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Abstract

Soil water retention is a key factor in ecological processes regulating ecosystem stability
and resilience under environmental stress. In this regard, marine-derived additives may
provide sustainable strategies to enhance soil water dynamics. Here, novel biopolymers
derived from thermophilic bacteria, including six exopolysaccharides (EPS1-EPS6) and four
biosurfactants (BS1-BS4), and biomasses from seaweed (BM1-BM4) and marine cyanobac-
teria (BC1-BC2), were investigated for their wetting properties and soil water retention.
Wetting properties, including reduction in contact angle (RCA) and atmospheric-air mois-
ture uptake (AMU), were monitored for 36 h at constant temperature (30 °C). The effect
on soil water retention was evaluated in terms of water loss of soil samples treated with
two different concentrations (0.5 and 1% w/w) of either biopolymers or biomasses in a
microcosm consisting of 10 g of soil and 10 mL of water, kept at a stable temperature of
22 °C for 200 h (until complete evaporation occurred). BC2 derived from Leptolyngbya
sp. 43.3 was the best wetting agent (RCA = 39.44%), while the EPS4 produced by Bacillus
horneckiae SBP3 was the best humectant agent (AMU = 179.63%). Soils amended with
bacterial biopolymers (EPS4, EPS5, EPS6, BS1 and BS3), as well as biomasses derived
from cyanobacteria BC2 and seaweed BM1-BM4, produced better improvement in soil
water retention, with marked effects at the concentration of 1% w/w. The lipopeptide
BS1 was the most effective in water loss reduction over a specific time of 96-125 h at both
concentrations. These findings highlight the potential of these materials as nature-based
solutions to improve soil-mediated ecosystem resilience to drought under climate change.

Keywords: soil water loss; seaweed wetting properties; seaweed-based amendments;
exopolysaccharides; biosurfactant

1. Introduction

Soil water has a major role in ecosystem functioning, regulating primary productivity,
microbial activity, nutrient cycling, and plant—soil interactions across terrestrial ecosys-
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tems [1]. Recently, global climate change has extremely disturbed the rainfall sequence,
amplifying drought events, resulting in the reduction in soil moisture, which implies a
major threat to food security [2]. Prolonged drought conditions have significantly reduced
crop yields by 20 to 30%, directly compromising soil ecosystem services provision [3].
Furthermore, recent findings underline that droughts have involved a 40% water loss,
leading to a 25% reduction in crop yields (including citrus fruits, wheat, and vineyards)
and causing economic losses estimated at €2.7 billion. This is particularly worrying for
regions in Southern Europe where water reservoir levels are critically low; current volumes
have decreased by 45% compared to 2023 [4,5] and 25% of municipalities have been forced
to implement water-saving measures [6]. The limited availability of water can lead to the
formation of a water-repellent barrier in soil, a phenomenon known as water repellency [7].
This barrier significantly reduces the rate and capacity of water absorption of soil, leading
to increased runoff and a reduction in water available for crops [8]. Therefore, to face
water repellency it is crucial to adopt such strategies that enhance soil’s capacity to retain
water and to minimize water losses. These strategies are essential for improving soil health
and ensuring sustainable crop production, particularly in regions under water scarcity.
Adding organic amendments like manure, straw and biochar is a common strategy to
reduce soil water loss [9]. These amendments increase soil organic carbon, which acts as a
binding agent to stabilize soil structure, thereby enhancing permeability and conserving
soil moisture [10,11]. While these amendments effectively enhance soil water retention,
their cost remains significantly high [12,13].

Recently, the use of microbial biopolymers and seaweed-derived biomasses has at-
tracted the attention of researchers as sustainable soil amendments to improve soil water
retention [2,14]. Biopolymers are organic materials produced by different living organisms
(green plants, animals, microbes, and fungi) as part of their life processes [15], which
occur abundantly in nature [16]. Due to their biodegradability and minimal environmental
impact, biopolymers present a promising option for the improvement of soil characteristics
thanks to their capacity for acting as a biological “glue” within soil pores. When exposed to
water, they swell and enlarge soil pores and alter their size distribution, favoring moisture
storage [17,18]. As a result, the permeability enhances, facilitating the passage of water [19].
Similarly, biopolymers extracted from seaweed, including alginate and carrageenan, are
most effective in addressing water repellency through the swelling mechanism [19]. Soil
application of alginate at 1% has been shown to enhance water availability for crops [20,21],
while carrageenan application at concentrations of 1-2% increased water absorption as a
result of its high swelling properties and ability to gradually release water in soil [22].

Likewise, bacterial-based biopolymers (xanthan gum and gellan gum) are extensively
applied in soil due to their numerous benefits, such as their ability to enhance soil’s water
retention capacity by absorbing significant amounts of water, up to a thousand times their
dry weight, and improve soil structure as well [23,24]. Xanthan gum at 0.5% and gellan
gum at 1% have been shown to outperform in terms of water retention and plant survival
under drought stress, likely due to the formation of a stable and well-structured topsoil
layer. They acted as an emulsifier, which supports high water-holding capacity in the inner
soil [25-27].

Several studies have explored the impact of various biopolymers, such as alginate,
carrageenan, xanthan gum, and gellan gum, on soil water retention [20-22,28], while
biopolymers, including exopolysaccharides, biosurfactants and biomasses (seaweed and
cyanobacteria), have not yet been thoroughly investigated. In this framework, thermophilic
bacteria, cyanobacteria and seaweed biomasses represent three biologically and ecologically
distinct, yet complementary, sources of soil hydrating materials [19]. Thermophilic bacteria
are heat tolerant and thrive under elevated temperature conditions; they can synthesize
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exopolysaccharides and biosurfactants with surface active, natural binding and wetting
characteristics and can enhance soil particle aggregation and water distribution [29,30].
In addition, cyanobacterial biomass are photosynthetic prokaryotes that form cohesive
biocrusts and secrete extracellular polymeric substances, which are crucial for soil structure
stabilization and moisture retention [31]. Seaweed biomasses are multicellular macroalgae,
naturally enriched in polysaccharides (e.g., alginates, carrageenans, ulvans) capable of form-
ing hydrogels that improve soil aggregation, aeration and water holding capacity [32,33].
Despite their taxonomic and ecological differences, all three groups lead to the production
of polymer-rich substances that could be used as a nature-based amendment for improving
soil wettability and water retention. Therefore, this study aims to examine the effects of
different biopolymer/biomass additions on soil water retention, evaluated in terms of soil
water loss. Understanding their influence on soil water dynamics is instrumental to better
understand their potential contribution to ecosystem resilience under climate-driven water
stress. We hypothesized that these materials could enhance soil water retention and thereby
support key ecological processes associated with soil functioning. The findings of this
study may contribute to the development of sustainable and nature-based strategies for
mitigating the impacts of climate change on terrestrial ecosystems. The expected results
could broaden our knowledge of the effects of biopolymers/biomass application, while at
the same time evaluating their potential use as a soil amendment.

2. Materials and Methods
2.1. Origin of Strains

Marine thermophilic bacteria were previously isolated from the shallow hydrothermal
vents of the Aeolian Islands (Italy) [34,35] and characterized phenotypically and genotyp-
ically. In detail, Geobacillus thermodenitrificans B3-72 [36], Bacillus licheniformis B3-15 [37],
Bacillus sp. B3-75 [38] and Bacillus licheniformis md 4-1-1 [38] originated from Vulcano Island,
while Bacillus horneckiae SBP3 DSM 103063 [39] and Bacillus licheniformis s7s-1 [38] were
isolated from vents off Panarea Island.

Cyanobacteria were isolated from seawater samples collected from the coastal zone of
the Strait of Messina (Italy). The filamentous strains Cyano 40 and Cyano 43.3, based on
165 rRNA sequencing, were phylogenetically attributed to Kamptonema okenii (similarity of
98%) and Leptolyngbya sp. (similarity of 95%), respectively. Marine thermophilic bacterial
and cyanobacteria are part of the collection of the “Research Centre for Extreme Environ-
ments and Extremophiles” at the Department of Chemical, Biological, Pharmaceutical,
and Environmental Sciences of the University of Messina (Italy). Strains are preserved for
long-term storage at —80 °C in 40% (v/v) glycerol.

