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Abstract 

Biological nitrogen fixation is a key process for sustainable legume production, particularly 

under semi-arid environments where nitrogen availability and water resources frequently limit 

crop productivity. Although non-microbial biostimulants are increasingly recognized for 

improving plant growth and stress tolerance, their influence on the temporal dynamics of 

nodulation under field conditions remains insufficiently documented. The present study 

evaluated the effects of a combined protein hydrolysate- and seaweed extract-based 

biostimulant program on the development of nodules in green bean (Phaseolus vulgaris L.) 

cultivated under semi-arid conditions in central Morocco. 

Field experiments were conducted using untreated and biostimulants-treated plants, and 

nodulation was monitored throughout seven phenological stages (T1–T7). At each stage, ten 

plants per treatment were sampled to determine nodule number and nodule dry biomass. The 

protein hydrolysate was applied by fertigation (5 L ha⁻¹ at T1, T3 and T4), whereas the seaweed 

extract was applied as a foliar spray (500 mL hL⁻¹ at T3, T4 and T6). Data were analyzed using 

Student's t-test after verification of variance homogeneity. 

No nodules were observed during the first three developmental stages in either treatment. From 

the pre-flowering stage (T4), biostimulants-treated plants exhibited a marked increase in 

nodulation compared with untreated plants. Nodule number increased from 2.0 to 25.35 

nodules plant⁻¹ at T4, 4.0 to 42.33 at T5, 11.0 to 71.25 at T6 and 13.0 to 119.33 nodules plant⁻¹ 
at T7, corresponding to relative gains ranging from 548% to 1167%. Nodule dry biomass also 

increased significantly throughout the reproductive period, indicating enhanced structural 

development of the symbiotic organs. 
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The stimulation of nodulation is interpreted as an indirect consequence of improved plant 

physiological performance resulting from the combined action of protein hydrolysates and 

seaweed extracts on root development, nutrient acquisition and photosynthetic activity. 

Although biological nitrogen fixation was not directly quantified, the simultaneous increase in 

nodule number and biomass demonstrates that the formulated biostimulants substantially 

promoted the establishment and development of the legume–rhizobium symbiosis under semi-

arid field conditions. 

These findings highlight the potential of combining agro-food-derived protein hydrolysates 

and seaweed extracts as sustainable biostimulants to improve nodulation in common bean 

while supporting environmentally friendly crop management strategies in water-limited 

environments. 

Keywords: Phaseolus vulgaris L; biostimulants; protein hydrolysates; seaweed extracts; 

nodulation; nodule biomass; symbiotic nitrogen fixation; semi-arid agriculture. 

1. Introduction 

Biological nitrogen fixation represents one of the most important ecosystem services provided 

by legumes and constitutes a fundamental process for the transition towards sustainable 

agricultural systems. Through their symbiotic association with nitrogen-fixing rhizobia, 

legumes are able to reduce their dependence on synthetic nitrogen fertilizers while improving 

soil fertility, crop productivity and environmental sustainability (Lindström and Mousavi, 

2020; Roy and al., 2020). Among cultivated legumes, common bean (Phaseolus vulgaris L.) is 

one of the most important grain and vegetable crops worldwide because of its high nutritional 

value and its contribution to food security, particularly in developing countries. However, 

despite its economic importance, common bean generally exhibits relatively low symbiotic 

efficiency compared with other grain legumes, making crop productivity highly dependent on 

environmental conditions that influence the establishment and functioning of the legume–

rhizobium symbiosis (Graham, 1981; Reinprecht and al., 2020). 

In semi-arid regions, irregular rainfall, high temperatures and limited soil fertility frequently 

reduce root growth, nutrient acquisition and biological nitrogen fixation, thereby constraining 

common bean productivity (Cramer and al., 2018; Lionello and Scarascia, 2018). Water deficit 

negatively affects rhizobial survival, infection thread formation, nodule initiation and 

nitrogenase activity, ultimately reducing the efficiency of biological nitrogen fixation (Serraj 

and al., 1999; Zahran, 1999). Improving the establishment and persistence of root nodules 
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under these environmental conditions therefore represents an important strategy for increasing 

crop resilience and reducing fertilizer inputs. 

