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Abstract

Gypsum ecosystems are constrained by extreme nutrient and water scarcity, where
cyanoprokaryota interact with gypsophyte rhizospheres, influencing plant performance
and soil biogeochemistry. This study examines three gypsophytes—Herniaria fruticosa,
Helianthemum squamatum, and Teucrium libanitis—during winter and spring to character-
ize rhizospheric and bulk soil properties, assess enzymatic activity and nutrient cycling,
identify cyanoprokaryota communities, and determine bioelement accumulation patterns
in both Microcoleus chthonoplastes and gypsophytes. Physical, chemical, microbiological,
and microscopic analyses were conducted across seasons. 3-glucosidase activity showed
species-specific responses to water pulses, particularly in Helianthemum squamatum. Sea-
sonal differences in water-soluble C and N distinguished rhizospheres of Teucrium libanitis
and Helianthemum squamatum. Key soil drivers included water-holding capacity to —1500
kPa, total and organic carbon, and Cr content. Cyanoprokaryota exhibited both rhizosphere-
specific (Gloeocapsa novacekii, Pseudocapsa dubia) and ubiquitous taxa, with Microcoleus
chthonoplastes reflecting bioaccumulation strategies. Bioelement accumulation differed
between leaves and roots, especially for K, Mn, Zn, Na, Ni, C, and V, while the Sr:Ca
ratio emerged as a potential indicator, especially in Herniaria fruticosa. These findings
highlight the role of cyanoprokaryota in regulating nutrient availability and enzymatic
activity, supporting gypsophyte adaptation and the ecological sustainability and resilience
of gypsum ecosystems, and informing conservation and restoration strategies in these
neglected ecosystems.

Keywords: semiarid ecosystems; gypsiferous soils; cyanobacteria; Microcoleus chthonoplastes;
hormesis; bioaccumulation factor; drylands

1. Introduction

Gypsiferous soils are mineral substrates formed under arid to semiarid climates [1].
The Iberian Peninsula hosts the highest global diversity of gypsum specialist flora (Gyp-
sophiletalia) [2]. These ecosystems are characterized by strong abiotic constraints, including
water scarcity, low nutrient availability, and extreme physicochemical conditions. N is
typically the primary limiting nutrient, often co-limited by P, Fe, and other micronutrients.
P availability is frequently reduced due to precipitation with Ca, while seasonal water
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variability strongly affects soil C:N ratios and microbial enzymatic activity [3]. Micronu-
trients such as Mo and Fe act as cofactors for nitrogenase and biological N fixation in
cyanoprokaryota [4], whereas elements such as V may partially substitute for Fe under
limiting conditions [5].

Beyond essential nutrients, bioelements play important roles in plant performance
and stress tolerance [6]. Some elements can act as stimulants or hormetic modulators,
enhancing biological processes at low concentrations [7,8]. Bioelements are therefore con-
sidered chemical elements with functional biological roles beyond classical essentiality [9],
contributing to nutrient storage, stress tolerance, and detoxification processes [10,11]. In
gypsum ecosystems, endemic species may accumulate excess elements in plant tissues as
an adaptive strategy to cope with edaphic stress and herbivory [12,13].

Cyanoprokaryota (Cyanobacteria) are extremophiles capable of surviving high UV
radiation, salinity, drought, temperature extremes, and metal toxicity [14]. They inhabit
free-living and symbiotic niches with plants, animals, and fungi [15], displaying metabolic
flexibility—including autotrophy, heterotrophy, and mixotrophy [16]. In symbiotic asso-
ciations, cyanobacteria provide C and N to their hosts while benefiting from reduced UV
flux, moderated microclimate, and lower predation risk [17]. In rhizospheric associations,
plant-derived carbon exudates compensate for diminished light availability [17-19].

Cyanoprokaryota also remain protected from UVB radiation, which can otherwise
reduce photosynthetic performance, damage chloroplast ultrastructure, and disrupt an-
tioxidant systems [20]. They can buffer heat stress, maintain favorable micro-humidity;,
and sustain metabolic activity under extreme conditions [21], participating in N, P, and C
cycling and CO,, Hy, and O, transformations [22]. Additionally, the production of organic
acids by cyanoprokaryota can improve soil fertility, enhance nutrient availability, and
increase soil water retention [23].

Among cyanoprokaryota, nitrogen-fixing Microcoleus chthonoplastes Thuret ex Gomont
synthesizes mucilage around plant roots, protecting nitrogenase from oxygen exposure
and influencing soil structure and microenvironmental conditions [24].

Water availability is a key driver of ecosystem functioning in gypsum environments.
Seasonal water pulses derived from rainfall, dew, or condensation regulate microbial
activity and nutrient cycling [3]. Some gypsophytes, such as Helianthemum squamatum (L.)
Dum. Cours can access gypsum crystallization water [25], while cyanoprokaryota may also
influence water dynamics, although this remains under debate [26,27].

Despite their ecological relevance, the interactions between seasonal microbial dynam-
ics, cyanoprokaryota communities, and bioelement cycling in gypsophyte rhizospheres
remain poorly understood. In particular, the role of water pulses in regulating micro-
bial processes and plant-soil interactions is still unclear, limiting our understanding of
ecosystem functioning and resilience in gypsum habitats.

This study examines three gypsophytes—Herniaria fruticosa subsp. erecta (Willk.) Batt.,
H.squamatum, and Teucrium libanitis Schreb.—during winter and spring. The objectives are
to: (i) characterize the physical, chemical, and microbiological properties of gypsophyte
rhizospheric and bulk soils across two seasons; (ii) evaluate the response of soil enzy-
matic activity and nutrient cycling to seasonal water pulses; (iii) identify cyanoprokaryota
communities associated with gypsophyte rhizospheres and non-rhizospheric soils; and
(iv) determine the bioelements in M. chthonoplastes, bioelements in rhizospheric and non-
rhizospheric soils, and gypsophytes’ bioelement accumulation strategies.

Based on this framework, we hypothesize that (H1) seasonal water pulses activate
microbial processes regulating C, N, and P cycling in gypsophyte rhizospheres; (H2)
cyanoprokaryota exhibit both ubiquitous and rhizosphere-specific associations with gyp-
sophyte species; and (H3) cyanoprokaryota influence bioelement availability and plant
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elemental strategies, contributing to gypsophyte adaptation and the ecological sustainabil-
ity of gypsum ecosystems.

