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Abstract: Salinity is one of the major abiotic factors that limits citrus productivity. This research
focused on the effects of bio-stimulants derived from Rosmarinus officinalis, Pinus pinea) and shrimp
chitin, on the biochemical responses, as well as the adaptive strategies of citrus under salt stress.
Photosynthetic pigments, osmolytes such as proline and soluble sugars, nutrition availability, iron
rheostats and secondary metabolites were analyzed to determine salt stress tolerance. Our results
demonstrated that different bio-stimulant enhances photosynthetic efficiency and increases
chlorophyll levels. In addition, the negative impact of salinity on citrus was mitigated by increasing
osmoprotectant levels, which play a crucial role in reactive oxygen species (ROS) balance. The present
study elucidates the impact of rosemary bio-stimulant which has been found to enhance better salt
stress tolerance, increasing levels of soluble sugars to maintain photosynthetic stability. Furthermore,
plants treated with Rosemary maintained moderate levels of stress biomarkers, namely proline and
carotenoids. To tolerate salt stress, this bio-stimulant helps to optimize soil homeostasis and improves
its edaphic properties, by reducing electrical conductivity and stabilizing K+/Na+ ratio. Nevertheless,
it maintains the availability of essential nutrients, including sodium, Potassium, Phosphorus and
iron. LCMS/MS analysis revealed significant accumulation of defense-related secondary metabolites
in citrus plants treated with rosemary, including kojic acid and kaempferol. Nevertheless, stressed
plants accumulated increased levels of stress-signaling components and defensive antioxidants,
particularly salicylic acid and ferulic acid.

Keywords: bio-stimulant; salt stress; citrus; homeostasis; adaptative strategies; secondary
metabolites

1. Introduction

Citrus, a genus belonging to the Rutaceae family, includes orange, lemons and grapefruit.
Mainly in tropical and subtropical zones, these fruit trees are grown in over 130 countries [1,2].
Annual world citrus production is estimated at around 158.5 million tones. In 2021, the main
producing countries were China, Brazil, India and Mexico [3]. According to the data from FAO,
global citrus exports in 2019 exceeded 17.4 million tons, with an economic value that surpassed $14
billion. These exports reached $16 billion in 2021 and $17.2 billion in 2023. In that year, citrus ranked
23rd in terms of world trade value among the 1,217 traded products. Spain was the main exporter,
with exports valued at 3.75 billion dollars. South Africa and Turkey followed, with exports valued at
2.43 billion and 1.27 billion dollars, respectively. The main importers were the USA, Germany, and
France [4]. Conversely, in developing countries such as Algeria and Egypt, citrus is among the most
economically significant crops. In Algeria, for instance, production has surpassed 1.5 million tons
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(FAO, 2021). [5] CNCC data in 2015 revealed a total of 272 citrus varieties in Algeria, of which 34 are
indigenous varieties, with clementine being the most popular [6,7]. Although citrus species are
considered significant and strategic crops from an economic and nutritional standpoint, their global
production is gradually declining due to unfavourable climatic conditions [8].

Salt stress, one of the major abiotic stresses that affects plant development and growth, from
germination to harvest. Recently, salinity has precipitated a decline in productivity particularly in
arid and semi-arid zones, where low precipitation rates and high evaporation are noted [9]. Salinity
increases osmotic pressure and reduces water uptake [10]. lonic imbalance, due to high
concentrations of soluble ions associated with salinity, has been demonstrated to induce toxicity and
nutrient deficiency in plants. Mitochondria and chloroplasts are also affected by this ionic
disturbance [11,12]. Salt stress induces an alteration in molecular oxygen, leading to excessive
production of reactive oxygen species (ROS) [13,14]. Citrus are widely considered the most sensitive
crop to salinity [15]. This stress alters their growth rate and nutrient uptake, as well as their net
synthetic productivity [16-18]. To better adapt to salt stress, citrus plants modify their morphological
profiles, developing smaller, thicker leaves to limit water loss [19]. Additionally, these plants undergo
biochemical changes by accumulating compatible osmolytes, such as proline and sugars, to maintain
their osmotic homeostasis [20]. Salt stress induces oxidative stress through the excessive
accumulation of ROS. To cope with this disruption, Citrus plants increase the activity of specific
enzymes, such as catalase (CAT), as well as calcium (Ca) uptake, in order to strengthen their
antioxidant defense system and stabilize membranes [21-23]. To better tolerate abiotic stress, bio-
stimulants can be applied to boost plant resilience and limit damages caused by climate change [24].
The application of plant-derived bio-stimulants leads to physiological and molecular changes,
including osmotic adjustments and adaptation mechanisms through the biosynthesis of secondary
metabolites, such as alkaloids and phenolic compounds. It also activates antioxidant defenses while
improving plant growth and development and enhancing resistance to biotic and abiotic stresses [25-
28].

