the base to the tip of the longest root, using a
183  ruler to the nearest millimeter. Fresh weights of shoots and roots were determined
184  separately after blotting with filter paper to remove surface moisture, and samples
185  were then oven-dried at 70 °C for 72 h or until a constant weight was achieved to
186  determine dry weights. All measurements were performed for each seedling in every
187  replicate, and the mean values of the eight replicates were used for statistical analysis.
188 Data are presented as mean + standard error (SE) and used for subsequent
189  physiological, biochemical, and molecular analyses.

190  Photosynthetic Pigment M easurement

191  Photosynthetic pigments, including chlorophyll a, chlorophyll b, and carotenoids,
192 were extracted from 0.2 g of fresh peanut leaves using 80% (v/v) acetone. The leaf
193  samples were homogenized in chilled acetone, kept on ice for 10-15 min in the dark,
194  and centrifuged at 10,000 x g for 10 min at 4 °C. The clear supernatant was collected,
195 and absorbance was recorded at 663, 645, and 470 nm using a UV-visible
196  spectrophotometer with 80% acetone as blank. Pigment contents were calculated
197  using standard equations and expressed as mg gr1* fresh weight. All extractions were
198 performed under low-light conditions to minimize pigment degradation, and six
199  independent replicates were analyzed per treatment.

200 Antioxidant Enzyme Assays
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201 To assess the antioxidant defense response in peanut seedlings, the activities of
202 catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), and ascorbate
203  peroxidase (APX), content, were determined from fresh leaf tissues. Approximately
204 0.5 g of fresh leaves was homogenized in 5 mL of ice-cold 50 mM phaosphate buffer
205 (pH 7.0) containing 1 mM EDTA and 1% (w/v) polyvinylpyrrolidone (PVP). The
206  homogenate was centrifuged at 12,000 x g for 15 min a 4 °C, and the resulting
207  supernatant was used for all enzyme assays.

208  Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed by the inhibition of
209 nitroblue tetrazolium (NBT) reduction under light, with one unit of SOD activity
210 defined as the amount of enzyme required to cause 50% inhibition of NBT
211 photoreduction. Catalase (CAT; EC 1.11.1.6) activity was determined by monitoring
212 thedecrease in absorbance at 240 nm due to HLIOL! decompoasition. Peroxidase (POD;
213 EC 1.11.1.7) activity was measured using guaiacol as a substrate, recording the
214  increase in absorbance at 470 nm as guaiacol was oxidized. Ascorbate peroxidase
215  (APX; EC 1.11.1.11) activity was estimated by monitoring the decrease in absorbance
216  at 290 nm as ascorbate was oxidized in the presence of H,0,.

217  Quantification of Malondialdehyde (M DA) and Hydrogen Peroxide (H,0,)
218 The levels of malondialdehyde (MDA) and hydrogen peroxide (H.O.) were
219 determined to evaluate lipid peroxidation and oxidative stress in peanut leaves and
220 roots. Lipid peroxidation was determined by quantifying malondialdehyde (MDA)
221  using the thiobarbituric acid (TBA) reaction. For MDA estimation, 1 mL of enzyme
222  extract was mixed with 2 mL of 0.6% (w/v) TBA in 10% (w/v) trichloroacetic acid
223  (TCA) and heated at 95 °C for 15 min, then rapidly cooled and centrifuged at 10,000
224  x g for 10 min. The absorbance of the supernatant was measured at 532 nm and
225  corrected for nonspecific turbidity by subtracting absorbance at 600 nm. MDA content
226  was calculated using the extinction coefficient (¢ = 155 mM T 1 cmr11) and expressed
227  asnmol g 1t fresh weight (FW).

228 Hydrogen peroxide (H20,) content was determined spectrophotometrically using a
229  colorimetric K1 reaction with quantification against a standard curve. Fresh leaf tissue
230 (0.5g) wasgroundin5 mL of cold 0.1% (w/v) TCA and centrifuged at 12,000 x g for
231 15min at 4 °C. A reaction mixture was prepared by mixing 0.5 mL of the extract with
232 0.5 mL of 10 mM potassium phosphate buffer (pH 7.0) and 1.0 mL of 1 M potassium
233 iodide (K1) (al kept on ice and protected from light). The reaction was alowed to
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234 proceed for 1 min a room temperature in the dark, and the absorbance was read at
235 390 nm. A standard calibration curve was prepared in parallel using known
236  concentrations of H,O, (for example 0, 10, 25, 50, 100, 200 uM) prepared in 0.1%
237  TCA; sample H,O, content was interpolated from this curve and expressed as pmol
238 HC OO gt FW (adjusting for extract and assay volumes and any dilutions). All
239  reactions and standards were run in technical triplicate and blank reactions (reagents
240  without plant extract) were included to correct baseline absorbance.

241  Gene Expression Analysis

242  Total RNA was extracted from peanut roots and leaves using the RNAprep Pure Plant
243  Plus Kit (Tiangen Biotech, Beijing, China) according to the manufacturer’s
244  ingructions. The quality and quantity of RNA were determined using a NanoDrop
245 2000 spectrophotometer (Thermo Fisher Scientific, USA) by measuring the
246  absorbance ratios at 260/280 nm and 260/230 nm. RNA integrity was confirmed by
247  1.0% agarose gel electrophoresis, ensuring that samples displayed sharp and intact
248  28S and 18S rRNA bands without visible degradation. Only high-quality RNA
249  (A260/A280 ratio between 1.9 and 2.1) was used for cDNA synthesis.

250 First-strand cDNA was synthesized from 50 pg of total RNA using the
251  PrimeScript™ RT reagent kit with gDNA Eraser (Takara, Japan) to eliminate potential
252  genomic DNA contamination. The synthesized cDNA was diluted 10-fold with
253  nuclease-free water and stored at -20 °C until further analysis.

254 Quantitative real-time PCR (QRT-PCR) was conducted using TB Green®
255  Premix Ex Tag™ Il (Takara, Japan) on a QuantStudio™ 5 Real-Time PCR System
256  (Applied Biosystems, USA). Each 20 L reaction contained 10 pL of 2x SYBR Green
257  master mix, 0.4 pL each of forward and reverse primers (10 uM), 2 uL of diluted
258 cDNA, and 7.2 uL of nuclease-free water. The PCR cycling conditions were as
259 follows: initial denaturation at 95 °C for 30 s, followed by 40 amplification cycles of
260 95°Cfor 5sand 60 °C for 30 s. A melting curve analysis (60-95 °C) was performed
261  at theend of each run to confirm the specificity of amplification.

262  Each sample was analyzed in triplicate, and the mean values of three technical
263  replicates from three independent biological replicates were used for statistical
264 analysis. The relative transcript abundance of target genes was calculated using the
265  2[AACt method (Livak and Schmittgen, 2001). The AhRGAPDH gene was used as an
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266 interna reference due to its stable expression across different tissues and treatments.
267  Primer sequences used in the study are listed in Supplementary Table 1.