2. Materials and Methods
2.1. Study Site

The study was conducted in the municipality of Fortuna (38°14'06.90” N, 1°11'24.54" W),
at the foothills of the Sierra de la Pila Regional Park (Murcia, SE Spain), an area under
multiple environmental protection designations. The study hill is capped by dolomites
producing large detached blocks and a rugged relief. Geologically, the site belongs to
the external zones of the Betic Cordillera, within the Subbetic system. The dominant
lithology consists of Triassic gypsum interbedded with dolomites and carnioles, with
gypsum outcrops displaying varied morphologies and colors (black, reddish, whitish)
and diverse crystalline structures. Fossil ammonites and bivalves from the Cretaceous
are present.

Soils show intense gypsum accumulation from Triassic gypsum marls and deposits,
classified as Petric Gypsisols or Hypergypsic Gypsisols [28]. Lithic Leptosols [28] dominate
the upper slopes, where primary gypsum occurs at <10 cm depth, while Nudulitic Lep-
tosols [28] appear where gypsum reaches the surface as well-developed multicolored crystals.

The climate is semiarid Mediterranean, with a mean annual temperature of 18 °C and
mean annual precipitation of 278 mm (SIAM: http://siam.imida.es, accessed on 14 Decem-
ber 2022). Meteorological data from the Fortuna station (38°09'39.79” N, 1°09'09.43" W;
197 m a.s.l.) preceding each sampling date are summarized in Table S1.

Vegetation belongs to the Gypsophiletalia [2], specifically the habitat “Yesos del Sureste
Semidrido” in northern Murcia and southern Alicante. In the study area, this is repre-
sented by the community Teucrio verticillati-Thymetum pallescentis Bellot, Esteve & Rivas
Goday [29,30], with 1% cover. The dominant gypsophytes are T. libanitis, H. fruticosa subsp.
erecta, and H. squamatum, with T. libanitis also diagnostic for the association. Other species
include Fumana ericoides (Cav.) Gand., Hnelianthemum syriacum (Jacq.) Dum. Cours., ad
Rosmarinus officinalis L. Stipa tenacissima L. occurs at low abundance, delimiting the gypsif-
erous area. Lower slopes host abandoned vineyards and almond and olive orchards.

Surfaces lacking vascular vegetation are covered by biological soil crusts (biocrusts),
which stabilize soil, reduce erosion, enhance primary productivity, and improve water
retention and infiltration [31]. Biocrusts include cyanobacteria, algae, lichens, and mosses,
all highly stress-tolerant. Lichen-moss communities in gypsum substrates are well doc-
umented [32,33], whereas cyanobacterial communities remain comparatively less stud-
ied [34]. Dominant lichens include Acarospora placodiiformis Magnusson, Fulgensia poeltii
Llimona, and Lecidea circinarioides Casares & Hafellner [35], while common cyanoprokary-
ota include Gloeocapsa biformis Ercegovic, Gloeocapsa violascea (Corda) Rabenhorst, and
M. chthonoplastes, often forming incipient lichens with hyphae [36].

2.2. Sampling Procedures

The sampling area was oriented N 85° E with a 15-20% slope, along a 65-m transect at
480 m a.s.l., near Loma de Planes. Two campaigns were conducted: December 2011 (D1)
and May 2012 (D2). Sampling included three replicated blocks in both non-rhizospheric
soil (control, 0) and rhizospheric soil under the gypsophytes H. fruticosa (Hf), H. squamatum
(Hs), and T. libanitis (T1). For each species, three individuals per block were sampled (1 =9),
with above- and below-ground biomass separated for leaf and root analyses.

Rhizospheric soil was collected directly beneath each individual along the dichoto-
mous root pattern to a depth of 30 cm. Non-rhizospheric soil was sampled at the same
depth in adjacent vegetation-free areas after removing the surface biocrust. Soil samples
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were transported in plastic bags to the laboratory. Each sample was divided: one portion
was sieved (2 mm) and stored at 4 °C for microbiological and biochemical analyses; the
other was air-dried and sieved (2 mm) for remaining analyses.

2.3. Analyses
2.3.1. Soil

Soil pH, electrical conductivity, and gypsum content were measured following
Porta [37] (Table 1). Water retention at —33 kPa (field capacity) and —1500 kPa (per-
manent wilting point or water-holding capacity at 15 atm) was determined according to
Dirksen [38], with available water content calculated. Carbonates, water-soluble carbon
(WSC), water-soluble N (WNS), total organic C (TOC), total C (TC), total nitrogen (TN),
soil moisture, microbial biomass C, and respiration were measured following Ferndndez
et al. [39]. Enzyme activities—dehydrogenase [40], urease and protease [41], alkaline phos-
phatase, arylsulfatase, and B-glucosidase [42] followed Diaz-Pereira et al. [3]. Water-soluble
carbohydrates (1:5 w:v extract) were determined following Brink et al. [43].

Table 1. Soil pH, electrical conductivity (EC, mScm '), and gypsum content (G, g kg 1) in function of
non-rhizospheric soil (0) and in the rhizosphere soil of the three gypsophytes species (Hf: H. fruticosa,
Hs: H. squamatum, and TI: T. libanitis) for the different sampling dates.

Data 1: Winter Season Data 2: Spring Season

(December) (May)

0

Hs Tl 0 Hf Hs Tl

pH 823 +0.03 a
EC 1935+7a
G 900 +20b

825+ 0.02a 825+ 0.01a 8.26 +£0.04 a 7.74 +0.08 A 8.04 £0.01B 798 +0.01 B 8.05+0.01B
1984 £10b 1951 £ 10a 2006 + 0.6 b 2080 +£0.01A 2130+0.01B 2170+ 0.01 BC 2190 £ 0.01 C
830 =30 ab 740 £50 a 890+ 10b 850 £+ 30 AB 820 + 30 AB 590 + 120 A 870 £50 B

Mean =+ standard error, n = 9. Different letters, lowercase and uppercase, indicate significant differences between
treatments. (p < 0.05, Tukey’s test).