Nodule formation in P. vulgaris is a highly coordinated developmental process involving 

complex molecular communication between compatible rhizobia and host roots. The 

perception of rhizobial Nod factors by LysM receptor-like kinases activates the common 

symbiotic signaling pathway, inducing calcium oscillations and the expression of the 

transcription factor NODULE INCEPTION (NIN), which regulates infection thread formation, 

cortical cell division and nodule organogenesis (Roy and al., 2020; Shen and Feng, 2023). Once 

nodulation has been initiated, the Autoregulation of Nodulation (AON) pathway modulates 

nodule number through systemic signaling involving CLE peptides and shoot receptor kinases, 

thereby balancing the energetic cost of symbiosis with the nitrogen requirements of the host 

plant (Chaulagain and Frugoli, 2021). Successful nodulation therefore depends not only on 

rhizobial compatibility but also on root architecture, carbon allocation, nutrient availability and 

environmental conditions. 

Because biological nitrogen fixation requires substantial amounts of carbon and mineral 

nutrients, strategies capable of improving plant physiological performance may indirectly 

enhance nodulation. Among non-microbial plant biostimulants, protein hydrolysates have 

received considerable attention owing to their high content of amino acids and bioactive 

peptides that stimulate root development, nutrient uptake, carbon metabolism and plant 

tolerance to abiotic stress (Jolayemi and al., 2022; Malécange and al., 2023a). Likewise, 

seaweed extracts contain polysaccharides, betaines, phenolic compounds, minerals and 

hormone-like substances that improve photosynthesis, antioxidant metabolism, water-use 

efficiency and nutrient-use efficiency, thereby enhancing plant adaptation to unfavorable 

environments (El Boukhari and al., 2023; Shukla and al., 2019). In addition to these direct 

physiological effects, recent evidence indicates that both protein hydrolysates and seaweed 

extracts can modify root exudation patterns and stimulate beneficial microbial communities in 

the rhizosphere, creating conditions that favor plant–microbe interactions (Costa and al., 2024; 

Roche and al., 2024). 

Recent experimental studies on Phaseolus vulgaris have demonstrated that improving the 

efficiency of the legume–rhizobium symbiosis significantly enhances plant growth, 

chlorophyll content and productivity. For example, Athul and al. (2022) reported that 

inoculation with efficient native rhizobial strains substantially increased nodule number, 
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nodule biomass and grain yield under rainfed conditions. Kouki and al., (2021) showed that 

efficient rhizobial inoculation alleviated the negative effects of salinity while improving 

nodulation and biological nitrogen fixation. More recently, Ayala-García and al., 2022) 

demonstrated that modifications in Nod factor signaling broadened the symbiotic compatibility 

of Rhizobium tropici, whereas Shen and Feng, (2023) highlighted the central regulatory role 

of NIN in controlling nodule organogenesis and symbiotic development. These studies 

emphasize that optimizing the physiological and molecular mechanisms governing nodulation 

remains an effective strategy for improving common bean productivity. 

Despite these advances, most published studies have focused on rhizobial inoculation, genetic 

regulation of nodulation or symbiotic signaling pathways, whereas comparatively little 

attention has been devoted to the influence of non-microbial biostimulants, particularly the 

combined application of protein hydrolysates and seaweed extracts, on the temporal dynamics 

of nodulation under field conditions. Furthermore, the physiological mechanisms linking 

improved root growth and plant metabolism with sustained nodule development remain poorly 

documented under semi-arid environments. 

In our previous studies, we demonstrated that the same protein hydrolysate- and seaweed 

extract-based biostimulants program significantly improved root biomass (Tahiri and al., 

2023), as well as vegetative growth, chlorophyll content and yield of green bean cultivated 

under semi-arid conditions (Tahiri and al., 2024). These findings suggested that the stimulation 

of plant physiological performance could also create favorable conditions for enhanced 

nodulation and structural development of the symbiotic organs. 

Therefore, the objective of the present study was to evaluate the effects of a combined protein 

hydrolysate- and seaweed extract-based biostimulant program on the temporal dynamics of 

nodulation in green bean (Phaseolus vulgaris L.) cultivated under semi-arid field conditions in 

central Morocco. Particular emphasis was placed on the evolution of nodule number and nodule 

dry biomass throughout seven phenological stages to determine whether improvements in plant 

physiological performance were associated with enhanced structural development of the 

legume–rhizobium symbiosis. 

2. Materials and Methods 
2.1. Experimental site 

The field experiment was conducted during the 2022 growing season on a commercial farm 

located in El Hajeb Province (33°41′ N, 5°22′ W), central Morocco. The region is characterized 
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by a semi-arid Mediterranean climate with hot, dry summers and cool winters. Annual rainfall 

ranges from approximately 350 to 450 mm, most of which occurs between November and 

April, whereas the mean annual temperature varies between 15 and 18 °C. These climatic 

conditions frequently expose crops to periods of water deficit during vegetative and 

reproductive growth, making the region particularly suitable for evaluating agronomic 

strategies designed to improve crop resilience under semi-arid environments. 

