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Abstract

Among the long-term sustainable solutions to mitigate saline stress on plants, the use of plant growth promoting microor-
ganisms (PGP) is considered very promising. While most of the efforts have been devoted to the selection and use of bac-
terial PGPs, little has been proposed with yeast PGP (PGPYs). In this study, three PGPY strains belonging to Naganishia
uzbekistanensis, Papiliotrema terrestris and Solicoccozyma phenolica were employed singularly and in a consortium to
mitigate salt stress of zucchini (Cucurbita pepo). The results demonstrated that these yeasts, when applied to salt-amended
soil, mitigated the growth inhibition caused by NaCl. Among the three species, N. uzbekistanensis and P. terrestris showed
the most significant improvements in plant performance, with N. uzbekistanensis exhibiting hormetic effects under salt
stress by improving root length and dry plant biomass. In general, the root system was the most affected part of the plants
due to the presence of the yeasts. The entire rhizosphere bacterial microbiota was significantly influenced by the addition
of PGPYs, while the mycobiota was dominated by the introduced yeasts. Metabolomic fingerprinting using FTIR revealed
modifications in hemicellulose and silica content, indicating that PGPY inoculation impacts not only the plant but also the
soil and rhizosphere microorganisms.

Keywords Plant Growth Promoter Yeasts (PGPYs) - Salt stress - Zucchini - FT-IR - Rhizosphere microbiome -
Rhizosphere mycobiome

Introduction

Salinization and draught induce stress to crops and conse-
quently reduce the productivity due to the reduced amount
of free water in the soil. Both phenomena pose serious
threats to food security. In particular, soil salinity affects
some 4.4% of the world’s arable land at depths ranging
from 0 to 300 mm depth (FAO et al. 2021) and is increasing
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due to both climate change and human activities (Okur and
Orcen 2020). Furthermore, high salt concentrations have a
negative effect on microbial metabolic activity, reducing the
rates of nutrient and organic matter recycling in soil (Rima
et al. 2018). Consequently, this process makes saline areas
less productive and difficult to use. Additionally, the rising
demand for food requires the extension of agricultural activ-
ities toe previously unused soil, some of which is naturally
saline (FAO 2021).

Among all possible eco-friendly strategies, the applica-
tion of microbial inoculants has been demonstrated to be a
sustainable solution, enhancing plant growth and biomass,
crop productivity and tolerance to abiotic stresses (Novello
et al. 2021; Rouphael and Colla 2020). These microorgan-
isms, defined as Plant Growth Promoters (PGPs), include
bacteria, archaea and fungi (El-Saadony et al. 2022). PGPs
act directly on the root system by increasing the uptake of
mineral nutrients and by synthetizing phytohormones, or
indirectly, by increasing plant tolerance to environmental
stresses and pathogens (Novello et al. 2021; Zhang et al.
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2023). PGPs can play important roles in both seed germi-
nation and seedling growth, which are critical phases in
plant development and crucial for subsequent growth stages
(Shultana et al. 2020). While bacteria have been exten-
sively studied for their PGP potential and are being applied
in numerous agricultural preparations, recent attention has
focused on PGP properties of yeasts (Jiang et al. 2023).

Yeasts are commonly found in soil and interact with the
root system to improve plant growth, through several mech-
anisms (Yurkov 2018), such as the expression of phyto-ben-
eficial compounds such as phytohormones, and improved
phosphate solubilization, siderophore production and plant
protection (Nimsi et al. 2023; Ruspi et al. 2024). While
some bacterial PGPs can be health-threatening (Pramanik
et al. 2017) the majority of yeasts are innocuous or Gener-
ally Recognized as Safe (GRAS) and easy to grow under
industrial conditions, representing an important source of
variability for field application in sustainable agricultural
practices (Singh and Gaur 2021).

Plant Growth Promoting Yeasts (PGPYs) are mainly
isolated from the rhizosphere, but several studies have also
reported beneficial yeasts in other environments (Abdel-
Kareem et al. 2021; Bright et al. 2022; Fu et al. 2016; Lonhi-
enne et al. 2014). The primary yeast genera that exhibit PGP
traits include Rhodotorula spp., Candida spp., and Crypto-
coccus spp. The last two genera are undergoing extensive
taxonomic reclassification, by splitting into additional gen-
era. In particular, Cryptococcus species are now reclassified
into genera such as Cutaneotrichosporon, Cystofilobasid-
ium, Filobasidium, Hanalea, Holtermanniella, Naganishia,
Papiliotrema, Solicoccozyma, Vishniacozyma, and Vanrija
(Bertout et al. 2022; Oliveira et al. 2021).

Yeasts may play a crucial role in alleviating salinity
stress, by activating plant growth-promoting mechanisms
(Kumar et al. 2023). PGPYs have the ability to regulate
plant cell water content by transmitting intracellular sig-
nals to increase water uptake, reduce oxidative stress,
stimulate stomatal closure, and increase plant enzyme
production (Hammad and Ali 2014). Yeasts produce phy-
tohormones such as abscisic acid (ABA), auxins (IAA),
cytokinins, and gibberellins (GA), promoting plant cell
division, root elongation, and epigeal plant development, as
shown in maize growth studies (Nimsi et al. 2023). More-
over, PGPYs alleviate nutrient scarcity in saline soils by
solubilizing phosphate, and producing siderophores for iron
uptake (Ramos-Garza et al. 2016), making these nutrients
available for root absorption (Kuo et al. 2018; Nimsi et al.
2023). Yeast mitigate salinity stress indirectly by secreting
volatile organic compounds (VOCs) or antifungal agents to
inhibit plant pathogen attack which further stresses plants
in saline soils (Kowalska et al. 2022; Li et al. 2024; Nimsi
et al. 2023). Inoculation with yeasts exhibiting PGP traits
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can increase yield quality and quantity without significant
environmental impacts (Nimsi et al. 2023).