The aim of this research was to study the effects of bio-stimulants based on Rosemary
(Rosmarinus officinalis), Pinyon pine (Pinus pinea) and shrimp chitin on various physiological and
phytochemical parameters in citrus plants under salt stress conditions. This study focused on the
analysis of photosynthetic pigments (chlorophyll a, b, total and carotenoid), proline accumulation
and soluble sugars, ion homeostasis as well as secondary metabolite biosynthesis, suggesting the bio-
stimulant that could give better photosynthetic efficiency, osmotic adjustment and salinity
adaptation.

2. Results
2.1. Effect of Different Bio-Stimulants on Phytochemical Parameters in Citrus Plants Under Salt Stress

2.1.1. Effects of Bio-Stimulants on Chlorophyll Levels Under Salinity Stress

e  Chlorophyll, a crucial photosynthetic pigment, is essential for capturing light energy and plant
growth. The results of this study indicated that the Rosemary’s (TRRO), Pinyon pine (TRPP)
and shrimp chitin’s (TRSC) bio-stimulants led to significant variations in the accumulation of
chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (a + b), and carotenoids (Carot),
compared to the salt-stressed control (CBSS) (Figure 1).

e  All bio-stimulants showed higher chlorophyll a (Chl a) contents compared to the CBSS
throughout the year, especially during the growth period (March to July). Whereas, in the later
block, an increase was observed in April and July, reaching 1.48 mg. g'' FM. Early in the
season, TRPP noted the highest peak in April 1.60 mg. g' FM. While TRSC, showed significant
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values in July, October and December. However, TRRO displayed moderate peaks all over the
year, with its highest level observed in April (1.42 mg. g' FM) (Figure 1a).

e  The stressed control block (CBSS) showed the lowest chlorophyll b levels throughout the year.
While TRPP noted a notable increase, especially in January (1.12 mg.g' FM), June (3.27 mg.g™
FM) and December (0.91 mg.g' FM), followed by TRSC, with peaks in June and August (3.31
mg.g' FM and 1.74 mg.g' FM). In contrast, TRRO showed moderate but consistent levels,
reaching 1.45 mg. g'' FM in July and 0.67 mg.g' FM in November (Figure 1b).

e  Total chlorophyll (Chl a + b) was positively influenced by bio-stimulants compared to CBSS.
TRPP exhibited important total chlorophyll levels, particularly at the start of the season,
reaching 3.15 mg. g' FM in April and 4.14 mg. g FM in June. TRRO and TRSC evolved in a
similar way. The maximum value of total chlorophyll on TRSC was noted in June (3.64 mg. g-!
FM), followed by TRRO in July (2.26 mg. g'' FM) (Figure 1c).

e  Carotenoides are stress indicators that usually increase under salt stress. In the present study,
TRPP and TRSC exhibited higher carotenoid contents for most of the season, reaching their
maximum values in May (~0. 7mg.g! FM). Then, they decreased but they maintained higher
levels than those of TRRO and CBSS. TRRO noted stable and moderate carotenoid levels
throughout the year, reaching a maximum value of 0. 34mg.g' FM, indicating better stress

management (Figure 1d).
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Figure 1. Effect of salinity, foliar application with different bio-stimulants based on (TRRO) Rosemary, (TRPP)
Pinyon pine, (TRSC) and shrimp chitin, compared to the salt-stressed control (CBSS) and their interactions on
(a) chlorophyll a; (b) chlorophyll b; (c) chlorophyll a+b and (d) carotenoids of citrus plants. Tukey’s test was used
to compare the treated citrus with their control at p*** <0.05. FM: Fresh material. J: January; F: February; MA:
Marsh; A: April; M: Mai; J: Juin; JUIL July; AO: August; S: September; O: October; N: November; D: December.

2.1.2. Effects of Bio-Stimulants on Proline Content Under Salinity Stress
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The graph presents the monthly variation of proline content in the experimental blocs.
Significant variation between these blocks is marked. TRRO showed the lowest proline levels
throughout most of the year (0.003 mg. g'! FM in January). TRPP and TRSC exhibited the highest
values, especially during the stress period from April to July, with a peak in May (23.48 mg. g'' FM in
TRPP and 25.97 mg. g' FM in TRSC). After August, proline levels decreased in all groups, However,
the TPRO maintained the lowest values (Figure 2).

W(CBSS MTRRO MTRPP M TRSC

Proline content (mg. g' FM)

Figure 2. Effect of salinity, foliar application with different bio-stimulants based on (TRRO) Rosemary, (TRPP)
Pinyon pine, (TRSC) and shrimp chitin, compared to the salt-stressed control (CBSS) and their interactions on
proline content in citrus plants. Tukey’s test was used to compare the treated citrus with their control at p***
<0.05. FM: Fresh material. J: January; F: February; MA: Marsh; A: April; M: Mai; J: Juin; JUI: July; AO: August;
S: September; O: October; N: November; D: December. .