The soil of the experimental field was slightly alkaline (pH ≈ 8.0) and presented moderate 

fertility. Before sowing, composite soil samples (0–30 cm depth) were collected and analyzed 

according to standard laboratory procedures. The principal physicochemical characteristics of 

the soil are presented in Table 1. 

2.2.Plant material and crop management 

Green bean (Phaseolus vulgaris L.) was cultivated according to the local commercial 

production practices. Sowing was carried out on 15 February 2022 using a planting density of 

approximately 62,500 plants ha⁻¹, with row spacing of 0.80 m and plant spacing of 0.40 m. 

All agronomic operations, including irrigation, weed control, fertilization and phytosanitary 

management, were identical for both treatments throughout the cropping cycle. The only 

difference between treatments was the application of the formulated biostimulants. 

2.3.Experimental design 

The experiment consisted of two field treatments: 

Control: plants cultivated according to the standard agricultural practices without biostimulant 

application. 

Biostimulant treatment: plants receiving the combined application of a protein hydrolysate-

based biostimulant and a seaweed extract-based biostimulant. 

Each treatment occupied one commercial field plot managed under identical agronomic 

conditions. 

At each phenological stage, ten plants were randomly sampled from the control plot and ten 

plants from the treated plot, giving a total of twenty sampled plants per stage. Sampling was 

repeated throughout the crop cycle from T1 to T7. 

Because only one commercial plot was available for each treatment, the sampled plants 

represent subsamples within each field treatment rather than independent field replicates. 
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Consequently, the statistical analyses should be interpreted as exploratory comparisons 

describing treatment differences under commercial farming conditions rather than as evidence 

derived from replicated field experiments. Similar limitations have previously been discussed 

for exploratory biostimulant field studies. 

2.4.Biostimulant formulations and application program 

Two complementary non-microbial biostimulants developed from natural resources were 

evaluated. 

The first formulation consisted of a protein hydrolysate-based biostimulant applied through 

fertigation at a dose of 5 L ha⁻¹. 
The second formulation consisted of a seaweed extract-based biostimulant applied as a foliar 

spray at a concentration of 500 mL hL⁻¹. 
Applications were performed according to the manufacturer's recommendations during specific 

phenological stages (Table 1). 

Table 1: Application protocol of the biostimulants formulations used in the field experiment 

Formulation Applicatio
n method 

Dose Timing Number of 
applications 

Protein-hydrolysate-
based biostimulant 

Fertigation 5 L ha⁻¹ T1, T3, and T4 3 

Seaweed-based 
biostimulant 

Foliar spray 500 mL hL⁻¹ T3, T4, and T6 3 

 

2.5.Phenological stages 

Plant development was monitored according to seven phenological stages representative of 

the crop cycle (Table 2):  

Table 2 : Phenological stages (T1–T7) and sampling times of Phaseolus vulgaris L 

Stage Phenological phase Approximate timing 

T1 Emergence/seedling establishment 7 days after planting 

T2 First trifoliate leaf 12 days after planting 

T3 Third trifoliate leaf/vegetative development 30 days after planting 

T4 Pre-flowering 45 days after planting 

T5 Flowering 55 days after planting 



7 
 

T6 Pod formation (>2.5 cm) 65 days after planting 

T7 Pod filling/maturation 75 days after planting 

 

2.6.Nodulation measurements 

At each developmental stage, ten plants were randomly excavated from each treatment. 

Root systems were carefully removed with the surrounding soil and gently washed under 

running tap water to avoid mechanical damage to the nodules. 

All visible nodules were manually detached and counted. 

The number of nodules was expressed as nodules plant⁻¹. 
For determination of nodule dry biomass, nodules from each sampled plant were oven-dried at 

70 °C until constant weight and weighed using an analytical balance. 

Dry biomass was expressed as mg plant⁻¹. 
2.7.Statistical analysis 

All data are presented as mean ± standard deviation (SD). 

Homogeneity of variances was verified using Levene's test before statistical comparisons. 

Differences between the control and biostimulant treatments at each phenological stage were 

evaluated using Student's independent t-test at P < 0.05. 

