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Abstract

Sustainable indoor growing management requires biological alternatives that protect
against pathogens, preserve fruit quality and minimise chemical inputs in strawberries. We
compared the impacts of a four-strain Bacillus consortium (BacMix) and chemical fungicides
on two cultivars (cv. Elsanta and cv. Sonsation) by evaluating the metabolite outcomes—the
free amino acids (FAAs) in the leaves and the sugars in the fruits. Furthermore, the de-
scriptive shotgun metagenomics provides a functional context for these biochemical traits.
The BacMix increased the total FAAs in the leaves and stabilised the fruit sugar profiles,
maintaining moderate-high sucrose with controlled glucose and fructose. The chemically
treated plants showed significant reductions in both FAAs and sugars. The metagenomic
data showed BacMix-related shifts in the microbial functional potential in the leaves, but
the biological agent did not affect diversity. An increased representation of genes involved
in amino acid biosynthesis (aminoacyl tRNA pathway) and secondary metabolite biosyn-
thesis was observed, along with changes in the relative CAZy signals. The direction of these
metagenomic trends aligned with the metabolite outcomes, suggesting that BacMix influ-
ences the endophytic microbiome in a way that supports nitrogen-related metabolism and
carbohydrate stability during the vegetation period. The cultivar-independent metabolic
improvements emphasise the benefits of BacMix and highlight microbiome-based interven-
tions as promising tools for sustainable, chemical-reduced strawberry production.

Keywords: amino acids; CAZy; KEGG pathways; shotgun metagenomics; sugars content

1. Introduction

The strawberry (Fragaria x ananassa) is a high-value horticultural crop whose yield
and fruit quality are strongly constrained by agrotechnology; plant physiology; metabolic
regulation; and microbial interaction among the metagenomes of the plant, rhizosphere,
and soil. Disease management in strawberry production relies on repeated fungicide
applications, but concerns over fungicide resistance, environmental impacts, and consumer
preferences continue to drive the development of sustainable biological alternatives [1-3].

Among the bacterial biocontrol agents (BCAs), Bacillus spp. have attracted extensive
interest due to their ability to form endospores, colonise plant tissues as endophytes,
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and synthesise a wide spectrum of antimicrobial and plant-modulating secondary
metabolites [4-9]. Beyond single-strain inoculants, recent analyses have emphasised that
multi-strain Bacillus consortia frequently outperform individual strains by providing com-
plementary enzymatic activities, broader antagonistic spectra, and greater stability under
variable environmental conditions [10-13]. Multi-strain BCAs can therefore achieve more
consistent disease suppression across soil types and hosts [6,9,14-16], and large-scale
agronomic experience highlights their potential as multifunctional bioinputs supporting
regenerative agriculture [15,17,18]. A systematic review confirms that products containing
multiple Bacillus strains are more effective and often outperform single strains, promoting
plant growth and reducing disease incidence across diverse crops [10,19].

Increasingly, it is recognised that microbial inoculants do more than directly suppress
pathogens. They can reshape plant-microbiome interactions through resource competition,
metabolite exchange, and immune modulation, thereby influencing the host physiology
and metabolic outcomes [18,20]. This perspective aligns with emerging work positioning
plant metabolites as key determinants of microbiome assembly. Recent reviews describe
roots and other plant organs that recruit, shape, and stabilise beneficial microbial commu-
nities through secreted metabolites and nutrient composition [21]. Moreover, integrated
microbiome-metabolome analyses demonstrate that specialised plant metabolites can cor-
relate with, and even drive, distinct microbial community configurations in roots and
rhizosphere soils [22]. Together, these findings show the need to investigate microbial
functional traits with plant metabolic phenotypes when evaluating biocontrol systems.

In strawberries, some metabolic traits (particularly the FAAs in the leaves and the
fruit sugar composition) are indicators and critical for growth, stress responses, and flavour
quality [13,23-29]. Recent genetic studies have highlighted the sensitivity of strawberry
fruit quality to metabolic regulation, further reinforcing the importance of understanding
how beneficial microbes interact with plant metabolism [10,13,30].