268

269 Statistical Analysis

270  All data were analyzed using SPSS v26.0. Results are presented as mean + SE. Two-
271 way ANOVA was used to compare treatments, and significant differences were
272  determined using Tukey's test (p < 0.05). For gRT-PCR, the average Ct values of
273  technical replicates were used, and fold changes were calculated using the 2" AACt
274  method.

275 Table 1. Primer sequences used for gRT-PCR analysis of plasma membrane HI -
276  ATPase genesin peanut.

Gene Name Primer Sequence
AH1 H+- ATPase 1-F GCCTCTGACATAGTTCTAAC
AH1 H+- ATPase 1-R TAAAGCCAACCACAATACGG
AH2 H+- ATPase 2-F GAAAAGAATGGGCGTGGTTG
AH2 H+- ATPase 2-R TCAAGGGACACAATCTCACC

277  The table lists forward (F) and reverse (R) primer sequences designed for the
278  amplification of AhAH1 and AhAH2 genes.
279 Results

280  Effect of melatonin on peanut seed ger mination under acid condition

281  Seed germination of peanut was significantly affected by pH and melatonin treatment
282 (Fig. 1a and b). At acidic pH (4), control seeds exhibited the lowest germination
283  (~70%). Application of MT markedly improved germination in a dose-dependent
284  manner: 0.5 pM MT increased germination to ~88% (+18%), 5 uM MT to ~90%
285  (+20%), 50 M MT to ~93% (+23%), and 100 UM MT to ~98% (+28%) with related
286  to control, indicating a strong protective effect of MT under acid stress. Under near-
287  neutral conditions (pH 6.5), germination was consistently high across treatments, with
288  control seeds reaching ~85% and M T-treated seeds ranging from 90% to nearly 100%.
289  The relative improvement of germination by MT was more pronounced under acidic
290  stress, indicating that MT alleviates pH-induced inhibition. These results demonstrate
291 that melatonin significantly mitigates the inhibitory effects of low pH on peanut seed
292  germination, with the largest relative benefit observed a 100 UM MT under acidic
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293  conditions, and that moderate MT concentrations are sufficient to maintain near-
294  maximal germination at near-neutral pH.

295

296 Meéelatonin supplementation enhances peanut plant growth and biomass
297 accumulation under acid stress

298 To evaluate the role of melatonin in modulating peanut seedling growth under
299 contrasting pH conditions, root and shoot development as well as biomass
300 accumulation were assessed under acidic (pH 4) and near-neutra (pH 6.5)
301 environments (Figs. 1c-h). Acidic stress (pH 4) markedly suppressed seedling growth,
302  asevidenced by substantial reductions in root and shoot elongation in control plants,
303 indicating strong inhibition of early developmental processes. Melatonin treatment
304 markedly aleviated this inhibition, resulting in a dose-dependent enhancement of root
305 length, shoot length, and biomass. Root length under pH 4 increased progressively
306 from approximately 6 cm in control plants to nearly 20 cm at 100 uM MT, while
307 shoot length increased from about 2.5 cm in the control to over 6 cm at the highest
308 MT concentration, demonstrating a strong stimulatory effect of MT on seedling
309 elongation under acid stress (Fig. 1c and d). Under neutral conditions (pH 6.5), root
310 and shoot lengths were generally higher than those at pH 4 in control plants, however,
311 the growth-promoting effect of MT was less pronounced. Low MT concentration (0.5
312 uM) enhanced root and shoot length, while higher MT doses showed either moderate
313  improvement or stabilization of growth, suggesting that M T exerts a stronger relative
314  effect under stress conditions than under optimal pH (Fig. 1c and d).

315 Consistent with growth responses, root fresh weight and shoot fresh weight
316 under pH 4 increased substantially with increasing MT concentration. Root fresh
317  weight rose from 1.09 g in control plantsto 3.45 g at 100 uM MT, while shoot fresh
318 weight increased from 1.09 g to 2.86 g, indicating enhanced biomass accumulation
319 (Fig. le and f). This trend was further supported by dry weight measurements, where
320 root dry weight increased from 0.07 g in control plantsto 0.17 g at 100 pM MT, and
321  shoot dry weight increased from 0.06 g to 0.15 g, confirming that M T-induced growth
322  was associated with true biomass gain rather than water accumulation alone (Fig. 1g
323  andh).

324 Under pH 6.5, overall growth and biomass parameters were higher than those

325 observed under acidic conditions in the control plants; however, the response pattern
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326 to MT differed from that at pH 4. Low MT concentration (0.5 uM) promoted root and
327  shoot growth and fresh weight accumulation, whereas higher MT concentrations (5-
328 100 pM) resulted in a gradual decline in root and shoot length and biomass (Fig. 1e—
329 h). Notably, root dry weight and shoot dry weight at pH 6.5 showed little or no
330 improvement with increasing MT concentration and tended to decrease at higher
331  doses, suggesting a concentration-dependent shift in MT responsiveness under non-
332  dtressconditions.

333 Overall, these results demonstrate that melatonin strongly enhances root and
334  shoot growth and biomass accumulation under acidic stress (pH 4), with maximal
335 effects observed at higher MT concentrations, whereas under near-neutral conditions
336 (pH 6.5), low MT levels are sufficient to promote growth and excessive M T may exert
337 inhibitory effects. This indicates that the growth-promoting role of melatonin is highly

338  dependent on environmental pH and stress intensity.
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Figure 1. Effect of melatonin (MT) on seed germination and seedling growth under
normal (pH 6.5) and acidic (pH 4.0) conditions on peanut. (a) seed germination and
seedling growth phenotypes, (b) seed germination (%), (c) shoot length (cm), (d) root length
(cm), (e) shoot fresh weight (g), (f) root fresh weight (g), (g) root dry weight (g), (h) shoot dry
weight. Statistical differences among treatments were analyzed using appropriate multiple

comparison tests. ns indicates not significant, while *, **, *** and **** denote significant
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346  differences a P < 0.05, P< 0.01, P < 0.001, and P < 0.0001, respectively. Data in the figures
347  aremeansof eight replications (n = 8) + standard deviation (SD). Bar =2 cm.

348 Meéelatonin modulates photosynthetic pigmentsin response to acid stressin
349  peanut

350 Melatonin application significantly influenced the accumulation of photosynthetic
351  pigments in peanut seedlings under both acidic (pH 4) and near-neutra (pH 6.5)
352  conditions (Figs. 2a-d). Under pH 4, control plants exhibited relatively low levels of
353  chlorophyll & chlorophyll b, total chlorophyll, and carotenoids, indicating impaired
354  pigment biosynthesis under acid stress. However, MT treatments progressively
355  enhanced pigment accumulation, with a clear dose-dependent response.