The relative gain (%) induced by the biostimulant treatment was calculated as 

Relative change (%) = ܺ஻ − ܺ஼ܺ஼ × 100 

Because the study was conducted on one commercial plot per treatment, the statistical analyses 

describe differences between sampled plants within the experimental conditions and should 

therefore be interpreted with appropriate caution. Future studies based on replicated 

randomized block designs will be necessary to confirm the observed responses under broader 

agronomic conditions. 
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3. Results 
3.1.Effects of biostimulants on nodule number 

No nodules were observed during the first three phenological stages (T1–T3) in either 

treatment, indicating that nodulation had not yet been established during the early vegetative 

growth of Phaseolus vulgaris (Figure 1). 

 

Figure 1: Temporal dynamics of root nodulation in control and biostimulant-treated plants across 
phenological stages 

Nodule formation started at the pre-flowering stage (T4), with significant differences between 

treatments (P < 0.05). Control plants developed an average of 2.00 nodules plant⁻¹, whereas 

biostimulant-treated plants reached 25.35 nodules plant⁻¹, corresponding to a relative increase 

of 1167.5%. 

At flowering (T5), nodulation continued to increase in both treatments; however, treated plants 

produced 42.33 nodules plant⁻¹, compared with 4.00 nodules plant⁻¹ in the control, representing 

a relative gain of 958.3%. 

The largest increase in absolute nodule number occurred during pod formation (T6), when 

treated plants developed 71.25 nodules plant⁻¹, whereas untreated plants produced only 11.00 

nodules plant⁻¹, corresponding to an increase of 547.7%. 

At physiological maturity (T7), nodulation reached its maximum values in both treatments. 

Treated plants produced 119.33 nodules plant⁻¹, while control plants reached only 13.00 

nodules plant⁻¹, corresponding to an increase of 817.9%. 
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Overall, the combined application of protein hydrolysates and seaweed extracts consistently 

promoted nodulation throughout the reproductive period, resulting in significantly higher 

nodule numbers than those observed in untreated plants (Figure 1). 

3.2.Effects of biostimulants on nodule dry biomass 

The evolution of nodule dry biomass followed a pattern similar to that observed for nodule 

number (Figure 2). 

 

Figure 2: Changes in nodule dry biomass during crop development in response to the biostimulants 
treatment 

No measurable nodule biomass was recorded during T1–T3 because nodules were absent in 

both treatments. 

Beginning at T4, biostimulant-treated plants exhibited significantly greater nodule dry biomass 

than control plants (P < 0.05). 

Nodule biomass increased progressively from T4 to T7 in both treatments; however, treated 

plants consistently accumulated larger amounts of nodule dry matter. 

The greatest difference between treatments was recorded at physiological maturity (T7), 

indicating that nodules produced under biostimulant application continued to enlarge 

throughout the reproductive period rather than undergoing premature senescence. 

Overall, the combined biostimulant program significantly promoted the structural development 

of nodules during the entire reproductive phase. 
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4. Discussion 
4.1.Biostimulants enhanced nodulation dynamics 

The progressive increase in nodule number observed from T4 to T7 demonstrates that the 

formulated biostimulants substantially enhanced the establishment and persistence of the 

Phaseolus vulgaris–rhizobium symbiosis under semi-arid field conditions. Nodulation was 

absent during the first three developmental stages but increased markedly once reproductive 

development began, suggesting that the physiological status of the host plant became 

progressively more favorable for symbiotic establishment. 

At the molecular level, nodulation is initiated by the perception of rhizobial Nod factors, which 

activate the common symbiosis signaling pathway and induce the expression of NODULE 

INCEPTION (NIN), the master regulator of nodule organogenesis (Roy and al., 2020; Shen 

and Feng, 2023). Once nodules begin to develop, their number is regulated through the 

Autoregulation of Nodulation (AON) pathway involving CLE peptides and long-distance 

shoot–root signaling (Chaulagain and Frugoli, 2021). Although these molecular processes were 

not investigated in the present study, the markedly higher nodulation observed in treated plants 

suggests that the improved physiological condition of the host favored successful rhizobial 

infection and sustained nodule initiation. 

The magnitude of the response was particularly remarkable. Compared with the untreated 

control, treated plants exhibited increases of 1167.5%, 958.3%, 547.7% and 817.9% at T4, T5, 

T6 and T7, respectively. Such responses considerably exceed the modest increases generally 

reported following conventional agronomic practices and highlight the potential of combined 

protein hydrolysate and seaweed extract applications to promote nodulation under semi-arid 

conditions. 