Yeast species isolated from the rhizosphere in saline envi-
ronments are putatively more resistant to this stress and may
have developed particular mechanisms to mitigate the salt
stress of the plants hosting them. Based on this rationale, the
ideal inocula for mitigating salt stress should be capable of
interacting positively with plants as plant growth-promoting
agents and thriving in saline conditions. Three strains from
our collection meet both criteria. As already demonstrated
by our group (Ruspi et al. 2024), these strains exhibit PGP
traits and were isolated from bushes growing in highly saline
environments. Specifically, strains of the species Solicoc-
cozyma phenolica, Papiliotrema terrestris and Naganishia
uzbekistanensis were inoculated separately and as a con-
sortium on zucchini seeds, a horticultural test plant chosen
for its economic and nutritional importance (Novello et al.
2021), to assess their impact on early stages of plant growth
and their ability to mitigate salt-induced stress.

Materials and methods
Experimental set-up

The experimental design was designed to assess the effects
of four yeast inocula on zucchini plant growth (Cucurbita
pepo L., var. Nano verde di Milano), in two different soil
conditions: control- and saline-soil. The experiment was
carried out in mesocosm in a greenhouse with automatic
temperature control (25°C), which was made available by
Bavicchi S.p.a. (Perugia, Italy). Zucchini seeds were planted
in 1 L pots with “Vulcamix”” commercial soil as the substrate
(mineral substrate consisting of a mixture of natural volca-
nic materials composed of 25% volcanic lapilli sand and
75% pumice sand, granulometry 0-3 mm; C and N present
in traces; https://www.europomice.it/prodotti/vulcamix/,
EUROPOMICE, Milan, Italy). The soil used for saline con-
dition (treated soil) was supplemented with 2 g L™ ! NaCl
(EC.=12.63+0.11; pH=6.81+0.09), while the plain soil
was used as a control (untreated soil) (ECe=5.25+0.03;
pH=6.70). For each soil condition, seeds were planted with
or without yeast inoculation for a total of 4 inocula tested.
Three Basidiomycetes species, previously isolated from
soil, were used: Naganishia uzbekistanensis (Nu, CMC
1643), Papiliotrema terrestris (Pt, CMC 1688) and Soli-
coccozyma phenolica (Sp, CMC 1669). The fourth inocu-
lum corresponds to the microbial consortium (Cons) of the
aforementioned species.

The zucchini seeds were soaked for three hours in each
cellular suspension (Nu, Sp, Pt and Cons), while the control
seeds were soaked in YEPD medium, the same as that used
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to obtain the cellular suspensions. Three zucchini seeds,
previously soaked in each suspension, were placed into each
of the 9 pots used as biological replicates. This resulted in
a total of 27 seeds being tested per thesis and a total of 90
pots(45 for NaCl added soil and 45 for control soil). The
pots were placed on a cart and watered every 3 days, to
maintain 20% soil humidity.

Cellular suspension preparation for seed soaking

Three yeast species, isolated from saline soil, were selected
for the study from the Microbial Collection (CMC) of
the Microbial Genetics and Phylogenesis Laboratory of
CEMIN. Yeasts were prepared individually and as a micro-
bial consortium.

Yeasts were grown in YEPD liquid medium (10 g
L 'yeast extract, 10 g L™! peptone and 20 g L™ !dextrose)
at 25 °C for 18 h, under shaking conditions (120 rpm). The
cellular suspensions used for seed soaking (Nu, Pt and Sp)
were prepared by calibrating the ODg,,,, to a final cell den-
sity of 10® cells mL ™! in the same medium. The microbial
consortium was prepared by adding 10® cells mL™! of each
strain in the same volume.

Yeast growth under saline stress conditions

To assess microbial halotolerance or halophilic characteris-
tics, we used scalar NaCl concentrations. First, yeasts were
grown in YEPD liquid medium (10 g L™ 'yeast extract, 10 g
L ! peptone and 20 g L™ 'dextrose) at 25 °C for 18 h, under
shaking conditions (120 rpm). The yeast cultures were then
collected and centrifuged at 4500x g for 5 min. After the
supernatant was removed, the pellet was resuspended in
RPMI medium (RPMI-1640, Sigma Aldrich, Saint Louis,
MO, USA, specifically designed for yeasts) to achieve a
final ODg ,, 0f 0.1. Next, 100 pL of this standardized cell
suspension was plated in triplicate in a 96-well microtiter
plate, along with 100 pL of NaCl (M) scalar solution. The
NaCl concentrations used were as follows: M 1, 0.5, 0.25,
0.125, 0.0625, 0.031, 0.015, and 0. One line was left unin-
oculated and served as the negative control. The plates were
incubated at 25 °C for 24 h and the Abs at 600 nm were col-
lected every 5 min via a TECAN Infinite F200 plate reader
(Tecan Trading AG, Mannedorf, Switzerland). The data
were processed via Excel, and the mean values were cal-
culated. To assess microbial growth under different saline
concentrations, we specifically focused on the exponential
growth phase, which was determined via visual inspec-
tion of the growth curve obtained. To quantify growth, the
Growth Rate (GR, h™ ") was determined via formula 1:

_log, ODf —logi ODi

GR(h™?) At

(M

where ODf and ODi refer to the final and initial cell optical
density measured at 600 nm, respectively, and Dt refers to
the time interval between the two readings.

Soil and plant parameter collection

After 46 days of growth (third stage of leaf growth) the
plants were eradicated and the soil from the rhizosphere was
collected and stored at -80 °C for metagenomic and meta-
metabolomic analyses.

Plant height and dry weight were measured for hypogeal
and epigeal portions along with leaf pigments (carotenoids,
chlorophyll a and b).

Dry weight was determined after drying the hypogeal and
epigeal portions of the plant, at 70 °C for 48 h (Turhan and
Eris 2005). The pigment leaf content was determined fol-
lowing the protocol proposed by Siebeneichler et al. (2019).

Rhizosphere metagenomic soil analysis
DNA extraction

For each treatment and the controls, three bulk samples
were obtained from the initial nine replicates (pots). From
each bulk sample, 400 mg of soil was homogenized in
PBS (800 pL) for 5 min at 0.15 x g in an orbital shaker
and then centrifuged for 5 min at 4030 x g. The supernatant
was discarded, and the pellet was resuspended in 800 pL of
CD1 reagent provided with the kit used for DNA extraction
(DNeasy PowerSoil Pro Kit, QTAGEN, Hilden, Germany).
DNA extraction was performed according to the manufac-
turer’s instructions given with the abovementioned kit.