356 Chlorophyll a content under pH 4 increased gradually with increasing MT
357  concentration, showing moderate enhancement at 5 uM MT and a pronounced
358 increase at 50 and 100 uM MT, where values reached their maximum (Fig. 2a). A
359 similar trend was observed for chlorophyll b, resulting in a substantial rise in total
360 chlorophyll content, particularly at 50 and 100 uM MT. These increases were
361 dignificantly higher than the control (P < 0.05), demonstrating that MT effectively
362  mitigates acid-induced inhibition of chlorophyll synthesis (Fig. 2b and c¢). Under pH
363 6.5, pigment contents were generally higher than those under pH 4 in control plants,
364  reflecting more favorable growth conditions. Notably, low MT concentration (0.5 uM)
365 caused a marked increase in chlorophyll a, chlorophyll b, and total chlorophyll,
366  reaching peak values under this pH. However, higher MT concentrations (50-100 puM)
367 resulted in a gradual decline in pigment levels, suggesting that excessive MT under
368 optimal pH may suppress chlorophyll accumulation (Figs. 2a-c).

369 Carotenoid content showed a distinct but complementary pattern. Under pH 4,
370 carotenoid levels increased steadily with rising MT concentration, reaching the
371  highest values a 100 uM MT, which were significantly greater than the control (P <
372 0.05). This indicates enhanced antioxidant capacity under acid stress (Fig. 2d). In
373  contrast, under pH 6.5, carotenoid content peaked sharply at 0.5 uM MT and declined
374  at higher concentrations, paralleling the response observed for chlorophyll pigments
375 (Fig. 2d). Overal, these results demonstrate that melatonin enhances photosynthetic
376  pigment accumulation in peanut seedlings in a pH-dependent and concentration-
377  dependent manner. Low MT concentrations are optimal for pigment enhancement

378 under near-neutral conditions, whereas higher MT doses are more effective in


https://doi.org/10.64898/2026.01.29.700749
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.29.700749; this version posted January 30, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

379  protecting pigment biosynthesis under acidic stress, likely through improved stress
380 tolerance and antioxidant regulation.
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381  Figure 2. Effect of melatonin (M T) on photosynthetic pigments of peanut under normal
382 (pH 6.5) and acidic (pH 4.0) conditions. (a) Chlorophyll a (mg/g FW), (b) chlorophyll b
383 (mg/g FW), (c) total chlorophyll content (mg/g FW), (d) carotenoids (mg/g FW). Statistical
384  differences among treatments were analyzed using appropriate multiple comparison tests. ns
385 indicates not significant, while ***, and **** denote significant differences at P < 0.001, and
386 P <0.0001, respectively. Data in the figures are means of eight replications (n = 8) + standard
387  deviation (SD).

388 Meéatonin differentially regulates antioxidant defense system in response
389 toacid stressin peanut

390 We evaluated the enzymatic antioxidant activity in acid-stressed peanut plants treated
391  with melatonin to understand how exogenous melatonin mitigates acid stress. Our
392 findings revealed that the radical scavenging activities of SOD, POD, CAT, and APX,
393  were markedly affected by both external pH and melatonin treatment in peanut leaves,
394  reflecting dynamic regulation of reactive oxygen species (ROS) homeostasis under
395  stressand non-stress conditions (Figs. 3a-h).

396

397
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398  Superoxide Dismutase (SOD) Activity

399 SOD activity showed a strong induction under acidic conditions (pH 4) compared
400 with pH 6.5 across al treatments, indicating enhanced superoxide radical generation
401  under acid stress. In control plants, SOD activity at pH 4 was substantially higher
402  (60.79 U mgLt FW) than at pH 6.5 (18.70 U mgLi* FW), reflecting a basal stress
403  response. Application of melatonin significantly increased SOD activity in a dose-
404  dependent manner, with 100 uM MT reaching 137.1 U mgL/t FW, representing a
405 ~128% increase over control, suggesting that MT promotes superoxide detoxification
406  capacity under severe acidic stress (Fig. 3a). In contrast, under pH 6.5, SOD activity
407  wasrelatively low and showed only moderate induction by M T, with apeak at 0.5 pM
408 MT followed by adecline at higher concentrations (Fig. 3a). This differential response
409 indicates that melatonin enhances ROS-scavenging systems primarily under stress
410  conditions, while under near-optimal pH it avoids excessive activation of antioxidant
411  machinery, thereby maintaining redox balance.

412 In roots, SOD activity exhibited a similar but more pronounced response. At
413  pH 4, melatonin increased SOD activity from 54.34 U mgL.* FW (control) up to
414  119.39 U mgL/t FW a 100 uM MT (~126% increase). This strong induction indicates
415 that MT substantially enhances superoxide detoxification in roots exposed to acidic
416  stress (Fig. 3b). At pH 6.5, the increase was smaller but till significant (18.70 U
417 mgrt FW control to 42.29 U mgrit FW at 0.5 uM MT, ~126% increase), however,
418 MT application still increased SOD relative to control, though to a lesser extent than
419 under acidic conditions (Fig. 3b). These results suggest that MT-mediated regulation
420 of SOD is stress-responsive and tissue-specific, with a stronger effect in roots facing
421  direct exposure to low-pH environments.

422  Peroxidase (POD) Activity

423  POD activity exhibited an opposite trend compared with SOD, particularly under
424 acidic conditions. At pH 4, control plants showed the highest POD activity (175.53 U
425 mgt FW), reflecting stress-induced activation of cell wall-associated and vacuolar
426  peroxidases, which are often involved in stress signaling, lignification, and ROS-
427 mediated defense responses. Melatonin application led to a progressive decrease in
428 POD activity, with 100 pM MT reducing activity to 29.24 U mgC* FW (~83%
429  reduction compared to control). This decline suggests that melatonin alleviates
430 oxidative stress, thereby reducing the requirement for POD-mediated hydrogen
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431  peroxide consumption (Fig. 3c). Importantly, this reduction highlights the dual role of
432 melatonin: while it enhances ROS scavenging through SOD, CAT, and APX, it
433 simultaneously suppresses excessive POD activity that is often associated with
434  oxidative damage, rigidification of cell walls, and growth inhibition. Under pH 6.5,
435  POD activity was generally lower than at pH 4 and displayed a distinct pattern, with
436  moderate increases at higher MT concentrations (Fig. 3c). This suggests that under
437  non-stress conditions, POD may participate more in fine-tuning redox signaling rather
438  than bulk ROS detoxification.

439 In roots, POD activity displayed a similar pattern. At pH 4, POD activity aso
440  decreased from 168.59 U mgt FW in control to 35.63 U mgJ* FW at 100 uM MT
441 (~79% reduction), mirroring the trend observed in leaves and supporting the role of
442  melatonin in alleviating oxidative stress by reducing H2O, accumulation (Fig. 3d).
443 However, at pH 6.5, POD activity increased progressively with melatonin
444  concentration, reaching near-control or higher levels at 100 uM MT (Fig. 3d). This
445  contrasting behavior highlights the dual role of melatonin: under stress, it suppresses
446  excessive ROS-scavenging enzyme activity by lowering ROS production, whereas
447  under non-stress conditions, it maintains or enhances POD activity to support redox
448  homeostasis and signaling.