Total bioelements were quantified by ICP-OES (Thermo ICAP 6500 DUO, Thermo
Electron Manufacturing Ltd., Cambridge, UK) after HNO3:H,O, (4:1 v:v) microwave
digestion at CEBAS-CSIC (Murcia, Spain). Major elements (g kg’l) included Al, Ca, K, Na,
Mg, P, and S; trace elements (mg kg’l) included As, Bi, B, Cd, Cz, Cu, Fe, Li, Mn, Ni, Pb, Sr,
Ti, Tl, V, and Zn. Elements below detection limits were Be, Co, Mo, Sb, Se (<0.5 mg kgfl),
and Cd (<0.1 mg kg~ 1).

2.3.2. Gypsophytes

Leaves and roots were washed with distilled water, oven-dried at <50 °C to con-
stant mass, milled, and analyzed by ICP-MS as above. Therefore, the measured metal
concentrations represent total metals associated with the roots. C and N concentrations
were determined using an automated CN analyzer (CEBAS-CSIC). Elements quantified
included Al, B, Cr, Cu, Fe, Li, Mn, Ni, Pb, Sr, Ti, T1, V, and Zn (mg kg’l) and Ca, K, Mg,
Na, P, and S (g kg’l). Elements below detection limits were As, Be, Bi, Cd, Co, Mo, Sb,
Se (<0.5 mg kg~ !)—diagnostic thresholds of S, Ca, and Mg following Merlo et al. and
Baker [12,44].

2.3.3. Cyanoprokaryota

Cyanoprokaryota were collected from rhizospheric and non-rhizospheric soils. Mor-
phological examination of subaerial cyanobacteria was performed on field-collected ma-
terial, as thalli are often coated with mineral particles. For detailed taxonomic analysis,
isolates were cultured on agar-solidified BG11 medium [45] at 20 °C under 70 pmol m2s1

light (16 h:8 h L:D). Observations were made using a LAN OPTICS stereomicroscope and an
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Olympus BX41 compound microscope. Species richness was assessed as the number of taxa,
and abundance was scored semi-quantitatively as + (<5%), ++ (5-15%), +++ (15-30%) [3].

Freeze-dried biomass of cultured M. chthonoplastes was analyzed by ICP-MS for Al,
B, Be, Ca, Cd, Co, Crz, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Si, Sr, Ti, and Zn.
Macroelements were expressed in g kg ! DW and trace elements in mg kg ~! DW. Elements
below detection limits included As, Bi, La, Sb, Se, T1, and V (<0.01 mg kg_l).

2.3.4. Bioaccumulation and Translocation Factors

The bioconcentration (or bioaccumulation) factor (BCF) and translocation factor (TF)
were calculated according to commonly used approaches [46] for each gypsophyte species
and bioelement.

BCF = Element Concentration in Root/Element Concentration in rhizospheric soil.
The value =1 for the BF indicates equilibrium, values > 1 indicate bioaccumulation, while
values < 1 indicate that it does not occur.

TF = Element Concentration in Leaf/Element Concentration in Root. The value =1 for
the TF indicates equilibrium, values > 1 indicate translocation, while values < 1 indicate
that it does not occur.

2.4. Statistical Analyses

Normality and homoscedasticity were assessed using Kolmogorov—Smirnov and
Levene tests. Data were In-transformed when necessary. Effects of species (S), sampling
date (D), and their interaction (S x D) were tested by two-way ANOVA, followed by Tukey’s
post hoc test for pairwise comparisons when significant (p < 0.05); non-normal variables
were analyzed with Kruskal-Wallis tests. Spearman correlations assessed relationships
among parameters.

Stepwise discriminant function analysis (DFA) identified variables that best discrimi-
nated among gypsophytes. Similarities between non-rhizospheric soil, rhizospheric soil
by gypsophyte, and M. chthonoplastes were evaluated using dendrograms generated from
centroid averages (similarity scale: 0 = highest, 25 = lowest). Analyses were performed in
IBM SPSS v.28.0 (Windows).

3. Results
3.1. Soil Properties and Bioelements

Significant differences were detected between non-rhizospheric soil (without associ-
ated plants or biocrusts) and rhizospheric soil across the three gypsophytes. This is why
non-rhizospheric soil values are excluded in the statistical analyses to magnify differences
among rhizospheric soils of gypsophytes, and in the figures, only the mean values for each
property or bioelement of the non-rhizospheric soil are shown as color-coded reference or
control lines according to the sampling. Microbial biomass C and basal respiration did not
differ significantly among the rhizospheric soils of the three species or between sampling
dates (Figure 1).

Enzyme activities varied significantly with sampling date for all enzymes except
arylsulfatase (Figure 2). Generally, the highest activities occurred in December (D1), coin-
ciding with greater antecedent precipitation and higher gravimetric soil moisture (Table S1),
whereas dehydrogenase peaked in May (D2). Species-level differences were observed only
for 3-glucosidase, with the lowest activity in Hf, the highest in Hs, and intermediate in TIL

Water-soluble C and N differed significantly between dates, being higher in D2 (May)
(Figure 3). Across species, soluble C was lowest in Hs, highest in Tl, and intermediate in
Hf. Water-soluble carbohydrates were high in non-rhizospheric soil, exceeded in D1 by TI,
and in D2 by Hs. Carbonate content was consistently highest in Hs rhizospheres (Figure 3).
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Figure 1. Microbial biomass carbon and basal respiration rate in rhizospheric soils of the three gyp-
sophytes (Hf: H. fruticosa; Hs: H. squamatum; TI: T. libanitis) at two sampling dates (D1: winter;
D2: spring). Lines indicate the corresponding non-rhizospheric soil values for the same sampling
periods (light-gray lines correspond to D1, and dark-gray lines to D2).
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Figure 2. Enzyme activities in thizospheric soils of the three gypsophytes (Hf: H. fruticosa; Hs: H. squamatum;
TIL: T. libanitis) at two sampling dates (D1: winter; D2: spring). Lines indicate the corresponding
non-rhizospheric soil values for the same sampling periods (light-gray lines correspond to D1, and
dark-gray lines to D2). Different lower letters (sampling D = 1) and capital letters (sampling D = 2)
indicate statistically significant differences at p < 0.05 (Tukey’s test) between Hf, Hs, and TI.
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Figure 3. Water-soluble carbon (WSC) and water-soluble nitrogen (WSN) in rhizospheric soils of
the three gypsophytes (upper panels). Soluble carbohydrates and carbonates in rhizospheric soils of
the three gypsophytes (lower panels). Hf: H. fruticosa; Hs: H. squamatum; T1: T. libanitis. Sampling
dates: D1 (winter), D2 (spring). Lines indicate the corresponding non-rhizospheric soil values for
the same sampling periods (light-gray lines correspond to D1, and dark-gray lines to D2). Different
lower letters (sampling D = 1) and capital letters (sampling D = 2) indicate statistically significant
differences at p < 0.05 (Tukey’s test) between Hf, Hs, and T1.