Sargassum muticum (Ochrophyta) was collected from the Lagoon of Venice (45°25'42.6" N,
12°19'50.7" E), whereas Ulva ohnoi (Chlorophyta), Agardhiella subulata (Rhodophyta) and
Chaetomorpha aerea (Chlorophyta) were collected from the brackish Lake of Ganzirri, in
the Oriented Natural Reserve of Cape Peloro Lagoon, Messina (Italy) (site coordinates:
38°15'28.8” N, 15°26/29.3" E; 38°15'31.0” N, 15°36'49.5" E and 38°26'11" N, 15°62'72"" E,
respectively) [40]. Seaweeds were identified through DNA barcoding, using selected
barcode markers and sequences deposited in BOLD Systems: S. muticum (AA05681), A.
subulata (AAC0053), C. aerea (GRAPP001-17) and Ulva ohnoi (GRAPP015-17). Seaweeds are
housed at the Phycological Lab Herbarium, University of Messina, Italy (https:/ /sweetgum.
nybg.org/science/ih/herbarium-details/?irn=253162, accessed on 17 June 2026).

With regard to morphology, thermophilic bacteria of the genus Bacillus are morpholog-
ically characterized as rod-shaped bacteria that aerobically form refractile endospores [41].
The cells of cyanobacteria attributed to the genera Leptolyngbya and Kamptenema are
filamentous [42]. Marine algae showed the typical morphology of their respective species:
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U. ohnoi with large, fragile, easily torn thalli often bearing microscopic marginal teeth; A
subulata with terete thallus morphology and C. gerea characterized by unbranched and
yellowish-green filaments.

2.2. Production of Marine Biopolymers and Biomasses

Exopolysaccharides (EPSs) from thermophilic bacteria were produced as reported
previously [34]. Briefly, each strain was inoculated in a minimal medium containing
0.01% yeast extract and seawater supplemented with 5% w/v of sucrose (SWY + SAC).
Flasks were incubated for each strain at an optimal growth temperature for 48 h under
shaking conditions at 250 rpm. The culture of each strain was centrifuged at 8000 x g for
10 min, and the cell-free supernatant (CFS) was obtained by filtering through a 0.2-pm-
pore-size membrane (Biogenerica, Catania, Italy). To ensure that no cells were present
in the filtrates, 100 uL was spread onto plates of Tryptic Soy Agar (Condalab, Madrid,
Spain) and incubated at 45 °C for 24 h. To inactivate the enzymes responsible for the
EPS degradation, each CFS was heated at 100 °C for 20 min. Each CFS was treated with
an equal volume of cold absolute ethanol added dropwise under stirring in an ice bath,
held at —20 °C overnight, and then centrifuged at 10,000 x g for 30 min. The pellets were
washed twice with ethanol, dissolved in hot water (80-90 °C), and dialyzed (6-8 kDa-cutoff
membrane SpectraPor Standard Grade RC Membrane) first against tap water (for 48 h)
and then distilled water (for 20 h), lyophilized, and weighed. Carbohydrate content was
evaluated by the phenol-sulfuric acid method using glucose as the standard [43].

Biosurfactants (BSs) production from thermophilic bacteria was performed as reported
by [44]. Briefly, each strain was grown aerobically in novel MGV medium containing 20 g
of NaCl, 10 g of (NH4),SO4, 0.5 g of MgSO4 7H,0, 3 g of meat extract (Sigma Aldrich,
Milan, Italy), 3 g of yeast extract (Oxoid), 8 g of K;HPOy, 2 g of KH;POy, and 30 g of
sucrose or glucose per liter and incubated at optimal growth temperature in a rotary shaker
at 130 rpm for 48 h. To obtain CFS, each culture was centrifuged at 8000 g for 10 min. To
extract crude surfactants, each CFS was acidified at a pH of 2.0 using 2N HCI and kept
overnight at 4 °C. Each surfactant was dissolved into a chloroform-methanol mixture (2:1,
v/v), and the organic layer was separated using a rotary evaporation process (Rotavapor
R-300, BUCHI Italia S.r.l, Conaredo, Italy) to collect the concentrated biosurfactant and
then lyophilized.

To obtain cyanobacterial biomasses (BCs), Kamptonema okenii 40 and Leptolyngbya sp
43.3 were inoculated (ODggpnm = 0.1) into a 5 L flask containing 1 L of BG11 medium [45]
under continuous bubbling with air (sterilized through a 0.45 um membrane filter), at a
light intensity of 200 pmol-photons m 2 s, and at 25 °C, as reported previously [46]. Air
flow was provided at a rate of 1.75 L/min. To recover the cyanobacterial biomass, each
culture was centrifuged at 8000 x g for 10 min, dried, and weighed. Collected seaweeds
(BMs) were washed with sterile seawater, manually cleaned of epiphytes, and air-dried [40].

Exopolysaccharides (EPSs) and biosurfactants (BSs) from thermophilic bacteria and
biomasses from cyanobacteria (BC) and seaweeds (BMs) used in this study are listed in
Table 1.

Table 1. List of thermophilic bacteria, cyanobacteria, and seaweed with corresponding codes: ex-
opolysaccharides (EPSs), biosurfactants (BSs), and biomasses (BMs/BC) used in this study.

Species/Origin Code
Biopolymers
Thermophilic bacteria Exopolysaccharides
Bacillus licheniformis md 4-1-1 EPS1
Bacillus sp. B3-75 EPS2
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Table 1. Cont.

Species/Origin Code

Bacillus licheniformis B3-15 EPS3

Bacillus horneckiae SBP3 EPS4

Bacillus licheniformis sp. s7s-1 EPS5
Geobacillus thermodenitrificans B3-72 EPS6

Biosurfactants

Bacillus licheniformis B3-15 BS1
Geobacillus thermodenitrificans B3-72 BS2
Bacillus horneckiae SBP3 BS3

Bacillus licheniformis s7s-1 BS4

Biomasses
Cyanobacteria
Kamptonema okenii 40 BC1
Leptolyngbya sp. 43.3 BC2
Seaweed

Sargassum muticum (Lagoon of Venice) BM1
Ulva ohnoi (Lagoon of Capo Peloro) BM2
Agardhiella subulata (Lagoon of Capo Peloro) BM3
Chaetomorpha aerea (Lagoon of Capo Peloro) BM4

2.3. Assessment of Wetting Properties of Biopolymers and Biomasses

The effects of different biopolymer/biomass solutions at increasing concentrations
(from 0 to 10 mg/mL) on the wettability of hydrophobic surfaces were determined, in
collaboration with researchers of University of Messina, using the sessile drop technique
on a hydrophobic substrate (polystyrene) at 25 °C. An image was captured with a high-
resolution camera and analyzed using the Image | software V 1.54P Drop Snake plugin to
measure the contact angle on sessile drop images [47]. The measurements were repeated
thrice, and the reduction in contact angle (RCA) was reported as a percentage (%).

The atmospheric-air moisture uptake (AMU) was evaluated as described by [48]. Each
biopolymer/biomass (10 mg) samples were placed in Petri dishes and were dried in a
sealed desiccator. To ensure high relative humidity, the bottom of the desiccator was filled
with sterile tap water, and samples were incubated for 36 h at constant temperature (30 °C).
The samples were weighed to evaluate the increasing weight due to humidity uptake.