449  Catalase (CAT) Activity

450  CAT activity was strongly stimulated by melatonin under both pH conditions, though
451 the magnitude and pattern of induction differed. Under acidic pH, CAT activity
452  increased from 139.4 U mgl* FW in control to 273.2 U mgrit FW at100 uM MT
453  (~96% increase over control) (Fig. 3e). This indicates that melatonin enhances the
454  rapid decomposition of hydrogen peroxide into water and oxygen, a crucial
455  mechanism for preventing oxidative damage under acid-induced stress. At pH 6.5,
456  CAT activity was generally higher than control and showed a pronounced induction at
457  low to moderate MT concentrations, with the highest activity observed at 0.5 uM MT,
458  followed by a gradual decline at higher doses (Fig. 3e). This suggests that under near-
459 neutral pH, lower MT concentrations are sufficient to optimize hydrogen peroxide
460 homeostasis, while excessive MT may reduce the need for CAT due to improved
461  redox equilibrium.

462 In roots, CAT activity similarly increased under acidic stress, from 167.6 U
463 mgrt FW (control) to 331.6 U mgrit FW at 100 uM MT (~98% increase) (Fig. 3f).
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464 At near-neutral pH, control activity was 147.9 U mg* FW, and melatonin slightly
465  increased CAT at low concentrations (0.5-5 uM MT) but decreased at higher doses
466 (100 pM MT, 147.2 U mgJ* FW) (Fig. 3f). These results indicate that melatonin
467  effectively boosts CAT-mediated H,O, scavenging, especially under acid stress,
468  enhancing antioxidant defense in both leaves and roots.

469  Ascorbate Peroxidase (APX) Activity

470  APX activity increased consistently with melatonin concentration under pH 4,
471 indicating a strong MT-mediated activation of the ascorbate-glutathione cycle under
472  acidic stress. At pH 4, control leaves had 28.8 U mg 1t FW, which rose to 66.9 U
473  mgLt FW at 100 uM MT (~132% increase) (Fig. 3g). The highest APX activity at
474 100 pM MT suggests that APX plays a central role in fine-scale hydrogen peroxide
475  detoxification in chloroplasts and cytosol when plants experience acid-induced
476  oxidative pressure. Under pH 6.5, APX activity showed a different pattern, increased
477  from 26.8 U mgL/t FW (control) to 62.9 U mg_Jt FW at 0.5 uM MT, while higher MT
478  concentrations showed slightly reduced activity (~34.7-51.8 U mgLJt FW), indicating
479  a dose-dependent modulation (Fig. 3g). This response implies that under optimal
480  conditions, melatonin primarily enhances APX activity at low doses to maintain
481  signaling-compatible ROS levels, while higher concentrations may downregulate
482  APX asoxidative stressis already minimal.

483 APX activity in roots increased significantly with MT under acidic conditions,
484  from 18.3 U mgrit FW in control to 63.3 U mgr * FW at 100 uM MT (Fig. 3h). At pH
485 6.5, APX activity peaked at moderate M T doses (66.2 U mgr1t FW at 0.5 uM), while
486  higher MT doses dlightly reduced activity (Fig. 3h), showing that APX is finely
487  regulated by both MT concentration and pH to balance ROS detoxification with
488  normal metabolism.

489 Collectively, these results demonstrate that melatonin orchestrates a
490 coordinated antioxidant response in peanut leaves by enhancing ROS-scavenging
491  enzymes (SOD, CAT, APX) while downregulating stress-associated POD activity,
492  particularly under acidic conditions. This dual regulatory role alows melatonin to
493  mitigate oxidative damage while preserving ROS signaling necessary for growth and
494  adaptation. The contrasting responses observed between pH 4 and pH 6.5 further
495  highlight that melatonin acts as a stress-dependent modulator of redox homeostasis
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496 rather than a constitutive antioxidant, enabling peanut plants to adapt efficiently to
497  acidic stress environments.
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499  Figure 3. Effect of melatonin (M T) on antioxidant contents of peanut under normal (pH
500 6.5) and acidic (pH 4.0) conditions. (a) leaf SOD (U/g FW), (b) leaf POD ((U/g FW), (c)
501  leaf CAT (U/g FW), (d) leaf APX (U/g FW), (€) root SOD (U/g FW), (f) root POD ((U/g FW),
502  (f) root CAT (U/g FW), (g) root APX (U/g FW). Statistical differences among treatments were

503  analyzed using appropriate multiple comparison tests. ns indicates not significant, while **,
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504 *** and **** denote significant differences a P < 0.01, P < 0.001, and P < 0.0001,
505  respectively. Data in the figures are means of eight replications (n = 8) + standard deviation
506  (SD).

507 Melatonin reduces hydrogen peroxide and lipid peroxidation contents in
508 peanut under acidic condition

509 Melatonin is widely recognized for its role in mitigating oxidative stress across
510 various biological systems, including plants. We conducted a comprehensive study to
511  assess how melatonin influences peanut seedling growth under acidic condition. Our
512  findings revealed that acid-treated plants exhibited significantly elevated levels of ,
513  Hy0,, and MDA compared to MT treated plants (Figs. 4a-d)

514 Hydrogen Peroxide (H,O,) Content

515  Under control conditions (CK), H2O- levels were high a pH 4 (79.40 umol gt FW)
516 and pH 6.5 (71.06 umol gL * FW), indicating substantial oxidative stress, particularly
517 under acidic conditions. Melatonin application significantly reduced H20;
518 accumulation at pH 4 in a dose-dependent manner. Compared with the control, 0.5
519 uM MT reduced H;O; to 57.95 umol gL/t FW (=28% decrease), 5 uM MT to 49.28
520 pmol gLt FW (=38% decrease), 50 UM MT to 46.31 umol g1t FW (=43% decrease),
521  and 100 uM MT to 39.99 umol gLt FW (=50% decrease) (Fig. 4a). In contrast, at pH
522 6.5, low MT concentrations initially decreased H,O,, with 0.5 uM MT reducing levels
523  t044.38 umol gLt FW (=36% decrease) and 5 UM M T to 53.03 umol gLIt FW (=26%
524  decrease). However, higher MT doses led to a reversal of this trend, with H,O,
525 increasingto 62.34 umol g1t FW at 50 uM MT (=11% decrease) and 68.71 umol gt
526 FW at 100 uM MT (nearly comparable to control) (Fig. 4a). This suggests a dose and
527  pH-dependent dual role of melatonin, acting as a strong antioxidant under acidic
528  stressbut allowing moderate ROS signaling at optimal pH.