Functionally, 3-glucosidase activity was highest in Hs rhizospheres. Soluble C and
N increased sharply in spring (D2), accompanied by elevated dehydrogenase activity and
water-soluble carbohydrates (Figures 2 and 3).

Discriminant function analysis (DFA) using all soil properties and bioelements identi-
fied Cr, pF 15 atm (—1500 kPa), TOC, and TC as the variables consistently driving group
separation (Figure 4; Table S2A,B, Figure S1A,B). Excluding non-rhizospheric soil improved
classification success while retaining the same discriminating variables.

3.2. Presence of Cyanoprokaryota in Soils

Nine cyanoprokaryota taxa were identified in rhizospheric and non-rhizospheric
soils (Table 2). Coccoid forms (Chroococcales, 88.8%) dominated over filamentous forms
(Oscillatoriales, 11.2%). Gloeocapsa was the most species-rich genus (five species). The most
abundant taxa were Asterocapsa salina Hindak et Smarda, G. violascea, and M. chthonoplastes,
while G. biformis and Chroococcus giganteus W. West were least abundant.

Species richness was higher in rhizospheric than non-rhizospheric soils. Among rhizo-
spheres, Hf supported the highest richness (9 species in spring, 7 in winter), followed by Tl
(7 and 6 species) and Hs (6 and 7 species). In spring, cyanoprokaryota were particularly
abundant in Hf rhizospheres; in winter, pronounced differences were observed among
Hf, T1, and Hs. Several taxa were ubiquitous across soils and seasons, including A. salina,
G. violascea, and M. chthonoplastes (Figure 5a,g,h).
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Figure 4. Discriminant variables obtained considering all chemical elements and soil properties
analyzed in rhizospheric soils. The variables selected were chromium (Cr), water-retention capacity at
permanent wilting point or holding capacity (pF 15 atm or —1500 KPa), total soil organic carbon (TOC),
and total soil carbon (TC). Sampling dates: D1 (winter), D2 (spring). Lines indicate the corresponding
non-rhizospheric soil values for the same sampling periods (light-gray lines correspond to D1, and
dark-gray lines to D2). Rhizospheres: Hf (H. fruticosa); Hs (H. squamatum); T (T. libanitis). Different
lower letters (sampling D = 1) and capital letters (sampling D = 2) indicate statistically significant
differences at p < 0.05 (Tukey’s test) between Hf, Hs, and TI1.
Table 2. Cyanoprokaryota species in the non-rhizospheric soil (0) and in the rhizosphere soil of the
three gypsophytes species (Hf: H. fruticosa, Hs: H. squamatum, and TI: T. libanitis) for the different
sampling dates.
Data 1: Winter Season Data 2: Spring Season
(December) (May)
k . . . . . .
Cyanoprokaryota Rhizospheric Soil Rhizospheric Soil
0 0
Hf Hs Tl Hf Hs Tl
Asterocapsa salina + + + + + ++ + +
Chroococcus giganteus +
Gloeocapsa biformis +
Gloeocapsa kiitzingiana + + + ++ + +
Gloeocapsa novacekii + + + ++ + +
Gloeocapsa rupestris + + + ++ +
Gloeocapsa violascea + + + + + ++ + +
Microcoleus chthonoplastes + + + + + ++ + +
Pseudocapsa dubia + + + ++ + +

Species abundance was scored semi-quantitatively as + (<5%), ++ (5-15%).
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Figure 5. (a-i) Light micrographs (scale bar: 10 um) of: (a) Asterocapsa salina; (b) Chroococcus giganteus;
(c) Gloeocapsa biformis; (d) Gloeocapsa kiitzingiana; (e) Gloeocapsa novacekii; (f) Gloeocapsa rupestris;
(g) Gloeocapsa violascea; (h) Microcoleus chthonoplastes; (i) Pseudocapsa dubia.

Other taxa displayed spatial or seasonal specificity: C. giganteus occurred only in Hf
rhizospheres in both seasons (Figure 5b). G. biformis was restricted to Hf rhizospheres in
spring (Figure 5c). Gloeocapsa kiitzingiana Négeli appeared in winter in non-rhizospheric
soil and Hs and Hf rhizospheres; in spring, it was present in all rhizospheres but absent
from non-rhizospheric soil (Figure 5d). Gloeocapsa novacekii Komérek et Anagnostidis and
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Gloeocapsa rupestris Kiitzing were found only in rhizospheres (Figure 5e,f). Pseudocapsa dubia
Ercegovic occurred exclusively in rhizospheres in both seasons (Figure 5i).

3.2.1. Bioelement Composition in Microcoleus chthonoplastes

In M. chthonoplastes, bioelement concentrations followed the order: Fe > Mn > B > 5i >
Cu>Zn>Al>Mo>Pb>Sr>Ti>Rb>Na>Ni>P>K>Cr>Co>5>Ca>Mg>Cd>Li
> Be. Fe (1924.11 4+ 459.78 mg kg’l) and Mn (716.42 £ 205.52 mg kg’l) were particularly
high, followed by B, Si, and Cu.

DFA of bioelements in soils and M. chthonoplastes identified Al, B, Fe, Na, and P as
canonical variables separating biomass from soils, with soils clustering together opposite
M. chthonoplastes (Table S2A,B, Figure S1A,B; Table S3A, Figure S2A). Including leaves
or roots shifted canonical variables, with leaves discriminated by B, Cu, Mn, Na, and
Zn, and roots by K, Zn, and Cu (Table S3B,C, Figure S2B,C). Dendrograms indicated that
non-rhizospheric soils clustered with Hf and Tl rhizospheres, while Hs rhizospheres and
M. chthonoplastes formed distinct groups.