Barcode amplification

Metagenomic DNA was used as a template for PCR amplifi-
cation of the standard barcode regions currently employed in
microbial taxonomy: 16S for prokaryotes and ITS together
with D1/D2 for eukaryotes. The whole 16S gene was ampli-
fied with the primer pair 8F (5’-AGAGTTTGATCCTGGC
TCAG) (Edwards et al. 1989) and 1492R (5’- GGTTACC
TTGTTACGACTT) (Stackebrandt 1993). The marker loci
ITS1, 5.8 S, ITS2 and D1/D2 domains of the 26 S subunit
were amplified in contiguity by using the primers ITS1 (5°-
TCCGTAGGTGAACCTGCGG)/NL4 (5’-GGTCCGTGTT
TCAAGACGG) (Schoch et al. 2012).

Platinum™ SuperFi II PCR Master Mix (Invitrogen™,
Waltham, Massachusetts, USA) was chosen for amplifica-
tion because its Platinum SuperFi I Buffer enables universal
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primer annealing. For both barcodes the PCR protocol was
carried out as follows: initial denaturation at 98 °C for 30 s,
30 amplification cycles (98 °C for 30 s., 60 °C for 1 min
and 72 °C for 45 s) and a final extension at 72 °C for 5 min.
Amplicons were checked on a 1% agarose gel.

Library preparation

Library preparation for MinION (Oxford Nanopore, Oxford,
UK) sequencing was performed following the procedure of
Conti et al. (2023).

Sequence analysis

FASTAS produced with MinlON were basecalled with
Guppy (version 6.4.6) on a supported NVIDIA GPU. The
sequences analysis pipeline works in a conda environment
built in Ubuntu. The filtering of the raw reads was carried
out via the function segtk, which removes sequences less
than 400 bp and greater than 1800 bp in length. Filtered
reads were merged into one file that was used as input for
the alignment program minimap2 (version 2.24). This tool
allows the alignment of sequences against a large reference
database. The algorithm was tuned to support the alignment
of long-noisy reads by using the option map-ont, which uses
ordinary minimizers as seeds.

UNITEversionsh_general release dynamic 25.07.2023
(https://unite.ut.ee/) and SILVA v138.1 (https://www.ar
b-silva.de/) were used as reference databases. The former
comprises 58,440 ITS sequences among the RepS/RefS
sequences of all SHs, thus it supported the identification
of eukaryotes sequences, whereas SILVA provided com-
prehensive datasets of aligned small (16 S/18S, SSU) and
large subunit (23 S/28S, LSU) ribosomal RNA (rRNA)
sequences. ITS and 16 S MiSeq sequences are stored in the
SRA archive with the BioProject ID PRINA1161850.

Rhizosphere meta-metabolomic soil analysis with FT-IR
spectroscopy

For each treatment and the controls, one bulk sample of rhi-
zosphere soil was obtained from the initial nine replicates
(pots). These samples were subjected to FT-IR in quintu-
plicate technical replicates, to evaluate the influence the of
yeast inoculum on the soil metabolic profile. Each rhizo-
sphere soil bulk sample was air-dried, and 2 g of dry soil
was suspended in HPLC grade water at a ratio of 1:5 w v !,
vortexed and allowed to settle for 10 min. Each sample (35
pL) was used for five independent readings and plated on an
FT-IR silica plate (Essendoubi et al. 2005). A TENSOR 27
FT-IR spectrophotometer, equipped with an HTS-XT acces-
sory (Bruker, Billerica, Massachusetts, USA), was used for
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the measurements performed in transmission mode, with the
following settings: wavelengths ranging between 3400 and
700 cm™ !, spectral resolution of 4 cm™ !, and 256 scans per
sample. The final spectra were elaborated with OPUS v. 7.0,
by water subtraction, baseline correction, vector normaliza-
tion, second derivative calculation and spectral averaging
(Tinti et al. 2015). The final values were expressed as the
second derivative of the absorbance intensity.

Data analysis
Plant parameters and Mitigation Index (MI)

The data from the plant parameter measurements (n=9)
were evaluated for their normal distribution and homosce-
dasticity in the R environment (R Core Team (2021)), via
the Shapiro-Wilk (stats package) and Breusch-Pagan (Imtest
package) tests, respectively. The statistical significance was
assessed via Wilcoxon (Fig. 1) and Kruskal-Wallis (Fig. 2)
tests in R environment, via the dplyr package. The Mitiga-
tion Index (MI) quantifies the impact of microbes on plant
parameters, represents the ratio of two effects (the micro-
bial effect on the control, NaCl-added soil, and salt effect on
uninoculated soil) and it is calculated as follows:

( Inoculum nac1 — Control naci)

MI = @)

( Control Untreated — Control NaCl)

The numerator indicates the microbial effect under salt con-
ditions, whereas the denominator represents the salt effect
without inoculum on zucchini growth. Statistical analyses
for all the MI indices were conducted in R. Random sam-
pling and replica picking were used for selection, evaluation
of normality, homoscedasticity, and subsequent Kruskal-
Wallis test. The results obtained performing the statistical
analyses on plant parameters are presented in the Supple-
mentary Material SI-1, of which only significant results are
discussed in the Results section.

Metagenomic statistical and bioinformatic analyses

After alignment with reference databases, the resulting
unmapped reads were not considered in downstream anal-
ysis for both the ITS and 16SrRNA genes. Sequencing of
the ITS marker sequence resulted in an average number of
reads of 16,800 with an average of 53% unmapped reads.
On the other hand, sequencing of the 16 S marker sequence
resulted in an average number of reads of 800 with a negli-
gible number of unmapped reads.