2.1.3. Effects of Bio-Stimulants on Soluble Sugars Content Under Salinity Stress

All treated groups exhibited a progressive increase in soluble sugars content from March to
November. TRPP recorded the highest accumulation in April (3.96 mg.g' FM), followed by CBSS and
TRSC (~3.3mg.g! FM), while the TPRO showed the lowest value (0.27 mg.g' FM). However,
from July to December, soluble sugars levels follow a similar pattern across all treatments (figure 3).
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Figure 3. Effect of salinity, foliar application with different bio-stimulants based on (TRRO) Rosemary, (TRPP)
Pinyon pine, (TRSC) and shrimp chitin, compared to the salt-stressed control (CBSS) and their interactions on
soluble sugars content in citrus plants. Tukey’s test was used to compare the treated citrus with their control at
p*** <0.05. FM: Fresh material. J: January; F: February; MA: Marsh; A: April; M: Mai; J: Juin; JUI: July; AO:
August; S: September; O: October; N: November; D: December.

2.1.4. Correlation Matrix Between Different Phytochemical Parameters

To better understand the seasonal dynamics and treatment induced responses, a correlation
matrix was established between the different phytochemical parameters, in particular chlorophyll a,
chlorophyll b, total chlorophyll, carotenoids, soluble sugars and proline to determinate any
relationship between them. From January (J) to April (A), these different parameters showed
significant correlation (elongated dark blue ellipses). The strongest positive correlation coefficient
noted in February (F) (» =0.87). However, the strongest negative correlation (Red ellipses) was found
in May (M) (r =- 0.30). From September (S) to December (D), the correlation strengthened once more,
becoming strongly positive in December (r = 0.91) (Figure 4).
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Figure 4. Matrix of correlation coefficients between different phytochemical parameters of citrus plants treated
with bio-stimulants under salt stress. J: January; F: February; MA: Marsh; A: April; M: Mai; J: Juin; JUI: July;
AO: August; S: September; O: October; N: November; D: December.

2.1.5. Clustering and Grouping of Physicochemical Parameters Under Salt Stress

This PCA allows us to visualize the effect of different bio-stimulants (TRRO, TRPP, TRSC) on
the accumulation of primary and secondary metabolites (chlorophyll a, chlorophyll b, total
chlorophyll, carotenoids, proline and soluble sugars) comparing to the control block (CBSS). PC1
contributed 86.08% and PC2 5.59%, together showed a significant proportion of the total variance
(over 91%). This PCA reveals three main groups. The first one included the proline levels across the
different blocks, showing a strong correlation with axis 02 during the month of May (M). The lowest
proline content is noted in TRRO (13.22 mg. g''FM). The second group includes contents of soluble
sugars and total chlorophyll, which are strongly correlated with axis 01 during the period from July
(JUI) to December (D). TRRO exhibited the lowest soluble sugars content (1.4 mg. g' FM), whereas
the total chlorophyll was the highest (2.26 mg. g' FM). The third group, comprising chlorophyll a,
chlorophyll b and carotenoid levels, was positively correlated with axis 01. Within this group,
carotenoid’s accumulation, a marker of stress, was lower in TRRO (0.01 mg. g'FM) (Figure 5a).

In addition to the PCA, we performed a hierarchical clustering analysis (dendrogram) to show
the similarities between the different parameters. This approach allowed us to identify 4 clusters. The
1st one includes chlorophyll levels (a, b, and total chlorophyll). However, the second cluster includes
carotenoids, marker of stress. The last one is closely related to the third cluster, which contains proline
levels. Finally, soluble sugars are grouped in the 4th cluster (Figure 5b).

Proline TRRO

axe 1= 86.08 %1 >
Similarity

(@) (b)

Figure 5. Principal Component Analysis (a) and Hierarchical cluster analysis (b) of different phytochemical
parameters of citrus plants treated with bio-stimulants based on (TRRO) Rosemary, (TRPP) Pinyon pine,
(TRSC) and shrimp chitin, compared to the salt-stressed control (CBSS) under salt stress.

2.2. Effect of Different Bio-Stimulants on Soil Elements in Citrus Plants Under Salt Stress

A comparative study of soil chemical parameters showed that the TRRO block was more tolerant
to salt stress. In fact, these plants show a low electrical conductivity (EC=0.571 dS/m) and a
moderate sodium content (Na= 15.12 mg/l), compared to CBSS, which shows the highest electrical

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0133.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2025 d0i:10.20944/preprints202506.0133.v1

6 of 22

conductivity (1.672 dS/m) and a significant accumulation of sodium (Na= 94.05 mg/l). In contrast, the
TRSC also showed high EC and sodium content (EC=1.39 dS/m, Na=69.09 mg/l). Although the TRPP
has a low sodium content (Na= 14.90 mg/l), it retains a relatively high EC (EC= 1.267 dS/m). In
addition, the exchangeable potassium content of TRRO (K= 12.17 mg/l) is higher than that of the
controls (7.33 mg/l) and closer to that of TRSC (11.34 mg/l). TRPP had the highest level (K= 38.81
mg/l). Calcium and magnesium, two key elements for cell stability and enzyme activation under
stress, show remarkable levels in TRRO (Mg = 34.29 mg/l, Ca = 469.3 mg/l). However, this block is
very rich in iron compared to the other blocks (TRRO = 12.7 mg/l, CBSS = 2 mg/l, TRPP = 3.4 mg/l,
TRSC = 3.6 mg/l) Table 1.