3.2.2. Bioelements in Gypsophytes

All species accumulated higher S and Ca in roots than in leaves, with sampling date
and species affecting concentrations (Ca nearly significant, p = 0.055). Hf exhibited the
highest Mg concentrations in both organs (Table S2A,B, Figure S3).

DFA integrating leaf, root, and rhizospheric bioelements identified canonical variables:

Leaves: N, Ca, Ni, C, V

Roots: Cu, C, Li (Figure 6; Table S4A, Figure S4A)
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Figure 6. Discriminant variables, listed from highest to lowest weight, for each gypsophyte: N (leaves),
Ca (leaves), Ni (leaves), C (leaves), V (leaves), Cu (roots), C (roots), and Li (roots). Green: leaves;
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brown: roots; light colors: D1; dark colors: D2. Hf = H. fruticosa; Hs = H. squamatum; T1 = T. libanitis.
ANOVA tables presented above or below each panel indicate whether the variable corresponds to
aerial (leaves) or underground (roots) organs. Different lower letters (sampling D = 1) and capital
letters (sampling D = 2) indicate statistically significant differences at p < 0.05 (Tukey’s test) between
Hf, Hs, and TL

Excluding rhizospheric soil, canonical variables shifted to:

Leaves: K, Nji, S, Sr,C, V

Roots: K, Cu, S, T1 (Table S4B, Figure S4B)

Leaf variables displayed the strongest discriminating power. DFA with leaves only
highlighted K, Mn, Zn, Na, Ni, C, and V as the most important discriminators (Figure 7;
Table 54C, Figure S4C).
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Figure 7. Discriminant variables, listed from highest to lowest weight, for leaves of the gypsophyte
species. Light colors: D1; dark colors: D2. Hf = H. fruticosa; Hs = H. squamatum; Tl = T. libanitis.
Different lower letters (sampling D = 1) and capital letters (sampling D = 2) indicate statistically
significant differences at p < 0.05 (Tukey’s test) between Hf, Hs, and TI
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3.2.3. Bioaccumulation Factors and Gypsophyte Strategies

Bioaccumulation or bioconcentration factor (R/Syizospheric) and leaf-to-root (L/R)
translocation factor are shown in Figure 8. Hs bioaccumulated the fewest elements (8),
whereas Hf and Tl accumulated 16 and 14 of 19 elements, respectively. K showed particu-
larly high bioaccumulation in Hf and Tl, with Tl exhibiting high L/R ratios for several ele-
ments. The bioaccumulation values of Hs are approximately half of those of Hf. Minimum
values range from 0.2 to 0.3 for S, with maximum values of 34.3 for K, and a predominance
of values between 1.5 and 10. The lowest bioaccumulation values are observed for S, Ca,
and Sr.

40

BAImBmCanCrECumFemKEMgEMnENaENiMPhbmPuSuSruTimTImV m2Zn
35
30
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15

Bioaccumulation factor
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~
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Figure 8. Bioaccumulation factors of bioelements (upper panels) and translocation factor from leaves
(L) to roots (R) (lower panels). Hf = H. fruticosa; Hs = H. squamatum; T1 = T. libanitis. A solid black line
is shown at the value of 1 for the bioaccumulation and translocation factors, indicating equilibrium.
For each element, values > 1 indicate bioaccumulation or translocation, while values < 1 indicate that

it does not occur.

https:/ /doi.org/10.3390/su18073384


https://doi.org/10.3390/su18073384

Sustainability 2026, 18, 3384

13 of 22

The three studied species show the same pattern regarding the translocated elements
(10 out of 19). Translocation values range from 0.3 to 11.2. No translocation was observed
for Ca, S, or Sr in any case.

Potential nutritional strategies include:

Hs: higher rhizospheric element concentrations but lower plant accumulation.

Hf and T1: lower rhizospheric concentrations but higher accumulation, indicating
similar acquisition strategies.

Leaf C:N ratios differed among species: Hf = 52, Hs = 42, Tl = 38; root C:N was
highest in Hs (59), versus T1 (23) and Hf (25), reflecting adaptive responses to N limitation.
Rhizospheric soil C:N ranged 27-41, with no significant interspecific differences.

Soil Sr:Ca ratios were highest in non-rhizospheric soil (96), followed by Hs rhizosphere
(57), and intermediate (78) in Hf and TIl. Leaf Sr:Ca ratios did not differ (108-117), while
root Sr:Ca was highest in Hf (127) and lowest in T1 (97). Sr and Ca were strongly correlated
in Hf (r = 0.734, p < 0.01) and Hs roots (r = 0.608, p < 0.05) but not in T1 (r = 0.028).

4. Discussion
4.1. Gypsiferous Soils

Gypsum rhizospheric soils remain largely unexplored; most cyanobacterial research
has focused on biocrusts rather than direct plant-rhizosphere interactions [47]. In highly
arid environments, biocrusts mechanistically enhance plant growth by stabilizing soil
surfaces, reducing erosion, and increasing local nutrient and water retention [48]. Vertical
transfer experiments demonstrate that biocrusts release soluble carbon and nutrients into
subsurface layers, where dissolved metabolites function as osmolytes, modulating soil
osmotic potential [31].

Cyanobacteria display strong physiological plasticity. Proteomic analyses of Synechocystis sp.
PCC 6803 reveals large-scale protein redistribution under multiple abiotic stresses, sug-
gesting rapid metabolic reprogramming [49]. Secondary metabolites from cyanobacteria
mitigate oxidative stress, heavy-metal toxicity, and pathogen pressure, thereby improving
host plant performance. Symbiotic associations are species-specific and reciprocal: plants
provide carbon and rhizosphere stabilization, while cyanobacteria contribute photosyn-
thates and bioactive metabolites [19,50].

Cyanobacteria also act as geomicrobiological engineers in gypsum soils. Chasmoen-
dolithic coccoid forms mechanically fracture the substrate through cycles of mucilage
swelling and desiccation, while chemical dissolution of minerals via excreted organic acids
allows endolithic penetration [34]. Gypsophytes likely become established in these areas
previously influenced by cyanoprokaryota, and rhizospheric-level interactions can be es-
tablished, thereby achieving a mechanism of adaptation to extreme drought conditions.
Prior studies report cyanoprokaryota in the rhizospheres of gypsophytes (H. fruticosa,
H. squamatum, T. balthazaris) [3], emphasizing their role in bioelement accumulation [12,51].
Cyanobacterial surfaces—rich in polysaccharides, proteins, and lipids—serve as high-
capacity metal-binding matrices [52,53]. Aluminum, while potentially toxic, can stimulate
plant metabolic activity at low concentrations [54].