Statistical analyses were carried out in the R environment
(https://www.R-project.org/) (Team 2022) via the microeco,
phyloseq and vegan packages, as well as functions from
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Fig. 1 Plant growth parameters after 46 days of growth. Plant param-
eters of uninoculated controls (Ctrl) cultivated in soil with and without
NaCl addition. The aerial plant portion (panels (a) and (b)) was evalu-
ated for epigeal height (h) and dry weight (dw). Moreover, the hypo-
geal plant sections (panels (¢) and (d)) were analysed for root length

base R. Shapiro-Wilk (Shapiro.test()) and Breusch-Pagan
(nevTest()) tests were performed to assess data normal
distribution and homoscedasticity, respectively. The Shan-
non index was calculated to investigate microbial alpha

(h) and dry weight (dw). Additionally, the content of pigments (panels
(e), (), and (g)), including chlorophyll a (Chla), chlorophyll b (Chlb),
and carotenoids (Carot), were measured. Statistical significance was
denoted as *** for p<0.001, ** for p<0.01, and * for p <0.05 (Wil-
coxon test)

diversity, whereas beta diversity was evaluated via the
Bray-Curti’s index.

Microbial relative abundances were calculated and the
statistical significance of their differences was assessed via
the non-parametric test Kruskal Wallis, kruskal.test(). The
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Fig. 2 Impact of microbial inoculation on plant growth and pigment
content in untreated soil. Effects of yeast inoculation on zucchini
growth after 46 days in untreated soil. The aerial portion was assessed
for a) height (h) and b) dry weight (dw). The same parameters were
collected for the root system in panels ¢) height (h) and d) dry weight
(dw). The contents of the pigments in the leaves were evaluated e) chlo-

core microbiome was evaluated as a proxy of the persistence
of the fungal inoculum (phyloseq package) and Redundancy
Analysis (RDA) was performed to assess the relationship
between the microbial communities and the plant growth
parameters. After the initial analyses, one replicate from the
uninoculated control and one from the Nu treatment were
removed from the dataset because they were identified as
outliers.

FT-IR spectra analyses

Primary peaks were selected from the normalized spec-
tra (Roscini et al. 2010) via the “peak-picking” function
of Brucker Opus and the peak base extension was deter-
mined from the second derivative, obtaining eleven spec-
tral regions (pl-11), assigned to the bond vibrations listed
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rophyll a (Chla), f) chlorophyll b (Chlb), and g) carotenoids (Carot).
Boxplots depict values based on a sample size of n=9. The statisti-
cal significance between the uninoculated (Ctrl) pot and the microbial
inoculum is denoted as ***, for p <0.001, and **, for p<0.01 (Krus-
kal Wallis — Dunn test)

in Supplementary Material SI-2 (Artz et al. 2006; Bartos
et al. 2020; Linker et al. 2005; Meng et al. 2019; Pandey
et al. 2024; Parikh et al. 2014; Parnpuu et al. 2022; Peltre
et al. 2017; Sanchez-Sanchez et al. 2019; Teng et al. 2018;
Xu et al. 2020). Spectra from NaCl-added rhizosphere soil
were subjected to Principal Component Analysis (PCA),
to assess the spatial distribution of the treatments, on the
basis of the defined spectral regions. Only the regions where
the PC1 axis was greater than 50% are presented in the
results section and were used for further considerations, as
these regions accounted for the most significant variability
between the inoculated samples and the control. Student’s
t-Test was performed between the uninoculated control
(Ctrl) and each fungal inoculum, to assess the number of
significantly different wavenumbers.
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Results and discussion

Effect of salt addition on zucchini plant
development

In this study, the effects of soil salinity on zucchini plant
(Cucurbita pepo) development were investigated using
untreated soil and NaCl-added soil in a mesocosm setup,
by comparing plant growth parameters after 46 days, spe-
cifically during the third stage of leaf development (Fig. 1).
Following NaCl addition, the soil attained a final salinity
level of 12.63 dS m™ !, which is classified as highly saline
(FAO. 2021).

Compared with those in untreated soil, only 48.1% of
the seeds in NaCl-supplemented soil presented an average
seven-day delay (96.3% germination rate), (Supplementary
Material SI-3), whereas the remaining 51.9% of the seeds
did not germinate. After 46 days of growth, exposure to salt
significantly reduced plant height by 79.63% (Fig. 1a), and
dry weight by 73.63% (Fig. 1b). Compared with that in the
untreated substrate, the length of the roots in the hypogeal
portion of the plant decreased significantly, by 69.20%, in
NaCl-supplemented soil (Fig. 1c). The root weight also
decreased, albeit not significantly, with a mean reduction of
37.41% (Fig. 1d). Additionally, a notable decrease in the leaf
pigment content was observed: the content of chlorophyll
a, chlorophyll b, and carotenoids decreased by 79.13%,
66.89%, and 85.07%, respectively (Fig. le, fand g).

Cucurbita pepo is a horticultural crop of relevant eco-
nomic interest and is sensitive to soil salinity; in fact, the
presence of salt during germination and during the early
stages of growth are crucial aspects affecting plant devel-
opment and final yield (Culha and Cakirlar 2011; Irik and
Bikmaz 2024). Our results confirmed that, compared with
untreated soil conditions, zucchini seed germination and
plant development are affected by salt addition. It can be
hypothesized that the significant reduction in root length led
to a decrease in nutrient and water uptake, limiting the aerial
development of the plant.

Effects of salt on the fungal and bacterial
communities of the rhizosphere

The fungal and bacterial microbiomes of the rhizosphere
are crucial for nutrient absorption and resistance to abiotic
stresses, such as salinity or drought. Specifically, fungal
communities are involved in the formation of mycorrhizae,
which are essential for proper root function and plant devel-
opment (Kottke 2002).

In this study, the fungal communities of the rhizosphere
from the control samples were dominated by the genera
Preussia (30%) and Candida (25.6%) in the NaCl-added

samples and by the genera Candida (36.3%) and Thelephora
(18.9%) in the untreated soil (Supplementary Material SI-4).
The relative abundance of the genus Preussia significantly
increased in NaCl-added soil (30% vs. 8.5%, p=0.005),
whereas the genus Thelephora was negatively affected by
NaCl addition, decreasing from 18.9% (untreated soil) to
1.3% (p=0.05). These two genera are common inhabitants
of the endophytic root mycobiota and are both considered
able to tolerate saline stress conditions (Mapperson et al.
2014; Thiem et al. 2018, 2023). The members of the genus
Preussia are predominantly isolated from soil, plant material
and, occasionally, as endophytes and commonly adapted to
arid soils (Wei et al. 2021). The genus Thelephora is popu-
lated by moderately halotolerant endophytes that can form
ectomycorrhizae (Thiem et al. 2023). While the results to
Preussia are in line with expectations, the reduction in the
relative abundance of Thelephora could be explained by the
fact that the salt concentration in this study was higher than
that in the papers reporting the halotolerance of this genus.