Table 1. Effects of Bio-stimulants based on (TRRO) Rosemary, (TRPP) Pinyon pine, (TRSC) and shrimp chitin,
compared to the control (CBSS), on soil chemical parameters of citrus plants under salt stress.

Soil elements CBSS TRPP TRRO TRSC
PH 7.77 7.78 7.96 7.67
CE (dS/m) 1.672 1.267 0.517 1.398
P>0s (ppm) 125.95 217.55 68.7 171.75
K20 7.83

9.03 11.44 8.43
(mg/100g)
Fe (mg/1) 2 3.4 12.7 3.6
K (mg/l) 7.33 38.81 12.17 11.34
Na (mg/1) 94.05 15.12 53.14 69.09
Mg (mg/l) 34.12 20.20 34.29 36.95
Ca (mg/l) 461.7 630.1 469.3 471.6

2.3. Valorisation of Rosemary’s Bio-Stimulant (TRRO) Under Salt Stress

Based on plant phytochemistry results and soil physico-chemical parameters, secondary
metabolite analysis by LC-MS/MS was carried out on the rosemary-treated block (TRRO) compared
with the control block (CBSS), to achieve a more profound comprehension of stress tolerance
mechanism.

The choice of Venn analysis was established to better understand the distribution of secondary
metabolite components in Rosemary treated plants (TRRO) compared with control (CBSS) under salt
stress.

2.3.1. Venn Analysis of Secondary Metabolites Under Salt Stress

The Venn flower depicts the distribution of 23 identified secondary metabolites including
flavonoids, phenolic acids and beta carotene, with 13 compounds common in both blocks (CBSS and
TRRO) and 10 compounds present in a single block (Figure 6a). Venn network analysis was employed
to reveal more details of the various compounds. 4 compounds were detected in the leaves of plants
treated with rosemary bio-stimulant (TRRO) which are: Kojic acid, Kaempferol, Cis-p coumaric acid
and Hydroxy quinoline. However, Thymol, Ferulic acid, Caffeic acid, coumaric acid, salicylic acid
and 2-methoxybenzoic acid were present only in the leaves of control plants (CBSS). 13 compounds
were commonly found in both blocks, notably Rutin, Quercetin, Beta carotene, Chrysin (Figure 6b).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(b)
Figure 6. Venn analysis of secondary metabolites from the leaves of citrus plants treated with bio-stimulant

based on (R) Rosemary compared to the control (T) under salt stress. (a) Interactive Venn flower plot; (b)
characterizes the Venn network analysis.

The figure shows a Mantel scalogram, revealing a homogeneous co-structure between the
phytochemical, soil parameters and secondary metabolites matrix in citrus plants treated with a

rosemary bio-stimulant (TRRO) and stressed control plants (CBSS).

The dominant bright red zone demonstrated a strong positive correlation between
phytochemicals, including chlorophyll a, b, total chlorophyll and carotenoids, soil parameters and
secondary metabolites. This association suggests a close relationship between variation in secondary
metabolites and the other parameters. However, the yellow-orange zone shows a moderate

correlation.

A partial breakdown of the correlation is shown by a slight greenish-blue spot, which signifies
non-linear changes in the various matrix mentioned above. These changes are caused by the negative

effect of salt stress (Figure 7).
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Figure 7. Mantel scalogram of phytochemical, soil parameters and secondary metabolites of citrus plants treated
with bio-stimulant based on Rosemary compared to the control under salt stress.

3. Discussion

Crops grown in arid and semi-arid zones are frequently confronted with extreme abiotic
conditions, including drought, elevated temperatures, and soil salinity. These environmental
constraints significantly disrupt key physiological and metabolic processes in plants [29,30]. Salinity,
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in particular, promotes the accumulation of soluble salts in the soil [31], thereby impairing vegetative
growth and leading to considerable declines in crop productivity [32-34]. It adversely affects water
and nutrient uptake mechanisms [35], and induces both ionic and oxidative stress that compromise
vital cellular functions, including photosynthesis [36-39]. In response, plants activate a range of
physiological and biochemical defense mechanisms to preserve ion homeostasis, osmotic balance,
and the regulation of reactive oxygen species (ROS) levels [40].

Salinity-induced oxidative stress results from the accumulation of ROS within plant cells. This
excessive production disrupts the delicate balance between their generation and detoxification,
leading to oxidative damage at the cellular level [41]. Such damage includes the peroxidation of
proteins, lipids, and even nucleic acids [42,43].

Photosynthetic pigments, including carotenoids, are essential for the photosynthetic process in
plants [44,45]. Under salt stress, plants exhibit a significant reduction in chlorophyll content due to
the instability of protein complexes and the accumulation of chlorophyll-degrading enzymes such as
chlorophyllase [46—48]. Simultaneously, plants activate natural defense mechanisms, including the
synthesis of compatible osmolytes. These molecules help mitigate oxidative stress caused by the
overproduction of ROS, thereby protecting subcellular structures [49,50].