2.4. Evaluation of Soil Water Retention

Microcosm experiments were conducted to evaluate the effects, after the addition of
each biopolymer or biomass, on the water retention of loamy-sandy soil (53.6% sand, 32.7%
silt and 13.7% clay; acidic (5.35), with no salinity problem (EC, 854 uS cm 1)), as reported in
Table 2. Six exopolysaccharides (EPS1-EPS6), four biosurfactants (BS1-BS4), two biomasses
(BC1, BC2) derived from cyanobacteria and four biomass seaweeds (BM1-BM4) were
applied to soil. Each microcosm experiment included two biopolymer /biomass concentra-
tions (0.5% and 1% w/w) according to previous studies [25,49,50] and a treatment without
any biopolymers/biomass (C, control soil). Ten milliliters of distilled water were added
to each plate containing 10 g of dry weight (with or without biopolymer/biomass). Each
treatment was replicated five times. The experimental sets were maintained at a constant
temperature of 22 °C for about 200 h (until complete evaporation occurred). The effects
of biopolymers/biomasses were evaluated in terms of soil water loss using gravimetric
methods taken at regular sampling intervals (1-2 times per day). To better assess the
temporal dynamics of the biopolymer/biomass-treated soils, compared to the respective
control, water losses were expressed as a percentage of loss with respect to their relative
control [51,52]. Moreover, to compare water loss of all biopolymers/biomasses together,
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water loss at a point before the equilibrium state (96-125 h) for each biopolymer/biomass
(expressed per hour) was calculated.

Table 2. Soil texture (by indicating sand, silt and clay percentage) and mean values (£standard
deviation, n = 5) of bulk density (BD), pH, electrical conductivity (EC) and soil organic carbon (SOC)
of the soil used for the experiment.

Soil Parameters Value
loamy-sand
Texture (53.6% sand, 32.79% silt and 13.7% clay)
Bulk Density (BD, g cm~3) 0.78 £0.10
pH 5.35 £ 0.08
Electrical Conductivity (EC, uS cm™1) 854.27 + 115.79
Organic Carbon (SOC, g kg1 d.w.) 22.34 £+ 6.95

2.5. Statistical Analysis

Descriptive statistics (means and standard deviation) for all biopolymer/biomass
treatments were applied for each considered incubation time. Before running parametric
tests, all nonnormally distributed data were logarithmically (Log10) transformed to obtain
normal distribution, with equal variances respectively checked, also after transformation,
by Shapiro-Wilk and Leven tests [53]. One-way Analysis of Variance (ANOVA) and
Completely Randomized Design (CRD) (on each time interval for each soil water retention
experiment), followed by Tukey’s post hoc test, were applied to determine the significance
of differences (p < 0.05) among treatments. Two-way ANOVA (followed, if required, by
the Bonferroni test) was applied over a period ranging from 96-125 h (points before the
equilibrium state) using biopolymer/biomass treatments (EPS1-EPS6; B51-BS4; BC1 and
BC2; BM1-BM4) and concentrations (0.5 and 1% w/w) as factors. Statistical analyses were
carried out using Sigma Plot 14 (Sigma Stat, Jandel Scientific, San Rafael, CA, USA), with
MS Excel used to draw the figures.

3. Results and Discussion
3.1. Effect of Biopolymers/Biomasses on Wetting Properties (RCA and AMU)

The wetting properties were generally affected by assayed biopolymers/biomasses
(Table 3). Among exopolysaccharides (EPSs), the reduction in contact angle (RCA) ranged
from 9 to 32%, compared to the control (=0). EPS2 showed the most RCA reduction
(32%), followed by EPS1 (23.78%) and EPS6 (22.44%). In the case of biosurfactants, their
high ability to lower RCA was shown by BS4 (37.89%), followed by BS1 (36.27%). RCA
for biomass from seaweed (BM1-BM4) varied from 14.42 to 28.36%, with a higher value
observed for BM2. Overall, in terms of cyanobacterial biomass, BC2 showed the highest
RCA reduction (39.44%).

The most pronounced reduction in contact angle (RCA) in treatments involving BC2
and BS4 indicated their higher capacity with respect to enhancing the affinity of the soil
surface for water. A lower contact angle generally indicates that the biopolymers reduced
the surface tension or altered the soil particle surface, increasing its wettable capacity [54].
The main reason behind this behavior is due to the formation of biofilm /physical barriers,
which changed the surface properties and increased wettability and hydrophilicity. Conse-
quently, the interaction between the surface and water increases, resulting in lower RCA
values [55,56].
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Table 3. Mean values (+standard deviation; n = 3) of reduction in contact angle (RCA) and
atmospheric-air moisture uptake (AMU).

RCA (%) AMU (%)
Code Control =0 Control =0
Exopolysaccharide
EPS1 23.78 £0.09b 2233 +0.81b
EPS2 32.00 £ 0.06 a 2740 £0.68 b
EPS3 2113 £0.32¢ 2563 £1.41Db
EPS4 9.00 £0.06 e 179.63 = 12.60 a
EPS5 13.78 £ 096 d 4587 £0.61b
EPS6 2244 £+ 0.24 bc 33.83+£0.71b
Significance ok ot
Biosurfactant
BS1 36.27 £2.08 a 43.87 £1.39b
BS2 2520 £1.56b 33.50 £2.05b
BS3 29.78 £2.54 ab 90.53 £0.98 a
BS4 3789 £1.01a 4323 £492b
Significance ok ot
Cyanobacteria
BC1 2911 £1.68a 90.53 £0.77 a
BC2 39.44 £1.96Db 2740 £081b
Significance * e
Seaweeds
BM1 2449 £1.53a 40.73 £1.99 ¢
BM2 28.36 £0.98 a 59.60 £ 1.67 a
BM3 1442 +0.84b 28.03 £1.39d
BM4 1827 +£1.73 b 4943 £1.56b
Significance i i

Results of one-way ANOVA (* p < 0.05; *** p < 0.001) are reported in the last row within each biopolymer/biomass
group and Tukey’s post hoc test results are shown with different letters.

The atmospheric air moisture uptake (AMU) significantly varied (Table 3) in response
to the tested biopolymers/biomasses. For the exopolysaccharides (EPSs), values ranged
from 22.33 to 179.63%, with the highest result obtained with EPS4 (179.63%), followed by
EPS5 (46%) and EPS6 (34%). For biosurfactants, AMU ranged from 33.50-90.53%, with BS3
achieving the higher AMU value (90.53%), followed by BS1 (43.87%). Furthermore, among
cyanobacterial biomasses, BC1 was the most active, reaching an AMU value of 90.53%.
Biomasses from seaweed biomass showed AMU values ranging from 28.03 to 59.60%, with
BM2 recording the higher value (59.60%), followed by BM4 (49.43%).

In comparison to all groups together, EPS4 were the most efficient humectants, with
the highest AMU values and a moderate RCA reduction, while BS54 resulted in the opposite
behavior, with the strongest RCA reduction and intermediate AMU. Cyanobacterial and
seaweed biomasses showed mixed profiles, with BC2 behaving more similarly to BS4 in
terms of RCA, respectively.

Overall, the different behaviors observed for exopolysaccharides, biosurfactants,
cyanobacterial biomasses and seaweed biomasses in terms of reduction in contact an-
gle and AMU can be interpreted in terms of their chemical and structural characteristics.
Bacterial EPSs are typically high-molecular-weight heteropolymers rich in hydroxyl and
carboxyl groups, which confer strong hydrophilicity and enable extensive hydrogen bond-
ing with water; these features explain the very high AMU of EPS4 and, more generally, the
pronounced humectant behavior of EPSs [7,57]. Unlike exopolysaccharides, lipopeptide
biosurfactants synthesized by Bacillus species contain both hydrophilic and hydrophobic
domains, enabling efficient surface activity and interfacial tension reduction [58]. However,
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their structural properties are less favorable for extensive water retention. Accordingly, BS4
and BS1 were highly effective in decreasing RCA but displayed only intermediate levels
of AMU (Table 2). In addition, biomasses from cyanobacteria and seaweed both contain
extracellular polymeric substances and cell-wall polysaccharides (e.g., sulfated polysaccha-
rides in cyanobacteria, alginates and carrageenans in seaweeds) that are hydrophilic and
can swell, supporting RCA and AMU [59,60].

3.2. Effect of Biopolymers/Biomasses on Soil Water Loss

Compared to the control, soil water loss was generally affected by the adding of
biopolymers/biomass at each considered concentration (0.5 and 1% w/w; Figures 1-4).
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Figure 1. Values are the means (n = 5) of soil water loss (% of control) over time (h) in soil treated with
exopolysaccharides: (a) EPS1, (b) EPS2, (c) EPS3, (d) EPS4, (e) EPS5 and (f) EPS6 at two concentrations
(0.5% and 1% w/w) Different letters at each point indicate significant differences among treatments
according to Tukey’s HSD test (p < 0.05). Various colors of the letters correspond to the treatments—
red = control; dark green = 0.5%; purple = 1%—while “ns” corresponds to non-significant differences
between treatments.