The bacterial communities of the control samples were
dominated by the genera Bacillus and Rhodobacter (Sup-
plementary Material SI-4) which did not significantly dif-
fer between the two conditions. Four bacterial genera,
Mesorhizobium, Luteimonas, Lysobacter and Devosia,
were negatively affected by soil salinity, and decreased in
the NaCl-treated samples from 2.3 to 3.8% to 1.5-2.5%
(Supplementary Material SI-4). The plant growth-promot-
ing traits of Mesorhizobium, Luteimonas, Lysobacter, and
Devosia have been extensively investigated, but the detailed
mechanisms of action are not fully understood (Peng et al.
2021). Previous studies have indicated that Luteimonas is
a member of the rhizosphere microbiome and serves as a
microorganism that promotes plant growth (Gu et al. 2020).
Furthermore, it is negatively influenced by increases in soil
electrical conductivity (EC), which also affect the over-
all bacterial community (Zhang et al. 2024). Conversely,
Mesorhizobium, Lysobacter, and Devosia respond favour-
ably to increased soil salinity in the rhizosphere (Monjezi
et al. 2023; Peng et al. 2021; Sehrawat et al. 2020; Wang
et al. 2022). However, in this specific experimental con-
text, a slight decrease in relative abundance was observed.
Once again, this could be explained by the harsh conditions
employed in this study, as well as by the different species
and strains dwelling in the soils of the various analyses.
This observation suggests the presence of some variability
and calls for a more detailed analysis of the salt resistance
phenotypes of isolates from different soils. The Alpha and
Beta diversity indices (Shannon diversity and Bray-Curtis
distance) used to investigate the community composition
did not differ among the untreated and NaCl-added soil rhi-
zosphere samples (Supplementary Material SI-4), both for
the fungal and bacterial communities.
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Impact of yeast inoculum on plants and the
rhizosphere in untreated soil

Salt impacted negatively on the growth of zucchini, affect-
ing plant development, root extension and the pigment con-
tent of leaves.

Three yeast strains belonging to our collection have
already demonstrated their potential as PGPYs acting as
phosphate solubilizers and indol-acetic acid (IAA) produc-
ers (Ruspi et al. 2024). These strains: Naganishia uzbeki-
stanensis CMC 1643 (referred to as Nu), Papiliotrema
terrestris CMC 1688 (referred to as Pt) and Solicoccozyma
phenolica CMC 1669 (referred to as Sp), were tested for
their ability to grow in the presence of NaCl, ranging from 0
to 1 M for a possible use in the mitigation of salt effects on
plants. Their growth velocity was subsequently calculated,
as shown in Supplementary Material SI-5.

Nu exhibited halotolerance but not halophily, display-
ing its maximum growth velocity at 0 M NaCl, with only
a 45% decrease in velocity at 1 M NaCl. Pt and Sp showed
a halophilic profile, i.e. a greater growth rate with salt than
without salt. In fact, the optimum salt concentration was 15
mM for Pt and 62 mM for Sp. Both species were practically
unable to grow at 1| M, showing their halophily at moderate
salt concentrations but the absence of halotolerance at high
salt concentrations, confirming the presence of a complex
relationship between halotolerance and halophily in yeasts
(Corte et al. 2006). While these salt concentrations are far
from those of extremophiles, they fall well within the gen-
eral conditions of soils associated with the presence of salt.
In fact, in this experiment, we used a salt concentration
equivalent to 126 mM NaCl, corresponding to 12.63 dSm™!
according to the FAO guidelines (FAO and ICBA 2023).
Under this conditions, all three strains presented growth
rates ranging from 56 to 67% of their respective maximum
growth rates, suggesting that their growth in salt containing
soils is not severely impaired by sodium chloride.

Assessment of the presence of yeast inoculum in the
rhizosphere of zucchini plants

Zucchini seeds were planted in 1 L pots and inoculated with
the selected yeasts and their consortium. After 46 days of
growth the plants were eradicated, and the rhizosphere soil
was used for metabarcoding analysis to assess the persis-
tence of the inoculum. The fungal community of each thesis
was populated predominantly by the corresponding yeast
inoculum (Supplementary material SI-6). N. uzbekista-
nensis and P. terrestris were detected in the corresponding
inoculated samples as 69.5% and 62.6%, respectively, of the
total fungal community. In the corresponding samples, Sp
constituted 66.6% of the total fungal community. Among
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the Consortium-inoculated samples, 39.5% of the total
reads were identified as Pt, whereas Sp and Nu accounted
for 12.7% and 7.9%, respectively. S. phenolica could not
be detected as such because the database used (Unite) does
not include a reference sequence for this species but rather
that of Solicoccozyma fuscescens, which is the closest taxo-
nomic match.

We confirmed that the reads marked as S. fuscescens
must instead be attributed to S. phenolica by aligning the
sequences to a custom database that includes references for
all identified species including S. phenolica. Owing to this
analysis, all the reads initially identified as S. fuscescens
could be subsequently reassigned to S. phenolica. Conti et
al. (2023) demonstrated that the absence of taxa in data-
bases leads to an ill attribution of reads to the closest spe-
cies present in the database, indicating a serious problem in
environmental mycology in which not all species are repre-
sented in databases.

Inoculum impact on plant growth without salt
addition

The impact of microbial inoculation on seed germination
(Supplementary Material SI-3) and on most plant growth
parameters was not evident, as the differences between
treated and control seeds/plants were not statistically sig-
nificant (Fig. 2). Across all inoculant treatments, the average
plant height and dry weight remained relatively consistent
(Fig. 2a and b).

Yeast inoculation did not significantly affect root length
or dry weight (Fig. 2¢ and d). The chlorophyll a and carot-
enoid contents were significantly reduced by S. phenolica
which caused a reduction of 31.8% in chlorophyll a and
36.6% in carotenoids, whereas the microbial consortium led
to a more substantial decrease of 56.2% in chlorophyll a and
53.0% in carotenoids (Fig. 2e and g). Taken together, these
data indicate that inoculation is innocuous for plants, with
some problems only for the consortium.