Semiarid gypsum ecosystems rely on multi-domain microbial consortia, where
metabolic redundancy and structural diversity enable persistence under extreme water
and nutrient limitation [55]. Cyanoprokaryota modulate rhizospheric water and nutri-
ent dynamics by increasing organic matter, enhancing nutrient retention, and facilitating
microscale water redistribution [19,56,57]. These microbial interactions are natural mech-
anisms for ecosystem sustainability. Cyanoprokaryota metabolism contributes not only
to climate change mitigation but also to reducing the rate of carbon turnover, enhancing
carbon retention in the soil. Seasonal climatic fluctuations modulate carbon-cycle enzyme
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activity, N transformations, and general microbial metabolism, reflecting the tight coupling
of microbial processes to environmental conditions [58,59].

Microbial biomass C and basal respiration lacked consistent seasonal patterns, though
biomass C increased in winter, coinciding with moisture pulses. The initial sampling cap-
tured activation of C, P, and particularly N cycles, aligned with pre-spring moisture inputs.
Comparison with our data in other gypsum subtypes [3] shows comparable dehydrogenase
and 3-glucosidase activity, along with elevated alkaline phosphatase and arylsulfatase. The
EPS produced by cyanobacteria in the rhizosphere increases the soil’s water retention at
field capacity and permanent wilting capacity [3]. Water-holding capacity to —1500 kPa
may serve as a mechanistic proxy for cyanoprokaryota-soil functional interactions.

In the spring sampling, the pH of gypsiferous rhizospheres and non-rhizospheric soils
decreased compared to the winter sampling date (Table 1). This may be caused by soil
microbiota participating in this acidification [60], as a greater decrease in pH was observed
in non-rhizospheric soils. Gypsophytes, through their exudates, can also contribute to this
acidification, as shown in the work carried out on the roots of Ononis tridentata, which also
contributed directly to this acidification [60].

4.2. Bioelements
4.2.1. Role of Bioelements in Microcoleus chthonoplastes

Cyanobacteria can accumulate a wide spectrum of trace metals—including Al, As,
Cd, Cr, Cu, Co, Hg, Ni, Pb, Ti, and Zn—through adsorption, active transport, and in-
tracellular sequestration [61]. They are intrinsically enriched in Mg, Mn, Co, Zn, Mo,
Cu, and Fe because these metals act as structural or redox cofactors in central metabolic
pathways. While elevated concentrations disrupt photosynthesis, respiration, and cellular
redox balance [62], cyanobacteria possess multiple tolerance mechanisms: adsorption to
extracellular polysaccharides (EPS), metal chelation, controlled uptake, and vacuolar-like
compartmentalization [63].

The elemental profile of M. chthonoplastes aligns with previous findings of Fe- and
Mn-dominated signatures [64], although Fe concentrations were markedly higher and
Mn lower than expected. Both Mn and Fe are mechanistically essential for oxygenic
photosynthesis, P turnover, and regulation of oxidative stress via metalloenzymes and
ROS-scavenging systems [65]. Their relative proportions suggest differential control of
redox-active processes under gypsum-derived stress.

Bo was the third most abundant element, consistent with its role in stabilizing ni-
trogenase complexes and strengthening cell-wall polysaccharides [65]. Si ranked fourth,
supporting its function in cell envelope architecture and mineral-organic interface formation.

Cu was the fifth most abundant element, falling within the general concentration
ranges reported for cyanobacteria [62,63,66,67]. Cu acts as a catalytic center in proteins
related to photosynthetic electron transport, nitrification—denitrification pathways, and
oxidative stress regulation [65]. Zn and Ni concentrations were lower than those typically
found in related species [64]. Like Cu, these elements participate in redox homeostasis,
ROS detoxification, and stress-induced enzyme activation [65].

Several detected elements—including Al, Be, Cd, Co, Cr, Li, Ni, Pb, Rb, Si, Sr, and
Ti—were absent from the BG-11 culture medium, indicating uptake directly from gypsum
substrates and/or trace minerals such as clays and Fe-Mn oxides, as well as organic
complexes. The particularly high concentrations of Si and Al support an EPS-mediated
sorption mechanism [52] combined with structural incorporation into the cell envelope.
Laboratory evidence from Synechococcus sp. WH7803 shows that Al can enhance growth
and chlorophyll a production [68], suggesting that similar mechanisms could operate in
M. chthonoplastes. Co and Ni function as essential cofactors in metalloenzymes involved in
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C and N metabolism [69]. Cd and Co also trigger EPS production and biofilm-associated
stress responses; low Cd levels can stimulate biofilm expansion by activating detoxification
pathways [70].

V was not detected in M. chthonoplastes, despite its presence in soils and plants. V
accumulated most strongly in the rhizospheres of H. squamatum and in leaves and roots of
H. fruticosa. Such enrichment may arise from microbially facilitated redox cycling in the
rhizosphere, which generates bioavailable vanadyl species that can stimulate microbial
growth under nutrient-limited conditions [71].

Finally, the detection of Co in M. chthonoplastes, but not in BG-11 medium, where it is
absent, confirms acquisition from trace minerals such as clays and Fe-Mn oxides, as well as
organic complexes. This supports a mechanism of bioaccumulation driven by EPS-mediated
sorption and selective uptake pathways characteristic of metal-tolerant cyanobacteria.

4.2.2. Role of Bioelements in Gypsophytes

Essential bioelements in gypsophytes include B, Cu, halogens, Fe, Mn, Mo, Ni, and
Zn, while Al, Co, La, Li, Rb, Se, Si, Ag, Sn, Sr, and V act as beneficial elements that
modulate physiological performance without being strictly required [72]. Cr, abundant in
rocky substrates such as gypsiferous soils, can integrate into plant defense pathways: its
redox-active forms interact with cellular antioxidants and structural polymers, limiting
herbivory and pathogen invasion [73]. Cr exhibits a hormetic dose-response pattern,
whereby low concentrations stimulate enzyme activity and high concentrations inhibit it
through oxidative and protein-denaturing mechanisms [8].