529 Root tissues showed a similar but more pronounced response. Under pH 4,
530 control plants accumulated 85.04 pmol gt FW H,O,. Meatonin significantly
531 lowered HIOM to 64.25 umol g1t FW at 0.5 uM (x24% reduction), 58.54 umol grit
532 FW at 5 puM (=32% reduction), 48.76 pumol g1t FW at 50 uM (=44% reduction), and
533  43.81 ymol grit FW at 100 uM MT (=51% reduction) (Fig. 4b). At pH 6.5, H1O™
534  content in roots declined at low MT doses (44.25 ymol g1t FW at 0.5 pM; =~46%
535  decrease) but increased at higher concentrations, reaching 74.78 umol g FW at 100
536 UM MT (=9% decrease compared with control) (Fig. 4b). These results indicate that
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537 melatonin efficiently scavenges excessive ROS under acid stress, while at neutral pH
538 high MT may permit ROS accumulation for signaling functions.

539

540 Malondialdehyde (M DA) Content

541 MDA content, an indicator of lipid peroxidation, was markedly higher under acidic
542  conditions. In leaves at pH 4, control plants exhibited 12.35 nmol gt FW MDA.
543  Melatonin treatments progressively reduced MDA levels to 8.29 nmol gt FW at 0.5
544  uM (=32% reduction), 6.38 nmol grit FW at 5 uM (=48% reduction), 4.94 nmol gt
545 FW at 50 uM (=60% reduction), and 3.89 nmol g1t FW at 100 uM MT (=69%
546  reduction) (Fig. 4c). At pH 6.5, control MDA content was lower (9.0 nmol g1t FW).
547  Low MT concentrations further decreased MDA to 3.92 nmol g1t FW at 0.5 uM (=56%
548  reduction) and 5.52 nmol grt* FW at 5 uM (=39% reduction). However, higher MT
549  doses increased MDA to 6.66 nmol gt FW at 50 uM (=26% reduction) and 7.83
550 nmol gt FW at 100 uM MT (=12% reduction) (Fig. 4c), again reflecting melatonin’s
551  concentration-dependent dual behavior.

552 Root MDA followed trends similar to leaves but with overall lower values. At
553  pH 4, control roots had 11.16 nmol gt FW MDA. This decreased to 9.04 nmol gi*
554 FW at 0.5 uM (=19% reduction), 7.15 nmol g1t FW at 5 uM (=35% reduction), 5.93
555 nmol g1t FW at 50 uM (=46% reduction), and 3.65 nmol gri* FW at 100 uM MT
556  (=68% reduction) (Fig. 4d). At pH 6.5, MDA declined sharply at low MT doses (3.83
557 nmol gt FW a 05 puM; ~64% reduction) but increased again at higher
558  concentrations, reaching 8.25 nmol gri* FW at 100 pM MT (=20% reduction
559  compared with control) (Fig. 4d). This indicates that melatonin effectively protects
560 membrane integrity under acidic stress, while excessive doses at optimal pH may
561  attenuate this protective effect.

562 Collectively, these results demonstrate that melatonin markedly alleviates
563  oxidative stress and lipid peroxidation in peanut leaves and roots, particularly under
564  acidic (pH 4) conditions. The strong reduction in H,O, and MDA at pH 4 indicates
565 that melatonin primarily functions as an antioxidant under stress. In contrast, under
566 pH 6.5, low melatonin concentrations enhance oxidative protection, whereas higher
567 doses partially restore ROS and lipid peroxidation levels, suggesting a regulated
568 balance between ROS scavenging and signaling. This dua role of melatonin
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569  highlights its importance in fine-tuning redox homeostasis in peanut plants under
570  contrasting pH environments.
571
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572  Figure 4. Effect of melatonin (M T) on H,O, and M DA contents of peanut under nor mal
573  (pH 6.5) and acidic (pH 4.0) conditions. (a) leaf H,O, (umol/g FW), (b) leaf MDA (nmol/g
574  FW), (c) root H,O, (umol/g FW), (d) root MDA (nmol/g FW). Statistical differences among
575  treatments were analyzed using appropriate multiple comparison tess. ns indicates not
576  significant, while *, **, and **** denote significant differencesat P < 0.05, P< 0.01, and P<
577  0.0001, respectively. Data in the figures are means of eight replications (n = 8) * standard
578  deviation (SD).

579 Méatonin induces dose-dependent upregulation of HO-ATPase genes
580 under acid stress

581  To investigate the transcriptional response of plasma membrane HIJ-ATPase genes to
582  melatonin (MT) under acidic conditions, the relative expression levels of AhAH1 and
583  AhAH2 were analyzed in peanut leaves and roots under acid stress (Figs. 5a and b).
584  Both genes are central to proton extrusion and pH homeostasis during environmental
585  diress.

586 Melatonin trestment significantly enhanced the expression of plasma
587 membrane HLI-ATPase genes AhAH1 and AhAH2 in peanut seedlings, with a

588  pronounced induction under acidic conditions. The basal expression of AhAH1 was
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589 low in control plants, with minimal transcript accumulation observed in both leaves
590 and roots. MT supplementation resulted in a consistent and progressive increase in
591 AhAH1 expression at all concentrationstested. At 0.5 and 5 pM MT, AhAH1 transcript
592 levelsincreased by approximately 2.4, and 2.6-fold in leaves and 1.5, and 2.5-fold in
593  roots relative to the control (Fig. 5a). This induction intensified with increasing MT
594  concentration, reaching ~3.7-fold in leaves and ~3.2-fold in roots at 50 UM MT. The
595  strongest response was observed at 100 uM MT, where AhAH1 expression increased
596 by ~7.0-fold in leaves and ~5.1-fold in roots compared with control plants, indicating
597  robust, dose-dependent transcriptiona activation (Fig. 5a). The stronger induction in
598  roots highlights the pivotal role of root-localized H(1-ATPase activity in coping with
599 acidic stress.

600 A similar positive response was observed for AhAH2, which exhibited higher
601  basal expression than AhAH1 in control plants, particularly in roots. Nevertheless, MT
602  treatment further enhanced AhAH2 expression at all concentrations under acid stress.
603  Atlow MT concentrations (0.5 and 5 uM), AhAH2 transcript abundance increased by
604  approximately 1.7- and 3.1-fold in leaves and 2.6- and 4.5-fold in roots, respectively,
605 relative to the control (Fig. 5b). This upregulation became progressively stronger with
606 increasing MT dosage, reaching approximately 5.1-fold in leaves and 8.2-fold in roots
607 a 50 uM MT. The maximum induction occurred a 100 uM MT, where AhAH2
608 expression was elevated by approximately 6.6-fold in leaves and 11.6-fold in roots
609 compared with control plants (Fig. 5b), demonstrating a robust and concentration-
610 dependent transcriptional response. Importantly, All MT treatments significantly
611 increased AhAH2 transcript levels relative to the control, with the highest induction
612  observed at 100 uM MT. This consistent upregulation under acidic stress suggests that
613 AhAH2 is positively responsive to melatonin and likely contributes to enhanced
614  proton extruson and pH homeostasis. The pronounced upregulation of AhAH2 at
615  higher melatonin concentrations suggests that this gene encodes a stress-adaptive HI -
616 ATPase that remains transcriptionaly active under strong melatonin stimulation,
617  thereby contributing to the maintenance of cytosolic pH homeostasis and sustained
618  root function under acidic stress conditions.