Inoculum impact on the rhizosphere fungal and
bacterial microbiomes

Reduced Dimensionality Analysis (RDA) of the bacteri-
ome revealed separation of the control and the consortium
samples along the first dimension, which explained 53.9%
of the total variance. All other samples of single species
used to inoculate the seeds were not clearly separated in
either component (Supplementary material SI-7). The rela-
tive lack of differences observed mirrors the low level of
variation detected in the plant parameters. Considering the
response vs. explanatory variables, Paludisphaera borealis
plays a pivotal role in driving spatial separation between
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the consortium and control bacterial communities, whereas
Bacillus species are negatively correlated with the presence
of yeasts. In fact, the relative abundance of the top-three
species of Bacillus decreased from 10.2 to 2% with Nu, to
1.1% with Pt, to 1.8% with Sp and finally to 0.9% in the
consortium samples.

The RDA revealed more pronounced spatial separation
within the fungal communities of the inoculated and control
theses (Supplementary material SI-7), with the exception of
Nu, which closely resembled the control. This phenomenon
is in line with the lack of differentiation in plant parameters
between Nu and the control, as highlighted in the preceding
paragraph (Fig. 2).

Yeast mitigation effects on NaCl-induced stress

Persistence of yeast inoculum on the zucchini rhizosphere
under saline soil conditions

As already observed in the untreated rhizosphere samples,
the fungal community of each thesis was populated pre-
dominantly by the corresponding yeast inoculum (Fig. 3).
N. uzbekistanensis, P. terrestris and S. phenolica, were
detected in the corresponding inoculated samples as 73.4%,
77.6%, and 80.5% respectively, of the total fungal com-
munity. When these results were compared with those in

Fig. 3 Persistence of yeast inoculum
on zucchini rhizosphere, in saline soil 1.00
conditions. Relative abundance of yeast
inocula, for each treatment under saline
soil conditions and in the untreated
control. The numbers indicate the

yeast inoculum abundance in the total
mycobiome
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untreated samples, the relative abundances of all inoculated
yeasts increased by 15% (Pt), 13.9% (Sp) and 3.9% (Nu).
These figures can be explained by the halophilic nature of
Pt and Sp, as already evidenced in the Supplementary Mate-
rial SI6. Moreover, these two species dominated the rhizo-
sphere fungal community of the salt-added soil more than
they did in the untreated samples. This can be explained by
two different but not alternative mechanisms: salt increases
the growth of Pt and Sp or decreases that of the resident
mycobiota. Conversely, Nu, a halotolerant but not halo-
philic strain, did not increase its dominance over the rest
of the fungal community, in comparison to the untreated
samples. Among the consortium-inoculated samples, 52.6%
of the total reads were identified as Pt, whereas Sp and Nu
accounted for 11.8% and 6.9%, respectively. Taken together,
these data suggest that in the presence of salt at the studied
concentrations, halophily plays a more important role than
halotolerance in the competitive success of the inoculated
strain.

Mitigation effect of yeast inoculation on NaCl-stressed
plants

This study aimed to investigate the potential of microbial
inoculation to mitigate the adverse effects of NaCl on plant
growth as previously reported. To quantify and visualize
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the mitigating effects of inoculated yeasts on plant growth
parameters, we introduced the Mitigation Index (MI) rang-
ing from negative to positive values. Specifically, (i) M1 val-
ues less than 0 indicate an exacerbation of the salt effect; (ii)
0 indicates a lack of effect, i.c., the plant suffers the stress
as the treated control; (iii) values between 0 and 1 indicate
a mitigation effect with growth parameters ranging from the
treated and the untreated control; (iv) finally, values greater
than 1 indicate a synergistic effect of the microorganisms
with the salt, resulting in better growth than that observed
in the untreated control. The data in Fig. 4 are presented as
boxplots between a dotted red line (average of the NaCl-
added control) and a dotted green line (average of the
untreated control).

The positive impact of inoculants in saline soil condi-
tions was evident through increased seed germination rates.
The inoculated pots consistently outperformed the uninocu-
lated pots, with germination rates increasing from 48.1% in
the control to 96.3% under N. uzbekistanensis inoculation,
which was the most effective treatment (Supplementary
Material SI-3). Under NaCl soil conditions, the plant growth
parameters in the inoculated pots were greater than those in
the NaCl-uninoculated pots and are therefore between the
dotted red and green lines; only the consortium exacerbated
the salt effect on root length (MI -0.09). The consortium and
Papiliotrema terrestris (Pt) had small mitigating effects,
whereas Solicoccozyma phenolica (Sp) was generally able
to mitigate the salt effect. N. uzbekistanensis (Nu) signifi-
cantly improved all the growth parameters over those of the
NaCl control, and in four cases, it even had a synergistic
effect: the root length improved by 17% (MI 1.25), the root
dry weight increased by 180% (MI=5.81), and the chlo-
rophyll b content increased, with an MI of 1.31. The fact
that two out of three parameters are related to roots suggests
a direct effect of the inoculation on this part of the plant.
Interestingly, the dry weight increased much more than the
length did, indicating a possible thickening of the roots, or
their ramification, induced by this yeast. However, a more
detailed analysis of the changes in root morphology could
not be carried out under these experimental conditions, and
further studies focusing on this topic are needed. In general,
an improvement in the radical apparatus has been positively
correlated with the resistance to NaCl (Liu et al. 2020).

N. uzbekistanensis was the species with the greatest abil-
ity to mitigate salt effects under the experimental conditions
studied, which is also in line with recent literature were
another Naganishia species isolated from extremophilic
environments showed PGP traits in saline stress conditions
(Raklami et al. 2024). Its halotolerant and non-halophilic
behaviour was likely a key factor in this success. In fact,
the two halophilic species showed fewer mitigation effects
and practically no synergy, probably because their more
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abundant growth required more organic matter from the soil,
inducing competition with plants that somewhat reduced the
mitigation effect in comparison to Nu. Once confirmed by
other studies, halotolerant and non-halophilic behaviour
could be considered positive criteria to identify further
microorganisms able to mitigate salt stress in plants. On the
other hand, investigating how the joint presence of salt and
Nu induced a strong and significant effect is interesting.