Exopolysaccharides (EPSs; Figure 1) had a significant effect on soil water loss (ex-
pressed as % of control) at both tested concentrations (0.5 and 1% w/w) compared to the
control (=100). The lower water loss was recorded in response to the addition of EPSs
(EPS1-EPS6), particularly at 1%, which remained significantly different from the control for
up to 150 h of incubation (Figure 1). Only the samples treated with 1% EPS4 (Figure 1d)
and 1% EPS5 (Figure 1le) maintained these differences compared to the control throughout
all incubation periods. The 0.5% sample followed a similar trend but with less marked
difference compared to the control. The observed improvements after EPS amendment
could be due to the capacity of these biopolymers to act as hydrogels that hold water,
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directly promoting soil aggregate and the formation of water-trapping spaces [61]. These
effects reduce water loss from the soil, providing a more consistent moisture supply for
plants and microbes, especially under dry or drought-stressed conditions [62,63].
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Figure 2. Values are the means (n = 5) of soil water loss (% of control) over time (h) in soil treated
with biosurfactants: (a) BS1, (b) BS2, (c) BS3 and (d) BS4, at two concentrations (0.5% and 1% w/w).
Different letters at each point indicate significant differences among treatments according to Tukey’s
HSD test (p < 0.05). Various colors of the letters correspond to the treatments—red = control; dark
green = 0.5%; purple = 1%—while “ns” corresponds to non-significant differences between treatments.
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Figure 3. Values are the means (n = 5) of soil water loss (% of control) over time (h) in soil treated with
cyanobacterial biomasses: (a) BC1 and (b) BC2 at two concentrations (0.5% and 1% w/w). Different
letters at each point indicate significant differences among treatments according to Tukey’s HSD test
(p < 0.05). Various colors of the letters correspond to the treatments—red = control; dark green = 0.5%;
purple = 1%—while “ns” corresponds to non-significant differences between treatments.

Furthermore, biosurfactant treatments (BSs; Figure 2) did not affect water loss (% of
control) compared to the control (=100) in BS2 and BS4treated soils at both tested concen-
trations (0.5 and 1% w/w). BS3 at 1% significantly reduced water loss only during the mid
transition stage, at nearly 90 to 110 h, compared to the control (Figure 2c). Moreover, BS1
(at both concentrations) significantly reduced water loss (Figure 2a) to 110 h compared to
the control. The improved water retention is driven by the ability of biosurfactants to lower
surface and interfacial tension, thereby enhancing water distribution and absorption within
the soil [64,65]. The mechanism driving this improvement is the capacity of biosurfactants
from Bacillus licheniformis (BS1) and Bacillus horneckiae (BS3) to reduce surface and interfacial
tension [44]. By lowering these forces, the biosurfactants enhance water distribution and
absorption throughout the soil matrix [43,44]. This was further confirmed by our findings
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in terms of a significant increase in AMU (Table 2); the higher AMU (45 and 90% in BS1
and BS3, respectively) may enhance soil wettability, facilitating water capture. This re-
sult confirms the role of these biosurfactants as wetting agents, consistent with previous
studies that demonstrated their water-interactive properties on hydrophobic polystyrene
surfaces [7,21].

(a) Soil + BM1 (2} Soil + BM2
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Figure 4. Values are the means (n = 5) of soil water loss (% of control) over time (h) in soil treated with
seaweed biomasses: (a) BM1, (b) BM2, (¢) BM3 and (d) BM4 at two concentrations (0.5% and 1% w/w).
Different letters at each point indicate significant differences among treatments according to Tukey’s
HSD test (p < 0.05). Various colors of the letters correspond to the treatments—red = control; dark
green = 0.5%; purple = 1%—while “ns” corresponds to non-significant differences between treatments.

Regarding the cyanobacterial biomass treatments (Figure 3), only BC2 at both (0.5 and
1% w/w) significantly improved soil water retention, maintaining a measurable effect for up
to 110 h of incubation (Figure 3b). In contrast, BC1 treatments showed no significant impact
on water retention and performed similarly to the untreated control, except at the initial
stages of incubation. The effectiveness of the BC2 treatments can be attributed to the capac-
ity of cyanobacteria to form a cohesive biocrust, which creates a protective surface layer
that limits evaporation [66]. These findings aligned with [67], who observed that biological
soil crusts developed from cyanobacteria acted as a stabilizing agent, stabilizing the soil
surface and enhancing resistance to environmental stresses. This physical reconfiguration
of the soil structure may also improve its hydraulic properties, as suggested by significant
improvement in the moisture characteristic curve and overall water retention capacity that
resulted from the inoculation of cyanobacteria in both loamy and sandy soils [68].

Treatment with seaweed biomass amendments (Figure 4) positively influenced soil
water retention across all types (BM1—BM4) and concentrations compared to the control.
BMs followed a similar trend as observed with EPS treatments (Figure 1), with the highest
soil water retention recorded for the 1% addition. These treatments generally maintained a
significant difference from the control for up to 150 h of incubation. Applications of BM2
(Figure 4b) and BM3 (Figure 4c) at 1% maintained these differences compared to the control
throughout all incubation periods. These results may be attributed to the high content
of polysaccharides, such as alginates, fucoidans, and carrageenans, inherent in seaweed
biomasses. These polymers facilitate hydrogel formation, which enhances soil aggregation,
aeration, and moisture retention [69,70], particularly in degraded soils [19].
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Furthermore, comparing all treatments by considering water loss at a point before the
equilibrium state (96125 h) for each biopolymer/biomass (expressed per hour) (Figure 5),
each of them appeared more efficient in reducing water loss at the highest concentration
(1%), apart from BS1, which was statistically significant compared to the control, at both
concentrations (Figure 5a). The addition of BM2, BM3 and BM4 (marked with a hashtag,
Figure 5b) was statistically different in a dose-depending manner. In summary, while
most amendments improved soil water retention relative to the control, the degree of
improvement depended strongly on the specific material, with the lipopeptide BS1 the
most effective in terms of water loss reduction over a specific time of 96-125 h.

Treatment: P<0.001
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Figure 5. Values represent (a) means (n = 5; error bars indicate + SD) of soil water loss (% of
control) in response to biopolymers (EPS1-6 and BS1-4) and biomasses (BC1-2 and BM1-4) at two
concentrations, 0.5% (green bars) and 1% w/w (purple bars), calculated over a 96-125 h period, just
before the equilibrium state (no significant differences occurred). The red dashed line represents the
untreated control (100%). Asterisks (*) indicate significant differences between treatments and control.
Results of a two-way ANOVA (factors: treatment and concentration) are provided in the top-right
panel. (b) Results of the Bonferroni post hoc test (p < 0.05) is presented by different lowercase
letters, indicating significant differences corresponding to the 0.5% concentration, while different
uppercase letters indicate significant differences corresponding to the 1% concentration. The hashtag
(#) indicates significant differences between the two concentrations within the same treatment.

The incorporation of marine-based biopolymers or biomasses could increase water
availability for plants and soil organisms in drought conditions [71].

When comparing groups and concentrations, EPSs (EPS3, EPS4 and EPS5) and BM3 at
1% w/w provided the largest and most persistent reductions in water loss over the entire
incubation, whereas biosurfactants (BS1 and BS3) and cyanobacterial biomass BC2 mainly
affected the mid-drying and early stages, respectively, reflecting their primary roles in
enhancing wettability, infiltration and surface sealing rather than bulk water storage. The
fact that BS1 remained effective at both 0.5 and 1% highlights that relatively low doses of
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biosurfactant are sufficient to modify soil hydraulic behavior, while EPSs and seaweed
biomasses exhibit a stronger dose dependence, requiring higher concentrations to express
their full hydrogel-like potential.