The microbial communities associated with leaves also contribute to carbon turnover
through carbohydrate-active enzymes (CAZymes), which affect cell wall dynamics, sugar
conjugation, and carbohydrate availability [31-35]. CAZy-encoded enzymes are central to
fruit softening and may indirectly affect pathogen susceptibility and postharvest quality.
Most strawberry studies about microbiome changes, amino acid metabolism, or sugar
profiles have been conducted in isolation, leaving the relationship between the microbial
functional potential and plant metabolic outcomes unclear [36-39]. The multi-omics evi-
dence has increasingly shown that metabolite and microbiome interactions underlie major
agronomic traits, from nutrient uptake to product quality [21,22].

Shotgun metagenomics offers the ability to explore microbial functional traits at a
high resolution, but treatment-level analyses of plant tissues often involve pooled samples,
especially when the goal is to obtain a representative functional profile rather than to
assess the statistical variation among biological replicates. Samples pooling remains suit-
able for exploratory, hypothesis-generating functional profiling, provided that replicated
biochemical or physiological measurements form the main inferential basis [40].

The aim of this study is to evaluate the watering effect of a four-strain Bacillus con-
sortium (BacMix) on commercial strawberry varieties’ (cvs. Elsanta and Sonsation) plant
metabolic outcomes—the free amino acid accumulation in the leaves and the sugar com-
position in the fruits—and analyse the changes in the descriptive shotgun metagenomic
profiling of leaf samples. In this paper, we provide the metabolite results, linking them
to the functional signatures in the plant microbiota in the BCA treatments. Our findings
contribute to an emerging framework in which watering with a multi-strain Bacillus consor-
tium, the plant metabolic responses, and the functional potential of plant endophytes are
considered interrelated components promoting sustainable strawberry production.
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2. Materials and Methods
2.1. Plant Material and Experimental Design

The study was conducted under greenhouse conditions, and plant material was
collected for analysis in 2024 at LAMMC IH (Lithuanian Research Centre for Agriculture
and Forestry Institute of Horticulture). The research and data analysis were carried out in
2025. Two strawberry (Fragaria x ananassa Duch.) cultivars, Elsanta and Sonsation (frigo
plants), were cultivated in 2024 under controlled greenhouse conditions, following the
general approach [3].

Cv. Elsanta is a widely cultivated Dutch strawberry. It is characterised by firm, glossy,
bright-red conical berries, excellent shelf life, high transportability, and consistently high
yields. Its plants produce medium-sized, moderately vigorous bushes with few runners,
and good resistance to several leaf spot diseases, but show susceptibility to drought, low
temperatures, and powdery mildew, making controlled moisture and protected environ-
ments particularly important for optimal performance.

Cv. Sonsation (also known regionally as Sensation) is a modern Dutch cultivar released
by Flevo Berry in 2016 and bred as an alternative to Sonata. It forms tall, compact plants with
strong foliage, producing glossy, medium-red, aromatic berries, notable for their excellent
flavour, high fruit set, and superior picking ease due to the flower trusses positioned at
leaf height. Its plants show good tolerance to Phytophthora and foliar diseases, with a
strong yield potential above that of cvs. Elsanta and Sonata, and suitability for open-field,
greenhouse, hydroponic, and tunnel cultivation, including year-round production.

The experiment employed a randomised block design with three biological replicates
per treatment (3 treatments per cultivar)—the treatment groups are shown in Figure 1.

Water control Chemical treatment* BacMix via water

Fragaria x ananassa
cv. Elsanta

Fragaria x ananassa
cv. Sonsation

Figure 1. Treatment groups in experimental design. * boscalid 267 g-1.~! + pyraclostrobin 37 g-L~!
and cyprodinil 375 g-L~! + fludioxonil 250 g-L~!. Abbreviations for samples: FEC—Fragaria cv.
Elsanta control; FECh—Fragaria cv. Elsanta chemical fungicide treated; FEBac—Fragaria cv. El-
santa BacMix treated; FSC—Fragaria cv. Sonsation control; FSCh—Fragaria cv. Sonsation chemical
fungicide treated; FSBac—Fragaria cv. Sonsation BacMix treated.

BacMix was applied to the root zone by watering three times during the growing
season, at equal 10-day intervals (200 mL per pot).