H. squamatum may experience enhanced mycorrhization—consistent with reports
for the genus [74]—which could mechanistically elevate 3-glucosidase activity in its rhi-
zosphere by accelerating carbon turnover and increasing microbial enzymatic demand.
Elevated Cr concentrations in H. squamatum rhizospheres co-occurred with higher total
and organic C, suggesting that organic ligands and microbial metabolites modulate Cr
speciation and, consequently, 3-glucosidase activity through seasonal shifts in redox and
carbon availability.

Elemental concentrations in H. squamatum tissues largely aligned with [12], but higher
levels of C, Ca, P, B, Cr, Cu, Ni, Pb, Zn, and notably Al, Fe, and Ti (six-fold increase)
indicate intensified uptake or tighter internal retention under local gypsum-soil conditions.
Conversely, reduced N, K, Mg, Na, S, Li, Mn, and Sr suggest constraints on nutrient
acquisition or physiological downregulation. Although H. squamatum is categorized as
an indicator species (IN, additive nutritional strategy [12]), our elemental profiles are
consistent with an EX strategy, where internal concentrations remain buffered against
external fluctuations. T. libanitis also expressed EX-like homeostasis, whereas H. fruticosa
maintained an IN strategy.

Incorporating rhizosphere data revealed additional discriminant elements among
species: leaf N and Ca, and root Li. The functional role of Li in plants remains unresolved,
but it displays hormetic effects on growth and can partially substitute for Ca, Mg, or Kin
structural and signaling pathways; Li is also an essential micronutrient for humans [72].

Tl also emerged as a key discriminant. T1 accumulated most strongly in leaves and
roots of H. fruticosa and in rhizospheres of H. squamatum, while T. libanitis exhibited the
lowest concentrations. Tl is naturally present in gypsum and associated sulfates [75], and
its redox-active behavior may induce hormesis in Tl-hyperaccumulating plants, enhancing
stress resilience [76]. Cyanoprokaryota such as Synechococcus PCC 8806 possess high Tl
tolerance [77,78], suggesting that microbial metal-handling mechanisms may influence TI
distributions in rhizospheres.
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Leaf-element discriminants further revealed species-specific biogeochemical strategies:
H. fruticosa was enriched in Mn, V, and Ni. These elements are cofactors in oxidative
and redox-driven metabolic pathways and may indicate enhanced cyanoprokaryota colo-
nization, given the reliance of many cyanobacteria on Mn-dependent photosystems and
Ni-dependent enzymes. The presence of Ni-Fe hydrogenases, which become catalytically
active in darkness [79], suggests metabolic flexibility linking cyanoprokaryota activity with
diel cycles. In contrast, H. squamatum displayed the highest Na accumulation, consistent
with elevated rhizospheric salinity and with Na partially substituting for K under K-limited
conditions [80].

4.2.3. Accumulation Factors and Gypsophyte Strategies

Cyanoprokaryota in the rhizosphere can mechanistically enhance N use efficiency
(NUE) by increasing the turnover of organic N, supplying ammonium through diazotrophic
activity, and promoting microbial immobilization—mineralization cycles that stabilize high
soil C:N ratios—patterns typical of nutrient-limited ecosystems [81]. Several cyanobacteria
also precipitate intracellular carbonates through biologically induced mineralization, where
photosynthetic CO, uptake elevates pH and drives carbonate supersaturation [82].

Gypsophytes are recognized as Sr accumulators [55]. The presence of Sr in M. chthonoplastes,
despite its absence from BG-11 medium, combined with known microbe-Sr—carbonate
associations [83], indicates that cyanoprokaryota may strongly regulate Sr mobility and
partitioning within rhizospheres—particularly in H. fruticosa. Although carbonate concen-
trations were highest in H. squamatum rhizospheres, Sr behavior is likely governed by Sr—Ca
substitution pathways: Sr** readily replaces Ca®* in plant structural pools and can enter
roots through Ca-selective channels. Another study conducted in Sicily on the nutritional
strategies of gypsophytes reported the accumulation of high concentrations of Sr in the
leaves of the narrow gypsophile Erysimum metlesicsii, cited as a remarkable finding [84].

Comparable ionic mimicry may occur for other elements, exemplified by T1* entering
cells through K* channels due to similar ionic radii and hydration energies [77]. These
mechanistic analogies suggest that cyanoprokaryota-mediated carbonate formation and
ion-transport pathways jointly influence the biogeochemical cycling of Sr and other trace
elements in gypsum soils.

4.3. Limitations of the Study, Future Research Perspectives, and Practical Recommendations

While this study provides valuable insights into cyanoprokaryota—gypsophyte in-
teractions and their effects on bioelement dynamics in gypsiferous rhizospheres, several
limitations should be acknowledged. First, the study was conducted over two specific
months within winter and spring, which may not capture the full seasonal variability of
soil and plant processes in this gypsum subtype. Second, the spatial scope of sampling
was limited to selected gypsum soils in southeastern Spain, and caution should be exer-
cised when extrapolating these findings to other gypsum ecosystems. Addressing these
limitations in future research would strengthen the generalizability of the results.

Future studies could expand on the current findings by:

(i) investigating cyanoprokaryota—gypsophyte interactions across additional seasons,
including summer and autumn, to capture full annual variability; (ii) conducting long-
term monitoring to assess temporal dynamics of bioelement cycling and plant adaptation;
(iii) exploring the role of other cyanoprokaryota modulating rhizospheric nutrient dynamics;
and (iv) testing the effectiveness of these interactions under simulated climate change
scenarios, including altered precipitation and temperature regimes. Such approaches
would provide a more comprehensive understanding of biotic—abiotic interactions in
gypsum soils and their ecological implications.
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In summary, our results demonstrate that cyanoprokaryota-gypsophyte interactions
play a critical role in modulating bioelement dynamics and enhancing plant adaptation
in semiarid gypsiferous soils. Species-specific responses of soil enzymes and nutrients
to seasonal water availability highlight the importance of microbial-plant associations in
maintaining soil fertility under nutrient- and water-limited conditions. By linking these
interactions to plant adaptive strategies, this study provides a mechanistic understanding
of how gypsum ecosystems function and sustain vegetation in extreme environments.
These findings not only address the objectives out-lined at the beginning of the study
but also provide a solid foundation for practical applications in the conservation and
management of semiarid gypsum landscapes, as well as guidance for future research on
microbial-plant-soil interactions.