619 Overal, these results demonstrate that melatonin induces a consistent,
620  concentration-dependent increase in HT1-ATPase gene expression a al MT
621  treatments relative to the control, with the strongest fold induction occurring under

622  acidic conditions. This transcriptiona enhancement provides molecular evidence for
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623  melatonin-mediated reinforcement of proton transport capacity, supporting improved

624  acid tolerance in peanut seedlings.
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625  Figure 5. Médatonin-induced expression of plasma membrane HO-ATPase genes in
626  peanut leaves and roots. (a) Relative expression of AhAH1 and (b) relative expression of
627  AhAH2 in leaves and roots under different melatonin (MT) concentrations (0.5, 5, 50, and 100
628  pM) compared with the control. Bars represent mean = SD of biological replicates. Statistical
629  differences among treatments were analyzed using appropriate multiple comparison tests. ns
630 indicates not significant, while *, **, *** and **** denote significant differences at P < 0.05,
631 P<0.01,P<0.001, and P< 0.0001, respectively.

632 Discussion
633 Melatonin alleviates acid stress-induced growth inhibition by promoting

634  seed ger mination and seedling growth in peanut

635 Acidic stress conditions severely constrain seed germination and early seedling
636  establishment by disrupting metabolic activation, reserve mobilization, and cell
637 expansion (Msimbira & Smith, 2020; Hasan et al., 2025). Seed germination and early
638 seedling establishment are among the most pH-sensitive developmental stages in
639  crops, and acidic stress is known to impair metabolic activation, reserve mobilization,
640  and cell expansion (Shavrukov & Hirai, 2016; Ali et al., 2023; Wang et al ., 2025b). In
641  this study, peanut seeds exposed to acidic pH (4.0) showed a clear reduction in
642  germination percentage and seedling growth compared with near-neutral pH (6.5),
643  confirming the high pH sensitivity of early developmental stages. Exogenous
644 melatonin (MT) markedly alleviated this inhibition, significantly improving
645 germination and promoting vigorous seedling growth, with a much stronger relative
646  effect under acidic stress than under near-neutral conditions (Figs.1a-h). The enhanced

647 germination under acidic pH likely reflects improved metabolic activation during
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648 imbibition, as MT is known to stimulate hydrolytic enzymes such as a-amylases and
649  proteases, thereby facilitating efficient mobilization of stored reserves under stress
650 (Liuetal., 2023; Fu et al., 2025). In addition, MT interacts with key phytohormones,
651  including gibberellins and auxins, which regulate radicle protrusion and early seedling
652  vigor, further supporting rapid germination under low-pH conditions (Arnao &
653  Hernandez-Ruiz, 2019; Fu et al., 2025). Consistent with improved germination, MT
654  substantially enhanced root and shoot growth and biomass accumulation under acidic
655  conditions, indicating improved seedling establishment (Figs.la-h). Similar MT-
656 mediated promotion of early growth under unfavourable soil conditions has been
657  reported in other crops, where MT improved root development and stress resilience
658 by maintaining cellular homeostasis and nutrient acquisition (Muhammad et al., 2024;
659  Chung et al., 2025; Hasan et al., 2025). In contrast, under near-neutral pH, low MT
660 doses were sufficient to slightly enhance seedling performance, whereas higher
661  concentrations often reduced growth and physiological indices, highlighting the role
662 of MT as a stress-responsive regulator rather than a constitutive growth promoter.
663  This inhibitory effect likely results from the disruption of finely tuned redox and
664 hormona signaling, as melatonin aso functions as a regulatory molecule and
665  excessive levels can suppress seedling growth under non-stress conditions (Arnao &
666  Hernandez-Ruiz, 2019; Ameen et al., 2024; Hasan et al., 2025). Collectively, these
667  results demonstrate that melatonin effectively mitigates acid-induced inhibition of
668  peanut seed germination and early seedling growth, underscoring its potential for
669  improving crop establishment in acidic soils.

670 Méeatonin enhances photosynthetic pigment stability and efficiency under
671 acid stressin peanut

672  Acidic stress markedly impaired photosynthetic pigment accumulation in peanut
673  seedlings, as evidenced by reduced chlorophyll a, chlorophyll b, total chlorophyll, and
674  carotenoid contents under pH 4, indicating disrupted chloroplast function and pigment
675  biosynthesis (Figs. 2a-d). Such reductions are well documented consequences of low
676 pH-induced proton toxicity, metal ion imbalance, and oxidative damage, which
677  collectively destabilize chlorophyll synthesis and accelerate pigment degradation
678  during early vegetative growth (Sharma et al., 2020; Yang et al., 2023; Jiang et al.,
679  2025b). Our results showed that exogenous melatonin application substantially
680 dleviated this inhibition, resulting in a dose-dependent restoration of chlorophyll and
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681  carotenoid levels under acidic conditions, with maximal pigment accumulation
682 observed at higher MT concentrations (Figs. 2a-d). This response suggests that
683 melatonin preserves pigment integrity under acid stress, likely by protecting
684  chloroplast membranes and photosynthetic complexes from oxidative injury through
685 its strong antioxidant and redox-buffering capacity (Dou et al., 2025; Hasan et al.,
686  2025). Carotenoid accumulation followed a similar pattern, increasing progressively
687  with MT concentration under pH 4, suggesting enhanced photoprotection and reactive
688  oxygen species scavenging (Figs. 2a-d). The associated increase in carotenoid content
689  under acidic conditions further supports a protective role of melatonin, as carotenoids
690 are essential for quenching excess excitation energy and preventing photo-oxidative
691  damage under stress. Similar M T-induced stabilization of photosynthetic pigments has
692  been reported in crops exposed to salinity, drought, and metal toxicity, where
693  melatonin maintained chlorophyll biosynthesis and delayed stress-induced senescence
694 (Anetal., 2025; Basharat et al., 2025; Chen et al., 2025; Hasan et al., 2025; Li et al.,
695  2025d). In contrast, under near-neutral pH (6.5), pigment levels were inherently high
696 in control plants, and low MT concentrations were sufficient to enhance chlorophyll
697  accumulation, whereas higher doses led to pigment stabilization or decline. This
698  concentration-dependent response indicates that melatonin primarily functions as a
699  stress-responsive regulator, exerting its strongest effects when pigment homeostasisis
700 challenged rather than under optimal growth conditions (Ali et a., 2023; Yang et a.,
701 2023). Overall, these results demonstrate that melatonin enhances photosynthetic
702  pigment stability in peanut in a pH and dose-dependent manner, with higher MT
703  concentrations effectively counteracting acid-induced pigment loss. This protective
704  role of melatonin on chlorophyll and carotenoid metabolism likely contributes to
705 improved photosynthetic competence and stress resilience of peanut seedlings under
706  acidic environments, a condition that remains underexplored in crop systems.