In this study, control plants (CBSS) under salinity stress showed a significant decline in
photosynthetic pigments. Our findings are consistent with those of [51], who reported that salinity
reduces photosynthetic pigment levels in tomato plants. This decline may result from the reduction
in leaf surface area, which is critical for light capture and photosynthesis [52,53]. Furthermore, salinity
alters the thylakoid membranes in chloroplasts and restricts photosystem II (PSII) activity. These
changes lead to a reduction in quantum efficiency and photochemical quenching—two key
parameters for optimal energy conversion during photosynthesis [54].

Da Silva and his collaborators in [55] , confirmed that salinity stress severely impairs
photosynthetic function and chlorophyll concentration in Oryza sativa, as sodium ion (Na*)
accumulation disrupts ionic balance and osmotic potential, inducing structural and functional
damage to the photosynthetic system.

Numerous studies indicate that natural plant extracts enhance the growth of various cultivated
crops, such as wheat [56,57], fenugreek, chickpea, and maize [45,58,59] respectively. This strategy has
been proposed as a cost-effective and environmentally friendly solution [60,61].

Rania and her collaborators in [62], demonstrated that the application of rosemary essential oil
to wheat plants alleviated the negative effects of salinity stress on photosynthetic efficiency, as
evidenced by increased chlorophyll fluorescence. These results align with our findings, where TRRO
plants exhibited moderate chlorophyll peaks throughout the growing season. Rosemary extract
stimulates the plant’s primary defense mechanisms against salinity stress by enhancing
osmoprotectant synthesis for osmotic adjustment and improving photosynthetic efficiency.

Pinus spp. extracts also function as bio-stimulants that can enhance plant salinity tolerance.
Azevedo and his collaborators in [63], reported that Pinus pinaster cells exposed to salt stress exhibited
marked oxidative stress due to ROS accumulation. Moreover, Ferreira and his collaborators in [63],
confirmed that P. Pinaster bark is notably rich in phenolic and flavonoid compounds, which possess
strong antioxidant activity by scavenging  salinity-induced ROS. In our study, citrus plants treated
with a pinecone bio-stimulant (TRPP) maintained high chlorophyll levels throughout the growth
cycle, indicating sustained photosynthetic activity even under saline conditions.

Chitin and chitosan found in the exoskeletons of insects, fungal cell walls, and certain fish scales
[64], also contribute to enhanced salinity tolerance in several plant species [65]. Our findings are
consistent with those of Peykani and Sepehr in [66], who showed that chitosan application mitigates
salinity stress and promotes growth in Triticum aestivum L. And Zea mays L. Similarly, the study of
Turk in [67] found that chitosan improves salinity tolerance in maize seedlings. Foliar application of
chitosan extracts in salt-stressed tomato plants resulted in significantly increased photosynthetic
pigments and improved stress tolerance [51] . Similar findings have been reported in Oryza sativa
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[68], likely due to chitosan’s role in stimulating ROS scavenging mechanisms in stressed plants
[69].

Carotenoids are essential for protecting the photosynthetic apparatus against excess light and
play a signaling role during plant development under both abiotic and biotic stress conditions. These
photosynthetic pigments, embedded in cellular membranes, mitigate light-induced oxidative
damage by scavenging ROS [70,71]. The findings of Gomathi and Rakkiyapan in [72], demonstrated
that salinity stress in sugarcane leads to a significant reduction in carotenoid content. Similarly, Yildiz
and Terzi in [73], observed comparable results in wheat plants exposed to high temperatures. Merlene
and her collaborators in [74], further reported that Lycopersicon esculentum subjected to salinity stress
exhibited downregulation of carotenoid biosynthesis genes in the leaves. In contrast to these studies,
our observations revealed a notable increase in carotenoid levels following various treatments
compared to the stressed control. This enhancement may be attributed to the protective role of
carotenoids in shielding the photosynthetic machinery from oxidative damage by neutralizing ROS
and stabilizing cellular membranes [70,71].

Proline, a key signaling molecule, accumulates in response to abiotic stresses, particularly
salinity. As a compatible osmoprotectant, it plays a critical role in maintaining redox homeostasis
and scavenging ROS [53,75]. Under saline conditions, levels of osmolytes such as proline significantly
increase to sustain plant water balance and enhance osmotic stress tolerance [76,77]. In our study,
significant increases in proline content were observed in (TRPP) plants and stressed control plants
(CBSS), especially during the vegetative growth phase. Mahmoud and his collaborators in [18],
reported similar proline accumulation in soybean plants under salinity stress. Comparable results
have been approved by [78-80]. Moreover, plants treated with the shrimp chitin bioproduct (TRSC)
also showed elevated proline levels, confirming findings by [81] and [82] for plant of Carthamus
tinctorius L. and Helianthus annuus L., as well as those by [51] for tomato plants. However, rosemary
treated plants (TRRO) displayed relatively low proline concentrations throughout the year. This
could be due to rosemary’s capacity to induce salinity stress tolerance and promote osmotic
adjustment, thereby reducing the need for excessive proline accumulation. These findings contrast
with those reported by [62].