4. Conclusions

The addition of biopolymers and biomasses differently improved the soil hydrating
properties, since their performance greatly depended on both their origin and different
chemical structures. Specifically, BC2 derived from the cyanobacteria Leptolyngbya sp. 43.3
was the best wetting agent (RCA = 39%), and the EPS4 produced by Bacillus horneckiae
SBP3 was the best humectant agent (AMU = 180%). In the case of water retention, all
the EPSs reduced water loss, particularly at a 1% concentration, but EPS4 and EPS5 at
1% demonstrated higher soil water retention for the entire duration. Among BSs, BS1
was more pronounced in terms of retention of water at both concentrations (0.5 and 1%
w/w) from 96 to 125 h. Regarding biomasses, BC2 derived from cyanobacteria significantly
enhanced soil water retention at both concentrations (0.5 and 1% w/w), maintaining a
measurable effect for up to 110 h of incubation. Seaweed biomasses (BM1—BM4) showed
higher water retention only at 1% w/w. Moreover, a comparison across all treatments
considering water loss at a point before the equilibrium state (96-125 h) indicated that each
sample was efficient in reducing water loss at the highest concentration (1%), except for
BS1, which demonstrated the highest efficiency at both tested concentrations (0.5% and 1%
w/w). Overall, these results suggest that these treatments can retain water and could be a
potential bio-based strategy to support soil water retention under drought conditions.

5. Implications for Field Conditions

Taken together, our findings provide proof of concept that marine-derived biopoly-
mers and biomasses can alter soil wetting behavior and slow water loss under controlled
conditions. On a larger scale, these materials will interact with a more heterogeneous pore
network, including aggregates and macropores, so that hydrogels and wetting agents are
likely to accumulate in specific zones (e.g., near the surface, along root channels or within
fine pores), potentially enhancing infiltration in dry patches while having weaker effects in
coarse domains. In cropped soils, roots will continuously modify pore geometry and act
as dynamic sinks for water, so that improvements in retention may translate into deeper
rooting, delayed onset of plant water stress or altered patterns of water uptake, rather than
into a simple uniform reduction in evaporation. Temperature fluctuations and wet-dry
cycles can also change the swelling, viscosity and degradation rate of polymeric materials,
meaning that their impact on water retention may be stronger after recent application
and gradually decline as they are transformed. Finally, resident microbial communities
might incorporate these substrates into biofilms or extracellular matrices, reinforcing soil
aggregation in some microsites while accelerating breakdown in others. For these reasons,
field studies should not only monitor soil moisture and evaporation, but also examine
changes in soil structure, root distribution and microbial activity to determine how the
mechanisms identified in microcosms are expressed under realistic climatic and manage-
ment conditions and whether they ultimately translate into improved crop performance or
drought resilience.

6. Strength and Limitations

An important strength of this work is the integrated experimental design, in which
highly diverse marine-derived materials were tested under identical conditions, allowing
direct comparison of their effects on wetting properties and soil water loss. By jointly
analyzing RCA, AMU and drying kinetics, we were able to identify function-specific
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References

best performers and to demonstrate that these biodegradable materials are promising
with respect to their use as a soil amendment. Some limitations should be noted, the
experiment was performed under controlled conditions and short time scales, without
accounting for additional effects on soil properties (e.g., aggregate stability and pore
network changes), plant responses, nutrient cycling, or potential trade-offs with other soil
functions. Furthermore, we tested only two limited numbers of strains and species, so the
generality of the observed patterns across soil types, climates and biopolymer formulations
remain to be fully evaluated in future field trials.

7. Prospects

However, further studies are required to verify whether these positive effects persist
over the long term, underlining the necessity of conducting pot and field-level assays to
evaluate the effects on soil and plants. Moreover, further work should clarify how their
physicochemical properties control soil hydraulic responses and evaluate their performance
in combination with existing organic amendments and irrigation strategies, and their
degradation dynamics, persistence under variable temperature and moisture regimes.
Such studies, coupled with environmental and economic assessments, will be crucial to
determine whether these marine-derived materials can be realistically integrated into
climate-smart, nature-based soil management practices.

Author Contributions: W.A.: writing—original draft, review and editing, investigation, visualization,
data curation, methodology, and software. E.C.: conceptualization, supervision, data curation,
methodology, and writing—review and editing. R.M.: supervision, data curation, methodology,
software, formal analysis, visualization, and writing—review and editing. V.Z.: investigation,
validation, resources, and writing—review and editing. L.M.: validation, visualization, and writing—
review and editing. M.M.: validation, resources, and writing—review and editing. C.G.: validation,
resources, and writing—review and editing. G.M.: project administration, validation, resources,
and writing—review and editing. F.A.R.: conceptualization, project administration, supervision,
methodology, validation, formal analysis, resources, data curation, and writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the project PRIN 2022 PNRR “Sea For Soil: Marine biopoly-
mers to develop novel strategies to increase the water retention in soil for sustainable farming systems
under water constraints” (Project code: P2022M7S2]; CUP: B53D23032190001), funded by Italian
Ministry of University and Research.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Zhang, D.; Jie, H.; Zhang, W.; Yuan, Q.; Ma, Z.; Wu, H.; Rao, W,; Liu, S.; Wang, D. Combined biochar and water-retaining agent
application increased soil water retention capacity and maize seedling drought resistance in Fluvisols. Sci. Total Environ. 2024,
907, 167885. [CrossRef] [PubMed]

2. Deng, J.; Orner, E.P; Chau, ].F.; Anderson, E.M.; Kadilak, A.L.; Rubinstein, R.L.; Bouchillon, G.M.; Goodwin, R.A.; Gage, D.].;
Shor, L.M. Synergistic effects of soil microstructure and bacterial EPS on drying rate in emulated soil micromodels. Soil Biol.
Biochem. 2015, 83, 116-124. [CrossRef]

3. Kim, K.-H.; Lee, B.-M. Effects of Climate Change and Drought Tolerance on Maize Growth. Plants 2023, 12, 3548. [CrossRef]

[PubMed]

4.  Daryanto, S.; Wang, L.; Jacinthe, P-A. Global synthesis of drought effects on maize and wheat production. PLoS ONE 2016, 11,
€0156362. [CrossRef] [PubMed]

https://doi.org/10.3390/polym18131585


https://doi.org/10.1016/j.scitotenv.2023.167885
https://www.ncbi.nlm.nih.gov/pubmed/37863232
https://doi.org/10.1016/j.soilbio.2014.12.006
https://doi.org/10.3390/plants12203548
https://www.ncbi.nlm.nih.gov/pubmed/37896012
https://doi.org/10.1371/journal.pone.0156362
https://www.ncbi.nlm.nih.gov/pubmed/27223810
https://doi.org/10.3390/polym18131585

Polymers 2026, 18, 1585 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Toreti, A.; Bavera, D.; Acosta Navarro, J.; Acquafresca, L.; Azas, K.; Barbosa, P; De Jager, A.; Ficchi, A.; Fioravanti, G.; Grimaldi,
S.; et al. Drought in Europe—July 2024-GDO Analytical Report; Publications Office of the European Union: Luxembourg, 2024.
Cammalleri, C.; Mazzeschi, M.; Naumann, G.; Spinoni, J.; Vogt, J.; Lorenzo-Lacruz, J.; Masante, D.; Barbosa, P.; Doblas-Miranda,
E.; De Jager, A. Global Drought Overview—-September 2024. In European Drought Observatory (EDO); Publications Office of the
European Union: Luxembourg, 2024.