Protein hydrolysates are known to stimulate root growth through the action of amino acids and 

bioactive peptides, whereas seaweed extracts enhance photosynthesis, antioxidant metabolism 

and nutrient acquisition (Jolayemi and al., 2022; Malécange and al., 2023b). These 

complementary effects probably increased the number of young lateral roots available for 

rhizobial infection while simultaneously improving the metabolic capacity of the host plant to 

sustain continuous nodule formation. In addition, recent studies have shown that non-microbial 

biostimulants can modify rhizosphere functioning by stimulating beneficial microbial 

communities and altering root exudation patterns, thereby indirectly facilitating plant–microbe 

interactions (Costa and al., 2024; Roche and al., 2024). 
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4.2.Biostimulants promoted structural development of nodules 

The temporal evolution of nodulation observed in the present study demonstrates that the 

combined application of protein hydrolysate- and seaweed extract-based biostimulants 

markedly enhanced the establishment and persistence of the Phaseolus vulgaris–rhizobium 

symbiosis under semi-arid field conditions. No nodules were observed during the first three 

phenological stages (T1–T3), whereas nodulation started at the pre-flowering stage (T4) and 

increased progressively until physiological maturity (T7). This developmental pattern is 

consistent with the ontogeny of common bean nodulation, in which rhizobial infection occurs 

shortly after root emergence, but visible nodules develop only after the establishment of an 

active root system capable of supporting the high carbon and energy demands of symbiosis 

(Roy and al., 2020). 

At the molecular level, nodulation is initiated by the perception of rhizobial Nod factors by 

LysM receptor-like kinases, activating the common symbiosis signaling pathway and inducing 

the expression of the transcription factor NODULE INCEPTION (NIN), which coordinates 

infection thread formation, cortical cell division and nodule organogenesis (Roy and al., 2020; 

Shen and Feng, 2023). Following nodule initiation, the Autoregulation of Nodulation (AON) 

pathway regulates nodule number through systemic signaling mediated by CLE peptides and 

shoot receptor kinases, thereby balancing the energetic cost of symbiosis with the nutritional 

requirements of the host plant (Chaulagain and Frugoli, 2021). Although these molecular 

processes were not investigated in the present study, the markedly greater nodulation observed 

in treated plants strongly suggests that the biostimulant program created physiological 

conditions more favorable for successful rhizobial infection and sustained nodule formation. 

The magnitude of the response observed was particularly remarkable. Compared with untreated 

plants, biostimulant-treated plants exhibited increases in nodule number of 1167.5% at T4, 

958.3% at T5, 547.7% at T6 and 817.9% at T7. These exceptionally high relative gains should, 

however, be interpreted in the context of the very low initial nodulation recorded in untreated 

plants during the early reproductive stages. Rather than indicating an unusual stimulation of 

the symbiotic machinery itself, these results suggest that the biostimulants accelerated the onset 

of nodulation and maintained the production of new nodules throughout reproductive 

development. 

Recent experimental studies on Phaseolus vulgaris support the hypothesis that improving the 

physiological environment of the root system enhances nodulation. Athul and al. (2022) 
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demonstrated that inoculation with efficient native Rhizobium strains significantly increased 

nodule number, nodule biomass and grain yield under rainfed conditions compared with non-

inoculated plants. Likewise, dos Santos Sousa and al. (2022), in a meta-analysis including 

numerous field experiments on common bean, concluded that rhizobial inoculation 

consistently improved nodulation and crop productivity across contrasting environments, 

although the magnitude of the response depended on environmental conditions, indigenous 

rhizobial populations and crop management. Similarly, co-inoculation strategies combining 

Rhizobium tropici with plant growth-promoting bacteria have been shown to further enhance 

nodulation and plant performance through complementary effects on root colonization and 

symbiotic efficiency (Hungria and Vargas, 2000). These studies collectively indicate that 

improving the conditions governing the legume–rhizobium interaction is an effective strategy 

for enhancing nodulation. 

Unlike these microbial approaches, the present study evaluated non-microbial biostimulants. 

Consequently, the stimulation of nodulation observed here is unlikely to result from an increase 

in rhizobial population density or infectivity. Instead, it probably reflects indirect 

improvements in root architecture, nutrient acquisition and plant physiological performance. 

Protein hydrolysates provide amino acids and bioactive peptides known to stimulate root 

elongation and nutrient uptake, whereas seaweed extracts supply polysaccharides, betaines and 

hormone-like compounds that improve photosynthetic activity, antioxidant metabolism and 

tolerance to abiotic stress (Jolayemi and al., 2022; Malécange and al., 2023b). The 

complementary action of these formulations probably increased the production of young lateral 

roots available for rhizobial infection while simultaneously improving the carbon and 

nutritional status of the host plant. 