In response to abiotic stresses such as salinity, plants activate defense systems to protect cells
from oxidative stress. This response requires vital energy sources, notably soluble sugars [83,84]. In
salt-stressed plants, the content of soluble sugars increases. These sugars function as
osmoprotectants, helping to decrease membrane permeability and limit water loss [85,86]. In our
study, both stressed citrus control (CBSS) plants and those treated with various bio-stimulants
exhibited a progressive increase in soluble sugar content. These findings are consistent with those of
Mustapha and his collaborators in [87], who reported that three citrus rootstocks increased their
soluble sugar content under salinity stress. Similarly, [88] confirmed that leaves and sheaths of Oryza
sativa L. show elevated soluble sugar levels under salt stress. Foliar application of chitosan also led to
a significant increase in soluble sugars by promoting the synthesis of enzymes essential for glycolysis
[89,90]. According to [91], this accumulation helps protect soluble enzymes from the toxicity caused
by high intracellular concentrations of inorganic ions. The increase in soluble sugar content in
rosemary-treated wheat seedlings under salt stress, as reported by [62], can be attributed to
rosemary’s ability to stabilize photosynthetic activity.

Cluster analysis, principal component analysis (PCA), and correlation matrix all revealed a
positive correlation between osmolyte content (soluble sugars) and photosynthetic pigments in
response to salinity stress. Meanwhile, proline another key osmoprotectant increases under salt stress
to scavenge ROS [92,93], in line with the findings of Mohamed and his collaborators in [51].

Salt-stressed plants often exhibit disrupted uptake of essential nutrients required for
photosynthesis and biomass accumulation [94], such as nitrogen (N), phosphorus (P), which is vital
for energy storage, and potassium (K), essential for guard cell turgor [95,96]. Salinity disrupts the
K*/Na* balance, which is critical for cellular ion homeostasis. After different treatment, comparative
analysis of soil chemical parameters and Mantel scalogram revealed that the TRRO group showed
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the highest tolerance to salinity. This was evidenced by the lowest electrical conductivity (EC),
indicating reduced salt accumulation in the soil. Additionally, sodium, potassium, and phosphorus
levels were moderate in this block compared to other treatments and controls, with a particularly
favorable K*/Na* ratio, a key indicator of ionic balance and salinity tolerance. Ion homeostasis,
especially the K*/Na* ratio, is a crucial physiological strategy for salinity adaptation [97,98]. Other
studies [99,100], note that under salt stress, plants tend to absorb more Na* and less K*, thereby
lowering the K*/Na* ratio. While [101], highlighted deficiencies in Ca?", Mg?, and K* due to ionic
competition from Na* and CI-, our results showed substantial levels of calcium and magnesium, both
essential for cellular stability and enzymatic activity under stress. Furthermore, iron (Fe), known for
its antioxidant role in enhancing stress tolerance, was also present in significant concentrations.

Both biotic and abiotic stresses, especially salinity, significantly alter plant metabolite profiles,
leading to the production of secondary metabolites that form part of the plant’s natural defense
system [20,102]. Among these, phenolic compounds play a critical role in protecting against oxidative
stress induced by salinity [103-105], by inhibiting hydroperoxide breakdown and neutralizing lipid
free radicals. Due to their structure, these antioxidants detoxify ROS and mitigate the harmful effects
of salt stress [106,107], Flavonoids, a class of phenolics, are synthesized and accumulated during
biotic and abiotic stress to trap ROS [108-111].

LC-MS/MS analysis of secondary metabolites revealed significant differences in the metabolite
profiles between rosemary-treated plants (TRRO) and salt-stressed controls (CBSS). TRRO plants
accumulated greater quantities of defense-related antioxidant compounds, including kojic acid,
which mitigates ROS-induced cellular damage; kaempferol, a flavonoid involved in cell elongation
and differentiation [112]; hydroxyquinoline, which mitigates sodium toxicity; and cis-p-coumaric
acid, a potent antioxidant that strengthens cell walls and neutralizes free radicals [113]. Similarly,
Huirong and his collaborators in [114], reported increased p-coumaric acid levels in Salicornia
europaea roots under salt stress, attributed to its antioxidant role in mitigating salt-induced damage.

In contrast, the CBSS group exhibited higher levels of caffeic acid, a phenolic antioxidant that
promotes cell growth, division, and elongation [115]. Under salinity stress, caffeic acid enhances
nutrient uptake and reduces ion toxicity [116], prevents chlorophyll degradation by scavenging ROS
[117], improves water relations, and facilitates potassium absorption in stressed wheat plants
[118]. This group also showed elevated levels of salicylic acid, a well-known stress signaling
compound with roles in oxidative stress [119], drought [120-122], salinity, and osmotic stress
responses. Salicylic acid enhances antioxidant enzyme activity and facilitates ROS accumulation to
improve stress tolerance [123]. It has been shown to alleviate growth inhibition in salt-stressed tomato
plants [124,125] and to enhance net CO, assimilation in mustard plants [126].