Caccamo, M.T.; Zammuto, V.; Spano, A.; Gugliandolo, C.; Magazu, S. Hydrating capabilities of the biopolymers produced by
the marine thermophilic Bacillus horneckiae SBP3 as evaluated by ATR-FTIR spectroscopy. Materials 2022, 15, 5988. [CrossRef]
[PubMed]

Lowe, M.-A.; McGrath, G.; Leopold, M. The Impact of Soil Water Repellency and Slope upon Runoff and Erosion. Soil Tillage Res.
2021, 205, 104756. [CrossRef]

Matisic, M.; Dugan, I.; Bogunovic, I. Challenges in Sustainable Agriculture—The Role of Organic Amendments. Agriculture 2024,
14, 643. [CrossRef]

Ahmad Bhat, S.; Kuriqi, A.; Dar, M.U.D.; Bhat, O.; Sammen, S.S.; Towfiqul Islam, A.R.M.; Elbeltagi, A.; Shah, O.; Ai-Ansari, N.;
Ali, R.; et al. Application of Biochar for Improving Physical, Chemical, and Hydrological Soil Properties: A Systematic Review.
Sustainability 2022, 14, 11104. [CrossRef]

Zhou, H.; Chen, C.; Wang, D.; Arthur, E.; Zhang, Z.; Guo, Z.; Peng, X.; Mooney, S.J. Effect of long-term organic amendments on
the full-range soil water retention characteristics of a Vertisol. Soil Tillage Res. 2020, 202, 104663. [CrossRef]

Kuppusamy, S.; Thavamani, P.; Megharaj, M.; Venkateswarlu, K.; Naidu, R. Agronomic and remedial benefits and risks of
applying biochar to soil: Current knowledge and future research directions. Environ. Int. 2016, 87, 1-12. [CrossRef] [PubMed]
Siedt, M.; Schiffer, A.; Smith, K.E.C.; Nabel, M.; Ro8-Nickoll, M.; van Dongen, J.T. Comparing straw, compost, and biochar
regarding their suitability as agricultural soil amendments to affect soil structure, nutrient leaching, microbial communities, and
the fate of pesticides. Sci. Total Environ. 2021, 751, 141607. [CrossRef] [PubMed]

Decho, A.W.; Gutierrez, T. Microbial Extracellular Polymeric Substances (EPSs) in Ocean Systems. Front. Microbiol. 2017, 8, 922.
[CrossRef] [PubMed]

Kogje, M,; Satdive, A.; Mestry, S.; Mhaske, S.T. Biopolymers: A comprehensive review of sustainability, environmental impact,
and lifecycle analysis. Iran. Polym. |. 2025, 34, 1481-1524. [CrossRef]

Soldo, A.; Miletic, M.; Auad, M. Biopolymers as a sustainable solution for the enhancement of soil mechanical properties. Sci. Rep.
2020, 10, 267. [CrossRef] [PubMed]

Kwon, Y.-M.; Chang, I.; Cho, G.-C. Consolidation and swelling behavior of kaolinite clay containing xanthan gum biopolymer.
Acta Geotech. 2023, 18, 3555-3571. [CrossRef]

Zhang, J.; Liu, J. A Review on Soils Treated with Biopolymers Based on Unsaturated Soil Theory. Polymers 2023, 15, 4431.
[CrossRef] [PubMed]

Akbar, W.A.; Rahim, H.U.; Rutigliano, F.A. Microbial- and seaweed-based biopolymers: Sources, extractions and implications for
soil quality improvement and environmental sustainability—A review. |. Environ. Manag. 2024, 359, 120964. [CrossRef]
Martinez-Cano, B.; Mendoza-Meneses, C.J.; Garcia-Trejo, J.E.,; Macias-Bobadilla, G.; Aguirre-Becerra, H.; Soto-Zarazta, G.M.;
Feregrino-Pérez, A.A. Review and Perspectives of the Use of Alginate as a Polymer Matrix for Microorganisms Applied in
Agro-Industry. Molecules 2022, 27, 4248. [CrossRef] [PubMed]

van der Merwe, R.D.; Goosen, N.J.; Pott, R W. Macroalgal-Derived Alginate Soil Amendments for Water Retention, Nutrient
Release Rate Reduction, and Soil pH Control. Gels 2022, 8, 548. [CrossRef] [PubMed]

Singh, M.; Khan, M.M.A_; Uddin, M.; Naeem, M.; Qureshi, M.I. Proliferating effect of radiolytically depolymerized carrageenan
on physiological attributes, plant water relation parameters, essential oil production and active constituents of Cymbopogon
flexuosus Steud. under drought stress. PLoS ONE 2017, 12, e0180129. [CrossRef] [PubMed]

Yang, E; Antonietti, M. The sleeping giant: A polymer View on humic matter in synthesis and applications. Prog. Polym. Sci. 2020,
100, 101182. [CrossRef]

Berninger, T.; Dietz, N.; Gonzélez Lopez, O. Water-soluble polymers in agriculture: Xanthan gum as eco-friendly alternative to
synthetics. Microb. Biotechnol. 2021, 14, 1881-1896. [CrossRef] [PubMed]

Tran, A.T.P; Cho, G.-C.; Lee, S.J.; Chang, L. Effect of Xanthan Gum Biopolymer on the Water Retention Characteristics of Unsaturated
Sand; International Society for Soil Mechanics and Geotechnical Engineering: London, UK, 2018.

Chang, I.; Cho, G.-C. Shear strength behavior and parameters of microbial gellan gum-treated soils: From sand to clay. Acta
Geotech. 2019, 14, 361-375.

Tran, A.T.P; Chang, I.; Cho, G.-C. Soil water retention and vegetation survivability improvement using microbial biopolymers in
drylands. Geomech. Eng. 2019, 17, 475-483.

Pereira, L.; Cotas, ]. Introductory Chapter: Alginates—A General Overview. In Alginates—Recent Uses of this Natural Polymer; Pereira,
L., Cotas, J., Eds.; IntechOpen: London, UK, 2020.

https://doi.org/10.3390/polym18131585


https://doi.org/10.3390/ma15175988
https://www.ncbi.nlm.nih.gov/pubmed/36079369
https://doi.org/10.1016/j.still.2020.104756
https://doi.org/10.3390/agriculture14040643
https://doi.org/10.3390/su141711104
https://doi.org/10.1016/j.still.2020.104663
https://doi.org/10.1016/j.envint.2015.10.018
https://www.ncbi.nlm.nih.gov/pubmed/26638014
https://doi.org/10.1016/j.scitotenv.2020.141607
https://www.ncbi.nlm.nih.gov/pubmed/32871314
https://doi.org/10.3389/fmicb.2017.00922
https://www.ncbi.nlm.nih.gov/pubmed/28603518
https://doi.org/10.1007/s13726-024-01449-9
https://doi.org/10.1038/s41598-019-57135-x
https://www.ncbi.nlm.nih.gov/pubmed/31937816
https://doi.org/10.1007/s11440-023-01794-8
https://doi.org/10.3390/polym15224431
https://www.ncbi.nlm.nih.gov/pubmed/38006154
https://doi.org/10.1016/j.jenvman.2024.120964
https://doi.org/10.3390/molecules27134248
https://www.ncbi.nlm.nih.gov/pubmed/35807492
https://doi.org/10.3390/gels8090548
https://www.ncbi.nlm.nih.gov/pubmed/36135260
https://doi.org/10.1371/journal.pone.0180129
https://www.ncbi.nlm.nih.gov/pubmed/29284041
https://doi.org/10.1016/j.progpolymsci.2019.101182
https://doi.org/10.1111/1751-7915.13867
https://www.ncbi.nlm.nih.gov/pubmed/34196103
https://doi.org/10.3390/polym18131585

Polymers 2026, 18, 1585 15 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gutierrez, M.M.; Liu, S.C.; Dip, S.A.; Hettiarachchi, G.M.; Derby, M.M.; Hansen, R.R. Impact of soil texture on biosurfactant-
mediated soil wetting and water retention. Agric. Environ. Lett. 2025, 10, e70043. [CrossRef]

Le Gall, S.; Bérard, A.; Page, D.; Lanoe, L.; Bertin, N.; Doussan, C. Increased exopolysaccharide production and microbial activity
affect soil water retention and field performance of tomato under water deficit. Rhizosphere 2021, 19, 100408. [CrossRef]

Garcia, M.; Bruna, P.; Duran, P.; Abanto, M. Cyanobacteria and Soil Restoration: Bridging Molecular Insights with Practical
Solutions. Microorganisms 2025, 13, 1468. [CrossRef] [PubMed]