Our interpretation is further supported by previous studies conducted under the same 

experimental conditions. Tahiri and al. (2023) demonstrated that the protein hydrolysate-based 

formulation significantly stimulated root biomass, whereas Tahiri and al. (2024) reported 

substantial improvements in chlorophyll content, vegetative growth and green bean 

productivity following the combined application of protein hydrolysates and seaweed extracts. 

Enhanced root development and increased photosynthetic capacity are expected to promote 

rhizobial colonization by increasing the number of infection sites and by supplying the 

carbohydrates required for sustained nodule initiation and development. 
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Recent evidence also indicates that non-microbial biostimulants influence the rhizosphere 

beyond their direct effects on plant metabolism. Protein hydrolysates and seaweed extracts can 

modify root exudation patterns, stimulate beneficial microbial communities and improve 

nutrient cycling, thereby creating a rhizosphere environment more favorable for plant–microbe 

interactions (Costa and al., 2024; Roche and al., 2024). Although the rhizosphere microbiome 

was not characterized in the present study, these indirect mechanisms provide a biologically 

plausible explanation for the substantial increase in nodulation observed under biostimulant 

application. 

Nevertheless, nodule number alone cannot be considered direct evidence of enhanced 

biological nitrogen fixation. The efficiency of the symbiosis depends not only on the number 

of nodules but also on their structural organization, oxygen regulation, bacteroid differentiation 

and nitrogenase activity (Booth and al., 2021; Roy and al., 2020). Therefore, the present results 

should be interpreted as evidence of improved establishment and persistence of the symbiotic 

organs rather than direct confirmation of increased nitrogen fixation. Future studies integrating 

acetylene reduction assays, 15N isotope techniques and transcriptomic analyses of symbiosis-

related genes would provide a more comprehensive understanding of the mechanisms through 

which protein hydrolysates and seaweed extracts enhance nodulation under semi-arid field 

conditions. 

5. Conclusion 

The present study demonstrates that the combined application of protein hydrolysate- and 

seaweed extract-based biostimulants significantly improved the nodulation dynamics of green 

bean (Phaseolus vulgaris L.) cultivated under semi-arid field conditions. Compared with 

untreated plants, the biostimulant program markedly increased both nodule number and nodule 

dry biomass throughout the reproductive stages, indicating enhanced establishment and 

structural development of the legume–rhizobium symbiosis. These responses suggest that 

improvements in root growth, nutrient acquisition and plant physiological performance created 

favorable conditions for sustained nodule formation and development during the crop cycle 

The originality of this study lies in demonstrating that a combined non-microbial biostimulant 

strategy, based on protein hydrolysates and seaweed extracts, can substantially enhance 

nodulation under field conditions without the direct application of microbial inoculants. Unlike 

rhizobial inoculation approaches that increase symbiotic efficiency through the introduction of 

beneficial microorganisms, the present biostimulant program appears to act indirectly by 
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improving the physiological status of the host plant and the rhizosphere environment, thereby 

facilitating the establishment of indigenous rhizobial symbiosis. 

These findings complement our previous studies, which showed that the same biostimulant 

formulations improved root development, chlorophyll content, vegetative growth and yield 

(Tahiri and al., 2023, 2024). Collectively, these results indicate that protein hydrolysates and 

seaweed extracts represent promising components of sustainable crop management strategies 

capable of improving both plant performance and the development of symbiotic organs under 

water-limited environments. Their use could contribute to reducing dependence on synthetic 

nitrogen fertilizers while enhancing crop resilience in semi-arid agricultural systems. 

Nevertheless, the present study focused on the structural development of nodules and did not 

directly assess the functional efficiency of biological nitrogen fixation. Consequently, further 

investigations should combine nitrogenase activity measurements, acetylene reduction assays, 
15N isotope techniques, and molecular analyses of symbiosis-related genes (e.g., NIN, ENOD, 

CLE, and CEP) together with rhizosphere microbiome characterization to determine how 

protein hydrolysates and seaweed extracts regulate the physiological and molecular 

mechanisms governing the legume–rhizobium symbiosis. Such multidisciplinary approaches 

will provide valuable information for optimizing biostimulant formulations and supporting the 

development of climate-resilient and environmentally sustainable legume production systems. 
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