Ferulic acid was also significantly accumulated in the control block. Its foliar application in
Brassica rapa under salt stress enhances antioxidant activity and reduces oxidative damage [127], Both
blocks accumulated additional antioxidant flavonoids such as rutin, myricetin, and quercetin which
scavenge ROS in roots and shoots, offering protection to Apocynum venetum against salt-induced
oxidative stress [128].

Our findings suggest that rosemary bio-stimulant treatment enhances salinity tolerance by
scavenging ROS, activating antioxidant defense mechanisms, improving photosynthesis, and
promoting the synthesis of osmoprotectants for osmotic balance. These results align with the findings
of Rania Ben Saad and her collaborators [62], who demonstrated that rosemary essential oil treatment
improves salinity tolerance in durum wheat seedlings.

4. Materials and Methods

4.1. Plant Materials and Experimental Site

The experiment was carried out at a nursery in TEBESSA, eastern Algeria (35° 27 '42 “N, 7°58'54”
E), aregion characterized by a semi-arid climate. In 2021, the average annual temperature was 17.9°C
and the total annual precipitation was 192.02 mm. Forty-eight three-year-old Citrus plants (Thomson

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0133.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2025 d0i:10.20944/preprints202506.0133.v1

11 of 22

variety), cultivated in large pots, were subjected to salt stress for a specified period. The plants were
then divided into four experimental blocks. The first one served as the control (CBSS), receiving
irrigation exclusively from water. The remaining three blocks were also irrigated with water, but in
addition, once a month, they received a foliar application of a bio-stimulant we had previously
prepared based on pinecone (TRPP), a rosemary (TRRO) and a shrimp chitin (TRSC). Irrigation was
provided once a week during the winter, and daily in the evening during the summer season. One
week after each application, leaves were randomly collected from different leaf orientations, for the
analysis of phytochemical parameters and secondary metabolites.

4.2. Extraction and Preparation of Bio-Stimulant

4.2.1. Rosemary's Bio-Stimulant

In January 2021,The rosemary shrub (Rosmarinus officinalis L) of the Lamiaceae family was
harvested in optimal health conditions from their plantations of the Departments of Biotechnology
and Agroecology of the Faculty of Sciences of the University of Blida 1 during the flowering season.
The plant samples experienced were physical cleaning and rinsed four times with distilled water to
remove any dust or other residues. These shrubs were dried for two weeks in the dark at 24°C. Then,
grounded into powder. Afterward, they were extracted using Soxhlet apparatus coupled with
ultrasonic application. We used pure methanol (99.7%) as a solvent for 1 h at 60°C. Using a rotary
evaporator (Buchi Rotavapor R-210), the extracted raw product was concentrated under reduced
pressure, and then stored at 4°C until further analysis [129,130].

4.2.2. Shrimp Chitin’s Bio-Stimulant

Chitin is found in a diverse range of organisms, such as insects, fishes and crustaceans [64].
Shrimp shells were washed, stripped of their legs, dried and ground to a powder. The same
rosemary's extraction method was adopted for these shrimp shells.

4.2.3. Pinion Pin’s Bio-Stimulant

Pinecones (Pinus pinea L.) were collected in December 2020 in the Mhaba/Gouraya region,
Tipaza, Algeria. The pine cones were oven-dried at 180° for 10 min to facilitate decortication. After
decortication, the pine cones were ground to a powder in a grinder. A sufficient quantity of powder
was soaked in a 95% ethanol solution for 24 hours in three cycles. The mixture was then filtered and
the residues extracted with boiling water for 2 hours, repeated in three successive cycles, then at room
temperature with a 1% NaOH solution. After filtration, the filtered solution was successively
precipitated with 3 then 5 volumes of ethanol. Before evaporation under reduced pressure at 40°C,
we washed the sediment with pure ethanol and then with ethyl ether [131].

4.3. Determination of Photosynthetic Pigments in Citrus Leaves

The contents of chlorophyll a,b and carotenoids were measured by taking 50 g of citrus leaf
powder inserted into 5 ml of 95% ethanol solution and put in dark for 24 h, followed by centrifugation
at 2500 rpm for 5 min. After that, the supernatant was collected in a new and clean tube. For the
remaining tissues, we repeated the same procedure, and the supernatant was added to the new tube.
Using a spectrophotometer U.V. (Perkin Elmer Lambda 5 U.V), the optical density was recorded at
665, 649 and 447 [132,133].

Chlorophyll a, b and carotenoid contents were determined in milligrams per gram of fresh
material (mg/g MF) by putting the absorbance values in the following formula, while pure ethanol
was used as a blank:

e  Chlorophyll a concentration(mg/L) = 12.7x OD665 - 2.69 x OD649
e  Chlorophyll b concentration(mg/L) = 22.9x OD649 - 4.86 x OD665
e  Total chlorophyll concentration (mg/L) = 8.02x OD6655 +20.20x OD649
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e  Photosynthetic pigment content (mg/g) = (photosynthetic pigment concentration x extraction
volume) / sample mass

4.4. Determination of Free Proline Content

The procedure of [134] was employed to estimate the proline content in fresh leaves of Citrus.
We homogenized 0.5 g of fresh leaf with 3% of sulphosalicylic acid in a mortar. During 10 minutes,
this homogenate was centrifuged at 10,000xg in a centrifuge machine. After that, we add a mix of 5
ml of sulphosalicylic acid, 2 ml of glacial acetic acid and 25 mg of ninhydrin to the supernatant. We
heated this mixture in a boiling water bath for one hour and stopped the reaction by placing these
test tubes into an ice bath. 5 ml of toluene was mixed to the reaction mixture and shaking vigorously
for 20-30 s. Finaly, the toluene layer was aspirated and incubated at room temperature and the
absorbance of red colour read at 520 nm using a spectrophotometer U.V. (Perkin Elmer Lambda 5
uwv).