Impact of bacterial and fungal communities on plant
parameters

In the context of long-term environmental sustainability, it
is crucial that microbial inoculations designed to promote
plant growth do not disrupt the existing microbiota and
mycobiota in soils. To address this concern, we conducted
metabarcoding analysis on the bacterial and fungal commu-
nities present in the rhizosphere soil under various tested
conditions The presence of the inoculum significantly influ-
enced the fungal community in each inoculated sample. This
effect was evident through a distinct separation observed in
the PCoA spatial ordination based on the Bray-Curtis index
(as shown in Fig. 5a). Since inocula were predominant over
the fungi present in the rhizosphere (Fig. 3), the fungal
community was necessarily shaped primarily by the added
yeasts. This explains why different inoculations resulted
in different mycobiota under the different treatments. On
the other hand, the yeast inoculum had some effect on the
bacterial community composition, since uninoculated and
inoculated samples were clearly separated by PCoA but no
specific effect of the different inocula could be observed
(Fig. 5b).

To better understand the alterations in the prokaryotic
taxonomic composition induced by the inocula, the bacte-
rial genera whose relative abundances significantly dif-
fered from those of the control were analysed (Fig. Sc-f).
A positive effect was observed on Mesorhizobium, leading
to an increase of 2.1-3.7% (Fig. 5c), whereas other bacte-
rial genera presented a small increase in the rhizosphere
microbiome; however, these effects were not consistent
across all inocula and were not inoculum specific. All inoc-
ulations had a negative impact on the relative abundance
of Bacillus members resulting in a decrease ranging from
17.8 to 26.4% of the total abundance. When the species
of this genus were studied specifically, the inoculations in
the absence of salt decreased the relative abundance from
10.2% of the control to approximately 1.3% (average of the
four inoculations), whereas in the presence of salt, values
decreased from 29.6% of the control to 6.9% of the mean
value of all four inocula. The apparent increase in Bacil-
lus abundance in the salt-added group compared with that
in the non-treated control group (29.6% vs. 10.2%) does
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Fig. 4 Impact of microbial inocula on plant growth parameters under
salt conditions. The plant growth parameters (n=9) were evaluated
after 46 days of growth under salt stress. The study examined both
aerial (height (a) and dry weight (b)) and root (height (¢) and dry
weight(d)) portions as well as pigment contents (chlorophyll a (e),
chlorophyll b (f) and carotenoids (g)). The green line represents the
mean value of uninoculated and untreated samples (Ctrl_Untreated),
whereas the red line corresponds to uninoculated pots supplemented

not necessarily indicate that there is a greater absolute cell
density of this genus in the presence of salt but rather that
salinity negatively affected the other bacterial species rather
than Bacillus. On the other hand, the addition of inoculants
negatively affected these bacteria in both cases, suggesting
some sort of competition between them and yeasts. The fact
that Bacillus is considered an r-strategist (or zymogenous
organism), similar to most yeasts, further reinforces the

with NaCl (Ctrl_NaCl). Statistical significance was determined by
comparing the salt effect in uninoculated pots to the salt effect in inoc-
ulated pots. The Mitigation Index (MI), which quantifies the microbial
effect in minimizing salt-induced plant damage, is reported over each
boxplot. Statistical significance was assessed via the Kruskal-Wallis
and post-hoc Dunn test (p < 0.05). Samples with the same letters were
not significantly different

possibility of competition between taxa with similar eco-
logical and physiological habits (Kunito et al. 2001).

Meta-metabolomic analysis of rhizosphere soil under saline
conditions

The state of the rhizosphere was studied at the end of the
46-day experiment without considering intermediate stages,
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Fig. 5 Impact of microbial inoculation on bacterial community varia-
tion and composition, in the rhizosphere of salt-added soil. Principal
Coordinates Analysis (PCoA) reveals the spatial distribution of inocu-
lated samples on yhe basis of both fungal (a) and bacterial (b) commu-
nity compositions. Each point represents a sample, and the axes cap-

as our aim was not to study the entire plant growth cycle
but to picture the rhizosphere microbiota at the early stage
of growth. Sandy soils typically contain a limited number
of microorganisms, as their presence is not buffered by
abundant organic matter, resulting in inherently unstable
microbiota. The plant rhizosphere acts as an oasis, fostering
edaphic communities that continuously evolve, along with
their metabolome, throughout plant growth.

FT-IR spectroscopy revealed that the carbohydrate peak
of the rhizosphere soil of the NaCl-added samples (approxi-
mately 1200-900 cm™ ') was the prominent peak of the spec-
trum rather than the amide I peak, as in the case of microbial
cells (Corte et al. 2010, 2014) (Supplementary Material
SI-8). Given the complexity of these spectra, all analy-
ses described below were restricted to the wavenumbers
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ture the major sources of variation. PCol explains 34.7% and 19.8%
of the variance (a, b), whereas PCo2 accounts for 27.8% and 19.3%
of the variance (a, b). Panels c-f highlight the relative abundance of
bacterial genera significantly different from that of the control (unin-
oculated pot), in each inoculated rhizosphere soil sample

corresponding to the bases of the peaks selected as described
in the Material and Methods section. The complex of the
spectrum spanning through these selected wavenumbers is
referred to as the “Selected Spectrum” (SSpec).

Since the purpose of this study was to compare the effects
of each inoculant with the control, a series of pairwise com-
parisons were performed to define which spectral peaks
were significantly different to assess the differential impacts
of the treatments on the various peaks observed (Supple-
mentary Material SI-8). Specifically, the peaks from p4 to p9
presented greater numbers of significantly different wave-
numbers in the comparisons of all inoculants vs. the control.
Peak pl10 presented few significantly different wavenum-
bers. Peaks pl-3 and pll were not significantly different
in terms of wavenumbers between the consortium and Sp
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vs. the control, but there were strong differences in both Nu
and Pt vs. the control. (Supplementary Material SI-8). In
general, the differences between the control and both Nu
and Pt treatments were greater than those between the other
two treatments (Supplementary Material SI-8). This find-
ing was corroborated by the PCA carried out on the SSpec
regions (Fig. 6a). Pt and Nu replicates were distributed quite
distantly from the control and were separated mainly along
the first component (PC1), which accounted for 30.5% of
the total variability (Fig. 6a). The consortium and Sp were
poorly separated along PC1 from the control but showed
some discrimination along the second dimension (PC2)
which accounted for 14.6% of the total variability.