The chemical treatments were applied every 10 days, a total of four times (two times
with boscalid 267 gL' + pyraclostrobin 37 g:-L~! and two times with cyprodinil
375 g-L~1 + fludioxonil 250 g-L1).

The greenhouse conditions were maintained as per standard practice [3].
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Samples, according to Biologische Bundesanstalt, Bundessortenamt and Chemical
industry scale (BBCH), from all the treatments (FEC, FECh, FEBac, FSC, FSCh, and ESBac)
were used for the free amino acids and sugar profiling analyses (Sections 2.3 and 2.4). Sam-
ples from the FEC, FEBac, FSC, and FSBac treatments were collected for the metagenome
analysis (described in Section 2.5).

2.2. Bacterial Strains and BacMix Preparation

Endophytic strains of Bacillus halotolerans (Bil-LT1_1, Bil-LT1_2) and B. velezensis (Cran-
LT1_8, Ling-NOR4_15) were isolated from tissues of wild Vaccinium spp. and characterised
for their antifungal activity and genomic features [41]. These strains, showing strong
antagonism against Botrytis cinerea and other plant phytopathogens, were combined to
create multi-strain consortium—BacMix [3,41].

Each strain was grown separately in Lysogeny Broth (LB) medium (Liofilchem, Roseto
degli Abruzzi, Italy) at 28 °C and 200 rpm for 24—48 h, until an ODgg ~ 1.0 was achieved.
The cells were then harvested by centrifugation at 5000x g for 10 min, washed, and re-
suspended in sterile distilled water. Equal volumes of each strain suspension (Bil-LT1_1,
Bil-LT1_2, Cran-LT1_8, and Ling-NOR4_15) were pooled to obtain BacMix at a final concen-
tration of 3.3 x 10® CFU-mL~!. Bacillus-based biocontrol agents typically require bacterial
densities in the range of 106~108 CFU-mL~! [19]. Thus 3.3 x 10° CFU-mL"! is a concen-
tration that is biologically effective for disease suppression and safe for repeated watering
applications in strawberries.

2.3. Free Amino Acid Analysis in Strawberry Leaves

Composite leaf samples (5 leaves from a plant in 3 replicates) were collected at the
full flowering stage BBCH 65 (full flowering, when the secondary (B) and tertiary (C)
flowers are open, and the first petals are beginning to fall). The samples from each plant
were homogenised, and 1 g of homogenised material was used for each replicate. The
free amino acids (FAAs) were quantified using gas chromatography with flame ionisation
detection (GC-FID) on an Agilent 6890N system (Agilent Technologies, Santa Clara, CA,
USA). The sample preparation involved ion-exchange solid-phase extraction followed by
chloroformate derivatisation using EZ: faast reagents (Phenomenex, Torrance, CA, USA),
according to the manufacturer’s instructions.

The free amino acids (FAAs) were assigned according to the [IUPAC-IUBMB (Joint
Commission on Biochemical Nomenclature)-recommended three-letter nomenclature sys-
tem, which is universally used in biochemical and plant metabolomics studies. The targeted
amino acids included Asp, Ala, Gly, Val, Leu, Ile, Thr, Ser, Pro, Asn, Met, Glu, Phe, Lys,
His, Arg, Tyr, Trp, and Cys. DL-Norvaline (NVAL) served as the internal standard. Calibra-
tion was performed using certified amino acid standards. The methodological details are
described by V. Starkute and colleagues [42].