707 Meélatonin-regulated antioxidant redox homeostasis confers acid stress
708 tolerancein peanut

709  Acidic stress markedly disrupts redox homeostasis in plants by enhancing reactive
710 oxygen species (ROS) production and impairing antioxidant efficiency, thereby
711 constraining early growth and physiological stability (Hlihor et al., 2022; Jahan et al .,
712 2022; Hasan et al., 2025). In the present study, peanut seedlings exposed to acidic pH
713 (4) exhibited strong oxidative pressure, as evidenced by differentially modulated basal
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714  activities of stress-responsive antioxidant enzymes, such as SOD, POD, CAT and
715  APX. Exogenous MT application significantly reprogrammed the antioxidant defense
716  system, resulting in a coordinated and stress-adaptive response. Under acidic
717  conditions, MT markedly enhanced SOD, CAT, and APX activities in both leaves and
718 roots, indicating improved superoxide dismutation and hydrogen peroxide
719  detoxification, while simultaneously suppressing excessive POD activity (Figs. 3a-h).
720 The marked reduction in POD activity observed in melatonin-treated peanut leaves
721  and roots under acidic conditions likely reflects melatonin-mediated alleviation of
722  oxidative stress rather than suppression of antioxidant capacity. Exogenous melatonin
723  significantly reduced POD activity in a dose-dependent manner, indicating that MT
724  effectively lowers ROS production and H,O, availability, thereby reducing the
725  requirement for POD-dependent scavenging (Figs. 3b and c). It has been reported that
726  melatonin has been shown to modulate antioxidant enzyme activities and reduce ROS
727  accumulation under various stress conditions, contributing to redox homeostasis
728 (meta-analysis in rice and other plants) (Yang et al., 2021; Muhammad et al., 2025).
729  Moreover, in other systems melatonin reduced ROS accumulation while lowering
730 peroxidase activity, supporting the interpretation that decreased POD activity can
731  accompany improved oxidative balance (Yang et al., 2021; Hasan et al., 2025). Thus,
732  the reduced POD activity in MT-treated peanut seedlings reflects a functional shift
733  from stress-induced peroxidase activation to a more energy-efficient antioxidant
734  drategy, highlighting melatonin’s dual role as both a ROS scavenger and a redox
735  regulator under acidic stress (Figs. 3b and c). This pattern suggests that MT not only
736  strengthens ROS-scavenging capacity but also limits stress-associated peroxidative
737  reactions linked to cell wall rigidification and growth inhibition. Similar M T-mediated
738  enhancement of enzymatic antioxidants and redox balance under acidic or oxidative
739  stress has been reported in many crops, where MT improved stress tolerance by
740 activating ROS-detoxifying enzymes and their associated genes (Ahammed et al.,
741  2020; Ahammed et al., 2024; Chakraborty & Raychaudhuri, 2025; Chung et a., 2025;
742 Li et al., 2025c). Notably, the contrasting responses observed at pH 6.5 further
743  support the stress-dependent role of melatonin. Under near-neutral conditions, MT
744  induced only moderate or dose-limited changes in antioxidant activity, indicating that
745  MT fine-tunes redox signaling rather than overstimulating defense pathways when
746  oxidative stress is minimal (Figs. 3a-h). This dual behavior, strong activation under

747  stress and restrained modulation under optimal conditions, has been recognized as a
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748  halmark of melatonin function in plants (Moustafa-Farag et al., 2020; Menhas et al.,
749  2025; Shehzadi et al., 2025). Collectively, these findings demonstrate that melatonin
750 enhances acid-stress tolerance in peanut by orchestrating a balanced antioxidant
751  response, promoting efficient ROS detoxification while preserving redox signaling,
752  thereby enabling physiological stability and growth under low-pH environments.

753  Meéelatonin fine-tunes redox homeostasis by limiting hydrogen peroxide
754  accumulation and membrane lipid peroxidation under acidic stress

755  The pronounced accumulation of hydrogen peroxide (H>O,) and malondiadehyde
756  (MDA) in peanut seedlings under acidic conditions confirms that low pH imposes
757  severe oxidative stress, leading to excessive ROS generation and membrane lipid
758  peroxidation (Hlihor et al., 2022; Hasan et a., 2025). Under pH 4, control plants
759  exhibited markedly elevated H,O, and MDA levels in both leaves and roots, reflecting
760 impaired redox balance and enhanced oxidative damage. Exogenous melatonin
761  dignificantly and dose-dependently reduced H,O, accumulation under acidic
762  conditions, with the highest MT concentration lowering H.O, by ~50% in leaves and
763  ~51% in roots relative to the control (Figs. 4aand b). This strong suppression of ROS
764  indicates that melatonin acts primarily as an efficient antioxidant under acid stress,
765 either through direct freeradical scavenging or by reinforcing enzymatic
766  detoxification pathways, thereby reducing cellular H,O, availability (Arnao &
767  Hernandez-Ruiz, 2019; Ahammed et al., 2020; Ahammed et a., 2024; Hasan et al.,
768  2025; Muhammad et al., 2025).

769  Consistent with reduced ROS levels, MDA content declined sharply in M T-treated
770  seedlings under pH 4, with up to ~69% and ~68% reductions in leaves and roots,
771  respectively, indicating effective protection of membrane integrity (Figs. 4c and d).
772  Thetight coupling between decreased H,O, and lower lipid peroxidation suggests that
773  melatonin limits oxidative damage by stabilizing cellular membranes and preventing
774  ROS-induced fatty acid oxidation, a response widely associated with improved stress
775 tolerance (Ali et al., 2023; Ahammed et a., 2024; Hasan et al., 2025). In contrast,
776  under near-neutral pH (6.5), low MT concentrations enhanced oxidative protection,
777  wheresas higher doses partially restored H,O, and MDA levels (Figs. 4a-d), supporting
778  the concept that melatonin permits controlled ROS accumulation for signaling under
779  non-stress conditions (Hasan et a., 2025; Li et al., 2025a). Collectively, these results
780 demonstrate that melatonin functions as a redox modulator in peanut, acting
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781  predominantly as an antioxidant under acidic stress while maintaining ROS-
782  dependent signaling at optimal pH, thereby ensuring balanced cellular homeostasis.
783

784 Méelatonin enhances plasma membrane H[I-ATPase transcription to
785 maintain pH homeostasis under acidic stress

786  Plasma membrane HI" -ATPases are key regulators of proton extrusion, cytosolic pH
787  sability, and nutrient uptake, and their function becomes especially critical under
788 acidic stress, where excessive proton influx disrupts cellular metabolism and root
789  growth (Chao & Chao, 2025; Dong et al., 2025). In the present study, melatonin (MT)
790 significantly and dose-dependently upregulated the expression of the HI1-ATPase
791  genes AhAH1 and AhAH2 in peanut seedlings under acidic conditions, with markedly
792  stronger induction in roots than in leaves. This transcriptional response provides
793  molecular evidence that MT reinforces proton transport to the apoplast to improve
794  acidtolerance (Figs. 5aand b).