Chadorshabi, S.; Mohammadi, M.; Shamloo, E.; Mahmoudzadeh, M. Marine Algae-Derived Bioactives: A Sustainable Resource
for the Food and Agriculture Industries. Food Front. 2025, 6, 2514-2541. [CrossRef]

Beaumont, M.; Tran, R.; Vera, G.; Niedrist, D.; Rousset, A.; Pierre, R.; Shastri, V.P; Forget, A. Hydrogel-Forming Algae
Polysaccharides: From Seaweed to Biomedical Applications. Biomacromolecules 2021, 22, 1027-1052. [CrossRef] [PubMed]
Gugliandolo, C.; Lentini, V.; Spano, A.; Maugeri, T.L. New bacilli from shallow hydrothermal vents of Panarea Island (Italy) and
their biotechnological potential. |. Appl. Microbiol. 2012, 112, 1102-1112. [CrossRef] [PubMed]

Maugeri, T.L.; Gugliandolo, C.; Caccamo, D.; Stackebrandt, E. A Polyphasic Taxonomic Study of Thermophilic Bacilli from
Shallow, Marine Vents. Syst. Appl. Microbiol. 2001, 24, 572-587. [CrossRef] [PubMed]

Nicolaus, B.; Panico, A.; Manca, M.C.; Lama, L.; Gambacorta, A.; Maugeri, T.; Gugliandolo, C.; Caccamo, D. A Thermophilic
Bacillus Isolated From an Eolian Shallow Hydrothermal Vent Able to Produce Exopolysaccharides. Syst. Appl. Microbiol. 2000, 23,
426-432. [CrossRef] [PubMed]

Maugeri, T.L.; Gugliandolo, C.; Caccamo, D.; Panico, A.; Lama, L.; Gambacorta, A.; Nicolaus, B. A halophilic thermotolerant
Bacillus isolated from a marine hot spring able to produce a new exopolysaccharide. Biotechnol. Lett. 2002, 24, 515-519. [CrossRef]
Zammuto, V.; Spano, A.; Nicolo, M.S.; Grillo, E.; Caccamo, M.T.; Magazu, S.; Cappello, S.; Gugliandolo, C. Thermophilic
Hydrocarbon-Utilizing Bacilli from Marine Shallow Hydrothermal Vents as Producers of Biosurfactants. J. Mar. Sci. Eng. 2022, 10,
1077. [CrossRef]

Zammuto, V.; Fuchs, EM.; Fiebrandt, M.; Stapelmann, K.; Ulrich, N.J.; Maugeri, T.L.; Pukall, R.; Gugliandolo, C.; Moeller, R. Com-
paring spore resistance of Bacillus strains isolated from hydrothermal vents and spacecraft assembly facilities to environmental
stressors and decontamination treatments. Astrobiology 2018, 18, 1425-1434. [CrossRef] [PubMed]

Spagnuolo, D.; Di Martino, A.; Zammuto, V.; Armeli Minicante, S.; Spano, A.; Manghisi, A.; Gugliandolo, C.; Morabito, M.;
Genovese, G. Conventional vs. Innovative Protocols for the Extraction of Polysaccharides from Macroalgae. Sustainability 2022,
14, 5750. [CrossRef]

Gordon, R.E. The genus bacillus. In Handbook of Microbiology; CRC Press: Boca Raton, FL, USA, 2019; pp. 65-82.

Komarek, J.; Johansen, J.R. Chapter 4-Filamentous Cyanobacteria. In Freshwater Algae of North America, 2nd ed.; Wehr, ].D., Sheath,
R.G., Kociolek, J.P,, Eds.; Academic Press: Boston, MA, USA, 2015; pp. 135-235.

DuBois, M.; Gilles, K.A.; Hamilton, ].K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Zammuto, V.; Rizzo, M.G.; De Pasquale, C.; Ferlazzo, G.; Caccamo, M.T.; Magazu, S.; Guglielmino, S.P.P; Gugliandolo, C.
Lichenysin-like polypeptide production by Bacillus licheniformis B3-15 and its antiadhesive and antibiofilm properties. Microorgan-
isms 2023, 11, 1842. [CrossRef] [PubMed]

Rippka, R.; Deruelles, J.; Waterbury, ].B.; Herdman, M.; Stanier, R.Y. Generic assignments, strain histories and properties of pure
cultures of cyanobacteria. Microbiology 1979, 111, 1-61. [CrossRef]

Salbitani, G.; Bolinesi, F; Affuso, M.; Carraturo, F; Mangoni, O.; Carfagna, S. Rapid and positive effect of bicarbonate addition on
growth and photosynthetic efficiency of the green microalgae Chlorella sorokiniana (Chlorophyta, Trebouxiophyceae). Appl. Sci.
2020, 10, 4515. [CrossRef]

Daerr, A.; Mogne, A. Pendent_drop: An imagej plugin to measure the surface tension from an image of a pendent drop. J. Open
Res. Softw. 2016, 4, e3. [CrossRef]

Raddadi, N.; Giacomucci, L.; Marasco, R.; Daffonchio, D.; Cherif, A.; Fava, F. Bacterial polyextremotolerant bioemulsifiers from
arid soils improve water retention capacity and humidity uptake in sandy soil. Microb. Cell Fact. 2018, 17, 83. [CrossRef] [PubMed]
Zhang, J.; Liu, J.; Cheng, Y,; Jiang, T.; Sun, D.a.; Saberian, M. Water-retention behaviour and microscopic analysis of two
biopolymer-improved sandy soils. Constr. Build. Mater. 2023, 403, 133202. [CrossRef]

Wang, S.; Zhao, X.; Zhang, ].; Jiang, T.; Wang, S.; Zhao, J.; Meng, Z. Water retention characteristics and vegetation growth of
biopolymer-treated silt soils. Soil Tillage Res. 2023, 225, 105544. [CrossRef]

Di Santo, T.; Marzaioli, R.; Zaccariello, L.; Marfella, L.; Morra, L.; Battipaglia, G.; Mastellone, M.L.; Rutigliano, F.A. Temporal
dynamics of hydrochar-soil interaction: Evidence from a pot experiment. Int. J. Environ. Sci. Technol. 2026, 23, 393. [CrossRef]
Marfella, L.; Mairota, P.; Marzaioli, R.; Glanville, H.C.; Pazienza, G.; Rutigliano, F.A. Long-term impact of wildfire on soil physical,
chemical and biological properties within a pine forest. Eur. J. For. Res. 2024, 143, 1379-1399. [CrossRef]

Rohlf, E; Rohlf, E]. Biometry the Principles and Practice of Statistics in Biological Research; W.H. Freeman and Company: San Francisco,
CA, USA, 1981.

https://doi.org/10.3390/polym18131585


https://doi.org/10.1002/ael2.70043
https://doi.org/10.1016/j.rhisph.2021.100408
https://doi.org/10.3390/microorganisms13071468
https://www.ncbi.nlm.nih.gov/pubmed/40731978
https://doi.org/10.1002/fft2.70082
https://doi.org/10.1021/acs.biomac.0c01406
https://www.ncbi.nlm.nih.gov/pubmed/33577286
https://doi.org/10.1111/j.1365-2672.2012.05272.x
https://www.ncbi.nlm.nih.gov/pubmed/22372433
https://doi.org/10.1078/0723-2020-00054
https://www.ncbi.nlm.nih.gov/pubmed/11876365
https://doi.org/10.1016/s0723-2020(00)80074-0
https://www.ncbi.nlm.nih.gov/pubmed/11108023
https://doi.org/10.1023/a:1014891431233
https://doi.org/10.3390/jmse10081077
https://doi.org/10.1089/ast.2017.1715
https://www.ncbi.nlm.nih.gov/pubmed/30289268
https://doi.org/10.3390/su14105750
https://doi.org/10.1021/ac60111a017
https://doi.org/10.3390/microorganisms11071842
https://www.ncbi.nlm.nih.gov/pubmed/37513014
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.3390/app10134515
https://doi.org/10.5334/jors.97
https://doi.org/10.1186/s12934-018-0934-7
https://www.ncbi.nlm.nih.gov/pubmed/29855369
https://doi.org/10.1016/j.conbuildmat.2023.133202
https://doi.org/10.1016/j.still.2022.105544
https://doi.org/10.1007/s13762-026-07192-3
https://doi.org/10.1007/s10342-024-01696-8
https://doi.org/10.3390/polym18131585