5. Conclusions

Winter water pulses trigger mechanistic activation of C, N, and P cycles in gypsophyte
rhizospheres. (3-glucosidase activity is particularly prominent in H. squamatum, indicat-
ing enhanced cellulose degradation, while spring conditions highlight differentiation in
water-soluble C and N between T. libanitis and H. squamatum. Key soil traits driving rhizo-
spheric differentiation include Cr content, total and organic C, and water-holding capacity
to —1500 kPa, reflecting mechanistic links between soil chemistry and microbial-plant
interactions. The characterization of physical, chemical, and microbiological properties of
gypsophyte rhizospheres revealed clear seasonal differentiation in soil nutrient availability
and enzymatic activity, consistent with objectives (i) and (ii).

Cyanoprokaryota are bioagents and a valuable biological resource for sustainable de-
velopment, exhibiting both ubiquitous and rhizosphere-specific distributions. Widespread
taxa (A. salina, G. violascea, M. chthonoplastes) co-occur with rhizosphere specialists
(G. novacekii, P. dubia). M. chthonoplastes selectively accumulates Al, B, Fe, Na, and P, paral-
leling the elemental strategy of H. squamatum, suggesting mechanistic coupling of microbial
bioelement dynamics and plant nutrient acquisition. The identification of cyanoprokaryota
communities, including both ubiquitous and rhizosphere-specific taxa, directly addresses
objective (iii).

Gypsophyte ecological strategies are strongly mediated by bioelement profiles.
H. squamatum concentrates elements in its rhizosphere, enhancing soil-microbe—plant in-
teractions, whereas H. fruticosa and T. libanitis rely on higher tissue bioaccumulation for
internal homeostasis. Also, M. chthonoplastes reflects bioaccumulation strategies. Leaf-level
differentiation is mainly associated with K, Mn, Zn, Na, Ni, C, and V, reflecting functional
partitioning of essential and beneficial elements. The Sr:Ca ratio emerges as a mechanistic
indicator of cyanoprokaryota presence, particularly in H. fruticosa, linking microbial activity
with plant elemental status. The observed relationships between microbial bioelement
dynamics and plant accumulation strategies fulfill objective (iv).

Together, these findings confirm our hypotheses that seasonal water pulses regulate nu-
trient cycling (H1), that cyanoprokaryota exhibit both ubiquitous and rhizosphere-specific
associations (H2), and that microbial activity influences plant bioelement strategies and
adaptation to gypsum soils (H3). This study highlights the mechanistic role of microbial—-
plant interactions in promoting the ecological sustainability and resilience of gypsum
ecosystems demonstrates that the associations between cyanoprokaryota and gypsophytes
constitute a key component of the functional sustainability of gypsum ecosystems by con-
tributing to soil stability, nutrient cycling, and resilience to climatic disturbances. These
habitats are included in multiple conservation protection frameworks and represent unique
ecosystems offering important ecosystem services.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/su18073384/s1, Table S1. Multivariate test for overall significance of
discrimination (a), tests of residual roots (b) and classification results (c) for the scenarios A (Non-
rhizospheric and rhizospheric soil properties and elements) and B (Rhizospheric soil properties
and elements). Table S2. Multivariate test for overall significance of discrimination (a), tests of
residual roots (b) and classification results (original and predicted group) (c). 0 = non-rhizospheric
soil, 1 = Hf = H. fruticosa, 2 = Hs = H. squamatum, 3 = Tl = T. libanitis, and 4 = Mc = M. chthonoplastes
for the scenarios A (Rhizospheric and non-rhizospheric soils and M. chthonoplastes), B (Leaves of
gypsophytes and M. chthonoplastes) and C (Roots of gypsophytes and M. chthonoplastes). Table S3.
Multivariate test for overall significance of discrimination (a), tests of residual roots (b) and classifica-
tion results (original and predicted group) (c) for the scenarios A (Rhizospheric soils of gypsopytes
and leaves and roots), B (B Leaves and roots from gypsophytes) and C (Leaves from gypsophytes).
Figure S1. Outputs of canonical discriminant functions for gypsophyte specie. Species with group
centroid. S = 0 non-rhizospheric soil, S = 1 = Herniaria fruticosa (Hf), S = 2 = Helianthemum squamatum
(Hs), and S = 3 = Teucrium libanitis (T1). Upper figure (A) with all the rhizospheric and non rhizo-
spheric mining data. In the lower figure (B) only the rhizospheric soil mining data for gypsophytes.
Figure S2. Outputs of canonical discriminant functions for gypsophyte specie and cyanoprokary-
ota M. chthonoplastes. Species with group centroid. S = 0 non-rhizospheric soil, S =1 = H. fruticosa
(Hf), S =2 = H. squamatum (Hs), S = 3 = T. libanitis (T1), S = 4 = M. chthonoplastes. Upper figure
(A) with all soils (thizospheric and non rhizospheric) plus M. chthonoplastes bioelements data. In
the middle figure (B) only with bioelements in rhizospheric soils data, leaves of gypsophytes plus
M. chthonoplastes data. In the lower figure (C) only the biolements from rhizospheric soil data, roots
of gypsophytes plus M. chthonoplastes data. Figure S3. S, Ca and Mg bioelements in leaves and
roots or three gypsophyte for each data. Green colors indicate leaves, brown colors indicate roots,
light colors are first sample data, and dark colors are data from the second sample. Hf = H. fruticosa,
Hs = H. squamatum and T1 = T. libanitis. The Anova table located at the top or bottom of each figure
indicates whether it refers to the aerial part of the gypsophyte (leaves), or the underground part
of the gypsophyte (roots). Different lower letters (sampling D = 1) and capital letters (sampling
D = 2) indicate statistically significant differences at p < 0.05 (Tukey’s test) between Hf, Hs and TI.
Figure S4. Canonical discriminant functions for gypsophyte specie groups with group centroid.
S =1=H. fruticosa (Hf), S = 2 = H. squamatum (Hs), and S = 3 = T. libanitis (T1). Upper figure (A)
bioelements from rizhospheric soils and leaves and roots of gypsophytes. In the middle figure (B)
only bioelements data from leaves and roots of gypsophytes. In the lower figure (C) only bioelements
from the leaves of gypsophytes.
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