4.5. Determination of Soluble Sugars

1.0 g fresh Citrus leaves was crushed and rinsed with 5 to 10 ml ddH,O, then the extracts were
filtered and boiled for 30 min. After that, 0.5ml of extract solution and 1.5ml ddH,O were added to
25ml tube and slowly mixed with 0.5ml anthrone-ethyl acetate and 5 ml concentrated sulfuric acid,
then boiled for 1 min. After cooling down at room temperature, we measured the absorbance at 630
nm using a spectrophotometer U.V. (Perkin Elmer Lambda 5 U.V) [135].

4.6. Soil Analysis

To measure the chemical characteristics of the soil, we used the method adapted from Jackson
[136]. Soil samples were ground and pulverized. The suspension (1:2.5, soil: distilled water) was then
stirred and equilibrated for 30 minutes. PH values were sustained following the method of Schofield
and his collaborators [137], applying a hydrogen ion-selective electrode. Soluble salts (Na*, K,O, Ca%,
Mg?") were analysed using a PSP flame photometer (Jenway 6405 UV/Vis, Algiers, Algeria) but
electrical conductivity (EC) was assessed with a calibrated conductivity meter. Olsen's protocol was
employed to determine assimilable phosphorus (P.Os). While iron (Fe) and copper (Cu) were
extracted using the DTPA method Lindsay and his collaborators [138].

4.7. LC-MS /MS Methode

In order to analyze secondary metabolites in the control (CBSS) and rosemary-treated block
samples (TRRO), UPLC-ESI-MS-MS Shimadzu 8040 Ultra-High sensitivity with UFMS technology
was employed and equipped with binary bump Nexera XR LC-20AD. On a Restek Ultra C18 3pm
150x4.6mm column, the mobile phase consisted of solvent A (water, 0.1% formic acid) and solvent B
(methanol). the flow rate was : 0.4 mL/min, and the following gradient program was used: 0.1- 2 min,
A 95%, 2-15 min, A 95%, 15-18 min, A 5%, 18 -20 min, A 5% and finally up to 25 minute, A95%. With
a total analysis time of 25 minutes, we have injected 5 uL per sample. A negative ESI mode, with the
following parameters ensured detection; CID gas, 230 KPs; conversion dynode, -6.00 Kv; interface
temperature, 350 -C; DL temperature, 250 °C; nebulizing gas flow, 3.00 L/min; heat block, 400 -C;
drying gas flow, 15.00 L/min. For optimization of polyphones standards, we used direct injection
without columns.

4.8. Statistical Analysis

Statistical analysis, graphing and standard error were performed by using Microsoft Excel 2024.
Correlation analyses, Mantel correlogram, hierarchical clusters analysis (HCA) and principatel
component analysis (PCA) were analyzed using the Past program (Version 5.0 Algiers, Algeria). Our
Data were subjected to a one-way analysis of variance (ANOVA) and Kruskal-Wallis tests with
significance level estimated at p <0.05 using the same statistical program. Venn interactive flower plot
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and network analysis of secondary metabolites were performed by using the free online program,
the EVenn (http://www.ehbio.com/test/venn/#/, accessed on 18 March 2025 at 21:27 pm).

5. Conclusions

In conclusion, the present study highlighted the positive impacts of different bio-stimulants
derived from Rosmarinus officinalis, Pinus pinea, and shrimp chitin on the biochemical and metabolic
processes of citrus plants under salt stress. These bio-stimulants enhance citrus
adaptation, by maintaining photosynthetic efficiency and increasing osmoprotectants synthesis to
ensure osmotic balance. Furthermore, they contribute to ROS scavenging, thus limiting oxidative
damage and strengthening the plant’s defense system. Our results suggest that rosemary bio-
stimulant demonstrated the greatest efficacy in terms of phytochemistry and edaphically. Citrus
plants treated with rosemary showed stable chlorophyll contents. In addition, they exhibited
moderate proline and carotenoid levels, indicating stress mitigation. Soluble sugars increased
gradually, indicating an enhanced metabolic activity. At edaphic level, rosemary bio-stimulants
reduced electrical conductivity and maintained a better K+/Na+ ratio, which is responsible for cellular
ionic homeostasis. Finally, from a metabolic perspective, it promotes the accumulation of secondary
metabolites of defense, notably phenolic compounds, which play a crucial role in protecting plants
against oxidative stress induced by salt stress.
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