Polymers 2026, 18, 1585 16 of 16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Farris, S.; Introzzi, L.; Biagioni, P.; Holz, T.; Schiraldi, A.; Piergiovanni, L. Wetting of Biopolymer Coatings: Contact Angle Kinetics
and Image Analysis Investigation. Langmuir 2011, 27, 7563-7574. [CrossRef] [PubMed]

Schnurr, PJ.; Espie, G.S.; Allen, D.G. The effect of light direction and suspended cell concentrations on algal biofilm growth rates.
Appl. Microbiol. Biotechnol. 2014, 98, 8553-8562. [CrossRef] [PubMed]

Scherer, K.; Soerjawinata, W.; Schaefer, S.; Kockler, I.; Ulber, R.; Lakatos, M.; Brockel, U.; Kampeis, P.; Wahl, M. Influence of
wettability and surface design on the adhesion of terrestrial cyanobacteria to additive manufactured biocarriers. Bioprocess Biosyst.
Eng. 2022, 45, 931-941. [CrossRef] [PubMed]

Mohd Nadzir, M.; Nurhayati, R.W.; Idris, EN.; Nguyen, M.H. Biomedical Applications of Bacterial Exopolysaccharides: A Review.
Polymers 2021, 13, 530. [CrossRef] [PubMed]

Ali, N; Pang, Z.; Wang, F,; Xu, B.; El-Seedi, H. Lipopeptide Biosurfactants from Bacillus spp.: Types, Production, Biological
Activities, and Applications in Food. J. Food Qual. 2022, 2022, 3930112. [CrossRef]

Laroche, C. Exopolysaccharides from Microalgae and Cyanobacteria: Diversity of Strains, Production Strategies, and Applications.
Mar. Drugs 2022, 20, 336. [CrossRef] [PubMed]

Kumar, A.; Hart, P; Thakur, VK. Seaweed Based Hydrogels: Extraction, Gelling Characteristics, and Applications in the
Agriculture Sector. ACS Sustain. Resour. Manag. 2024, 1, 1876-1905. [CrossRef]

Guo, L.; Li, D.; Lennholm, H.; Zhai, H.; Ek, M. Structural and Functional Modification of Cellulose Nanofibrils Using Graft
Copolymerization with Glycidyl Methacrylate by FeZ*—Thiourea Dioxide-H,O, Redox System. Cellulose 2019, 26, 4853. [CrossRef]
Upadhyay, S.K.; Singh, J.S.; Saxena, A.K.; Singh, D.P. Impact of PGPR inoculation on growth and antioxidant status of wheat
under saline conditions. Plant Biol. 2012, 14, 605-611. [PubMed]

Bhagat, N.; Raghav, M.; Dubey, S.; Bedi, N. Bacterial exopolysaccharides: Insight into their role in plant abiotic stress tolerance.
J. Microbiol. Biotechnol. 2021, 31, 1045. [CrossRef] [PubMed]

Kumar, A,; Singh, S.K.; Kant, C.; Verma, H.; Kumar, D.; Singh, P.P.; Modi, A.; Droby, S.; Kesawat, M.S.; Alavilli, H. Microbial
biosurfactant: A new frontier for sustainable agriculture and pharmaceutical industries. Antioxidants 2021, 10, 1472. [CrossRef]
[PubMed]

Markam, S.S.; Raj, A.; Kumar, A.; Khan, M.L. Microbial biosurfactants: Green alternatives and sustainable solution for augmenting
pesticide remediation and management of organic waste. Curr. Res. Microb. Sci. 2024, 7, 100266. [CrossRef] [PubMed]
Chamizo, S.; Mugnai, G.; Rossi, F.; Certini, G.; De Philippis, R. Cyanobacteria Inoculation Improves Soil Stability and Fertility on
Different Textured Soils: Gaining Insights for Applicability in Soil Restoration. Front. Environ. Sci. 2018, 6, 49. [CrossRef]
Kimura, K.; Okuro, T. Cyanobacterial Biocrust on Biomineralized Soil Mitigates Freeze-Thaw Effects and Preserves Structure and
Ecological Functions. Microb. Ecol. 2024, 87, 69. [CrossRef] [PubMed]

Asghari, S.; Zeinalzadeh, K.; Kheirfam, H.; Habibzadeh Azar, B. The impact of cyanobacteria inoculation on soil hydraulic
properties at the lab-scale experiment. Agric. Water Manag. 2022, 272, 107865. [CrossRef]

Ma, C,; Song, W,; Yang, ].; Ren, C.; Du, H.; Tang, T; Qin, S.; Liu, Z.; Cui, H. The role and mechanism of commercial macroalgae for
soil conditioner and nutrient uptake catalyzer. Plant Growth Regul. 2022, 97, 455-476. [CrossRef]

Espinosa-Antén, A.A.; Zamora-Natera, ].F.; Zarazta-Villasefior, P.; Santacruz-Ruvalcaba, F.; Sdnchez-Herndndez, C.V,; Aguila
Alcéantara, E.; Torres-Moran, M.L; Velasco-Ramirez, A.P.; Herndndez-Herrera, R.M. Application of Seaweed Generates Changes in
the Substrate and Stimulates the Growth of Tomato Plants. Plants 2023, 12, 1520. [CrossRef] [PubMed]

Wankmueller, E; Delval, L.; Lehmann, P.; Baur, M.; Cecere, A.; Wolf, S.; Or, D.; Javaux, M.; Carminati, A. Global influence of soil
texture on ecosystem water limitation. Nature 2024, 635, 631-638. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/polym18131585


https://doi.org/10.1021/la2017006
https://www.ncbi.nlm.nih.gov/pubmed/21619017
https://doi.org/10.1007/s00253-014-5964-4
https://www.ncbi.nlm.nih.gov/pubmed/25149444
https://doi.org/10.1007/s00449-022-02712-0
https://www.ncbi.nlm.nih.gov/pubmed/35235034
https://doi.org/10.3390/polym13040530
https://www.ncbi.nlm.nih.gov/pubmed/33578978
https://doi.org/10.1155/2022/3930112
https://doi.org/10.3390/md20050336
https://www.ncbi.nlm.nih.gov/pubmed/35621987
https://doi.org/10.1021/acssusresmgt.4c00043
https://doi.org/10.1007/s10570-019-02411-2
https://www.ncbi.nlm.nih.gov/pubmed/22136617
https://doi.org/10.4014/jmb.2105.05009
https://www.ncbi.nlm.nih.gov/pubmed/34226402
https://doi.org/10.3390/antiox10091472
https://www.ncbi.nlm.nih.gov/pubmed/34573103
https://doi.org/10.1016/j.crmicr.2024.100266
https://www.ncbi.nlm.nih.gov/pubmed/39257939
https://doi.org/10.3389/fenvs.2018.00049
https://doi.org/10.1007/s00248-024-02389-w
https://www.ncbi.nlm.nih.gov/pubmed/38730059
https://doi.org/10.1016/j.agwat.2022.107865
https://doi.org/10.1007/s10725-022-00819-8
https://doi.org/10.3390/plants12071520
https://www.ncbi.nlm.nih.gov/pubmed/37050146
https://doi.org/10.1038/s41586-024-08089-2
https://doi.org/10.3390/polym18131585

	Introduction 
	Materials and Methods 
	Origin of Strains 
	Production of Marine Biopolymers and Biomasses 
	Assessment of Wetting Properties of Biopolymers and Biomasses 
	Evaluation of Soil Water Retention 
	Statistical Analysis 

	Results and Discussion 
	Effect of Biopolymers/Biomasses on Wetting Properties (RCA and AMU) 
	Effect of Biopolymers/Biomasses on Soil Water Loss 

	Conclusions 
	Implications for Field Conditions 
	Strength and Limitations 
	Prospects 
	References