This evidence further confirmed that, in comparison with
the control, Pt and Nu significantly changed the metabolome
in the rhizosphere, which is in agreement with the plant per-
formances described above. The differences observed for
Nu and Pt were mostly influenced by two sets of wavenum-
bers, observable as loadings in the PCA plot (Fig. 6a). The
first set, located to the rightmost part of the PCA refers to
the spectral section around peak p6 (nitrate region), whereas
the second set of wavenumbers, to the left, refers to the car-
bohydrate region around peak p7 (hemicellulose and poly-
saccharide region).

A more detailed analysis of the peaks covering SSpec
showed two different patterns, as reported in Fig. 6b-e.
Peaks p6 (Fig. 6b) and p5 (carbonates, Fig. 6¢) presented
lower intensities of Nu and Pt than did the control. Con-
versely, peaks p8 (silicates, Fig. 6d) and p7 (Fig. 6e) dis-
played control intensities significantly lower than those of
Nu and Pt. In all four cases the intensities of the consortium
and Sp were not different from those of the control, which
further reinforces of the scarce effects exerted by these two
inocula on the plant and rhizosphere metabolome.

Low intensity of p6 and p5 spectral regions in Nu and
Pt, corresponding to the signals of nitrate and carbonates,
respectively (Fig. 6b, c), were observed at the end of the
experiment, i.e., during the latest plant growth stage (Linker
et al. 2005; Parnpuu et al. 2022). This evidence could be
attributed to increased plant uptake stimulated by the
inoculants, which would explain the overall improvement
in growth parameters under saline soil conditions (Fig. 4)
due to the presence of Nu and Pt in the rhizosphere soil
(Senbayram et al. 2020). However, further information is
needed to quantify the plant N content and assess its ability
to assimilate this nutrient.

The signal at 1403-1426 cm! (p5), attributed to the
vibration of carbonate bonds, decreases in Nu and Pt com-
pared with the control (Parnpuu et al. 2022; Peltre et al.
2017). Carbonate is the most abundant form of inorganic
carbon in soil and can be derived from Microbially-Induced
Carbonate Precipitation (MICP) by using soil CO, as a

precursor for carbonate synthesis (Robles-Fernandez et al.
2022). This reduction in carbonate due to the presence of Nu
and Pt more than Sp and the consortium is likely due to an
imbalance of the microbiota responsible for MICP, but the
mechanism is not clear in light of the current knowledge,
and further experiments are necessary to elucidate this phe-
nomenon (Miltner et al. 2004).

Both Nu and Pt exhibited notable increases in relative the
absorbances of peaks p8 (Si-O silicates) and p7 (C-O hemi-
cellulose) (Fig. 6d, ) (Meng et al. 2019; Xu et al. 2020).
Hemicellulose is an important polysaccharide component in
vegetable tissues, and its presence in soil is influenced by
the lytic activity of the microbiota (Kogel-Knabner 2002). A
previous study demonstrated that carbohydrates serve as key
inputs for microbial degradation. Additionally, the increased
rate of carbohydrate decomposition is associated with a
reduction in CO, production (Artz et al. 2006). The increase
in hemicellulose signals in Nu and Pt could be attributed to
the ability of these strains to hydrolyse both L-arabinose and
D-xylose, which are the main components of hemicellulose
and polysaccharides (Kurtzman et al. 2011). These findings
suggest that these two species may play a significant role in
soil carbon turnover by acting as potential hydrolytic agents
(Artz et al. 2006). Additionally, further research is necessary
to determine whether microbial lytic activity can be directly
linked to promoting plant growth.

Finally, peak p8 was more intense in the Pt and Nu treat-
ment than in the control and the other two treatments. The
increased intensity in this region is attributed primarily
to the depolymerization of silicate species, which creates
Si-O free broken bonds, resulting in absorption at 915 cm ™!
(Lenza and Vasconcelos 2001). Silicate compounds in the
rhizosphere are essential for plant growth and resistance to
abiotic stresses, including drought and salinity (Lenza and
Vasconcelos 2001). Additionally, silicates promote micro-
bial activity by inducing the activity of Silicate-Solubilizing
Microorganisms (SSM), which convert insoluble silicates
into forms that are usable by plants (Rangaraj et al. 2014).

Conclusions

The addition of yeasts derived from plants growing in saline
environments significantly mitigated salt-induced stress in
zucchini plants. Interestingly, the roots parameters were
more positively affected than the other parameters were,
suggesting that the mechanism of mitigation is mediated
by an increase in biomass and probably by the functional-
ity of the roots. This phenomenon may explain why inocula
in salt-added soil were able to improve epigeal parameters
close to those of the plants without salt stress and without
inoculum. The fact that root growth was enhanced by the
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Fig. 6 Impact of the yeast inoculum on the rhizosphere metabolome.
Principal Component Analysis (PCA) is performed by combining the
second derivative wavenumbers of the spectral regions (p1-11) of each
thesis (a). PCA revealed the spatial distributions of inoculated samples
(Nu, Pt, Sp and Cons) and the control. Panels b-e show the PCA of
the most significant regions where the PC1 axis is greater than 50%
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and explains the main sample variation and spatial distribution. Panel
b) corresponds to the region of nitrates (p6); panel ¢) corresponds to
carbonates (p5); panel d) corresponds to silicates (p8) and panel e) cor-
responds to hemicellulose and polysaccharides (p7) (Supplementary
Material SI-2)
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combination of salt and inoculum well over the values of the
control plants, suggests a hormetic effect that requires fur-
ther investigation. In fact, the possibility that the presence
of salt could induce positive effects could lead to improved
technologies to transform, as much as possible, a negative
factor into a positive factor for the agricultural management
of saline soils, improving not only productivity but also
long-term sustainability owing to the positive effects noted
in the rhizosphere soil and microbiota.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00374-0
24-01885-y.
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