795 The strong MT-induced expression of AhAH1 and AhAH2 is consistent with
796 previous reports showing that melatonin enhances HI1-ATPase activity and
797  expression under various abiotic stresses (Wang et al., 2025c). For example, MT has
798  been shown to stimulate plasma membrane HI1-ATPases in cucumber and tomato
799 under salinity and nutrient stress, thereby stabilizing intracellular pH and improving
800 ion homeostasis (Li et al., 2022; Zeng et al., 2024; Li et al., 2025b). These findings
801 dlign closely with our observation that AhAH1 and AhAH2 expression was most
802  dtrongly induced at higher melatonin concentrations under pH 4, highlighting a
803  conserved role of melatonin in activating proton transport machinery under acidic
804  stress (Figs. 5a and b). Under acidic or aluminium-stress conditions, enhanced H_I-
805  ATPase activity promotes proton efflux and mitigates rhizotoxic effects, supporting
806  root elongation and function (Zhang et al., 2017; Munyaneza et al., 2024). The robust
807  upregulation of AhAH2 at higher melatonin doses indicates that this isoform may
808 function as a stress-adaptive proton pump, supporting sustained root activity,
809 membrane potential stability, and nutrient acquisition under acidic conditions. The
810  pronounced induction of AhAH2, particularly in roots, suggests isoform-specific stress
811 responsiveness, in line with studies in Arabidopsis and rice, where certain HLI-

812 ATPase genes are preferentially activated under low-pH stress to maintain root
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813  apoplastic and cytosolic pH balance (Gamez-Arjona et al., 2022; Chakraborty et al.,
814  2024; Jain & Schmidt, 2024).

815 Mechanistically, melatonin-mediated upregulation of H1-ATPase genes likely
816  reflects its integrative role in redox and hormonal signaling. Melatonin modulates
817 ROS levels and interacts with auxin and calcium-dependent pathways, both of which
818  are known regulators of HI” -ATPase transcription and activation (Huang et al., 2022;
819 Yang et al., 2024, Chung et al., 2025). By adleviating oxidative stress while
820 maintaining controlled ROS signaling, MT may create favorable cellular conditions
821  for sustained proton pump expression and activity under acidic environments. Overall,
822  these findings demonstrate that melatonin enhances acid stress tolerance in peanut by
823  transcriptionally activating plasma membrane HJ-ATPase genes, particularly AhAH2
824  inroots. This response likely strengthens proton extrusion, stabilizes intracellular pH,
825  and supports root performance under low-pH conditions, highlighting HLI-ATPase
826  regulation as a key molecular component of melatonin-mediated adaptation to acidic
827  dtressincrops.

828 Interaction between melatonin concentration and pH regulates peanut
829 physiological responses

830 Across all measured parameters, including germination, seedling growth, biomass
831  accumulation, photosynthetic pigments, oxidative stress markers, antioxidant enzyme
832  activities, and HI1-ATPase gene expression, a clear interaction between melatonin
833  concentration and pH level was observed. Acidic conditions (pH 4) consistently
834  amplified the positive effects of melatonin, whereas near-neutral pH (6.5) markedly
835 reduced or altered MT responsiveness. This interaction indicates that melatonin does
836 not act as a simple growth promoter, but rather functions as a stress-dependent
837  regulator whose efficacy istightly linked to environmental pH (Fig. 6).

838 Under acidic stress, increasng MT concentrations progressively improved
839  germination, root and shoot development, pigment accumulation, redox homeostasis,
840  and proton pump gene expression. These responses reflect a coordinated mitigation of
841  proton toxicity, oxidative damage, and metabolic disruption, suggesting that higher
842  MT availability is required to counteract the elevated ROS burden and pH imbalance
843 typica of acid stress (Fig. 6). Similar pH or stress-intensity-dependent melatonin
844  responses have been reported under salinity, metal toxicity, and drought, where

845  stronger stress necessitated higher MT doses to restore cellular homeostasis (Arnao &
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846  Hernandez-Ruiz, 2019; Ahmad et a., 2023b; Ahammed et al., 2024; An et a., 2025;
847 Basharat et a., 2025).

848 In contrast, under near-neutral pH, most physiological parameters peaked at
849 low MT concentrations and declined a higher doses, indicating that excessive
850 melatonin can disrupt optimal redox and hormonal signaling when stress pressure is
851 minima (Fig. 6). Basal ROS are essential signaling molecules for normal growth,
852  photosynthesis, and development, and over-scavenging by high MT levels may
853  suppress these signaling pathways, leading to reduced growth and metabolic
854  efficiency (Back, 2021; Liu et a., 2023; Dzinyela et al., 2025). Thus, the MT and pH
855 interaction demonstrates that melatonin acts within an optimal concentration window
856  that shifts upward with increasing stress severity.

857 Collectively, this interaction highlights melatonin as a conditional bioregulator
858  whose beneficial range depends on environmental pH, emphasizing the importance of
859  dose optimization when applying MT in agronomic systems.

Melatonin and pH Interaction
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860  Figure 6. Melatonin and pH interaction shows that a higher melatonin level is required to
861 dleviate seedling growth and yield, oxidative damage, photosynthetic pigments, ROS and
862 H_-ATPase genes expression and pH imbalance under acidic stress, whereas excessive
863  melatonin can disrupt normal growth under optimal conditions.

864 Conclusion
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865 The present study provides comprehensive evidence that exogenous melatonin
866  application markedly enhances peanut tolerance to acidic stress by integrating redox
867  regulation, growth maintenance, and pH homeostasis. Acidic conditions severely
868 restricted seed germination, seedling growth, biomass accumulation, pigment
869 synthesis, and differentially affect antioxidants, while inducing excessve H,O,
870  accumulation and membrane lipid peroxidation. Melatonin application significantly
871 reversed these effects, particularly at pH 4, by suppressing oxidative damage,
872  protecting the photosynthetic apparatus, and sustaining biomass production. This
873  protection was associated with a coordinated reprogramming of the antioxidant
874  system, characterized by enhanced SOD, CAT and APX activities and reduced POD
875  activity, indicating aleviation of oxidative pressure and a shift toward more efficient
876  H,0O, detoxification. Importantly, melatonin strongly induced the plasma membrane
877 HL-ATPase genes AhAH1 and AhAH2, especiadly in roots, providing molecular
878  evidence that melatonin reinforces proton extrusion capacity and cellular pH stability
879  under acid stress.

880  Overdl, the strong melatonin and pH interaction observed across al parameters
881  demonstrates that higher melatonin concentrations are required to confer effective
882  protection under acidic stress, whereas excessive melatonin under near-neutral
883  conditions can impair norma physiological regulation. Collectively, these findings
884  establish melatonin as a multifunctional regulator of acid stress adaptation in peanut
885 and revea a previously underexplored role of melatonin in mechanisticaly linking
886  redox control with proton transport to support early crop establishment on acidic soils.
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