2.4. Sugar Profiling in Strawberry Fruits

Ripe fruit samples (5 fruits from one plant in 3 replicates) were collected during the
main harvest stage BBCH 87 (most fruits had developed their cultivar-specific colour, and
a larger proportion were ready for picking) from multiple positions within each plot, with
five independent replicates per treatment. For the analysis, 3.0 g of homogenised fruit
tissue from the plant for each replicate was diluted with ~70 mL of distilled/deionised
water and incubated at 60 °C for 15 min. Clarification was performed by adding 2.5 mL
Carrez I (85 mM Ky[Fe(CN)¢]-3H,0) and 2.5 mL Carrez II (250 mM ZnSOy4-7H,0), then
adjusting the volume to 100 mL with distilled /deionised water. After 15 min, the samples
were filtered through filter paper and a 0.22 pm nylon syringe filter.
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The sugars were quantified by Ultra-Performance Liquid Chromatography (UPLC) on
a Shimadzu LC-20AD system (Shimadzu Corp., Kyoto, Japan) equipped with an ELSD-LTII
detector. Separation was achieved on a YMC-Pack Polyamine II column (250 x 4.6 mm,
5 pm; YMC Co., Ltd., Kyoto, Japan) at 28 °C using acetonitrile:water (75:25, v/v) as the
mobile phase at 1.2 mL-min~!, with an injection volume of 20 uL. The limit of quantification
(LOQ) for the individual sugars was 0.01 g per 100 g fresh weight. A 2 mg-mL~! mixed
sugar standard (Sigma-Aldrich, Schnelldorf, Germany) was used for calibration.

The individual sugar concentrations obtained by the HPLC analysis were used for
the calculation of the sweetness index (SI), considering that fructose is 2.30 times sweeter
than glucose and sucrose is 1.35 times sweeter than glucose: SI = (1.00 (glucose)) + (2.30
(fructose)) + (1.35 (sucrose)) [43].

2.5. DNA Extraction and Shotgun Metagenome Sequencing

For the DNA extraction, pooled composite leaf samples were prepared for the treat-
ments (FEC, FEBac, FSC and FSBac) by combining the leaves collected from three individual
plants at stage BBCH 65 (same time as for the FAA analysis). From each plant, five fully
developed leaves were taken. To target the endophytic microbiota, surface sterilisation was
performed before DNA extraction, which involved treating the samples with 70% ethanol
for 30 s, followed by 1-2% NaOClI solution for 2 min, and then rinsing three times with
sterile water and draining. The samples were immediately frozen in liquid nitrogen and
thoroughly homogenised by grinding. From this homogenised mixture, a subsample of
0.2 g was used for DNA extraction.

The total DNA was extracted using a DNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol. The quantity and purity of the DNA
were assessed using NanoDrop spectrophotometry and Qubit fluorometry with a 1xdsDNA
HS Assay Kit (Invitrogen, OR, USA).

The library construction, quality control, and sequencing were performed by Novo-
gene Co., Ltd. (Cambridge, UK) using their standard metagenomic workflow. Because each
treatment was represented by one pooled leaf sample (no biological replication at the DNA
sequencing stage), the metagenomic dataset reflects a treatment-level composite profile
rather than plant-to-plant variability. Briefly, 1 pug of high-quality DNA per sample was
used as the input for library construction. Indexed paired-end libraries (~350 bp inserts)
were prepared following Illumina TruSeq DNA protocols and sequenced on an Illumina
NovaSeq 6000 platform (150 bp PE reads; target 6-10 Gb per sample).

Descriptions of Biosamples and Sequence Read Archives (SRAs) are available for free
access in the NCBI database—BioProject PRINA1416671.

2.6. Bioinformatics and Statistical Analyses

The pre-processing involved quality filtering and removal of host reads using the
strawberry reference genome through Bowtie2 v2.2.4. Alignment of unigenes with the
Micro_NR database, which contains sequences from bacteria, fungi, archaea, and viruses
extracted from the NR database of NCBI, was performed using DIAMOND software
version 2.1.6 (https:/ /github.com/bbuchfink/diamond/ accessed on 6 January 2025). The
alignment utilised the blastp algorithm with a parameter setting of 1 x 10~°.

The bioinformatic processing followed the original workflow, described as fol-
lows: quality filtering, host read removal using the strawberry reference genome and
Bowtie2 v2.2.4, taxonomic classification using Kraken2 followed by Bracken for abun-
dance adjustment, and functional annotation using DIAMOND v2.1.6 against the KEGG
(http:/ /www.kegg jp/kegg/ accessed on 6 January 2025) and CAZy (http:/ /www.cazy.org
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accessed on 6 January 2025) databases. All the metagenomic outputs are presented as
treatment-level descriptive indicators only, with no p value-based comparisons.

The data visualisation for the Spearman correlation, boxplots, heatmaps, Bray—Curtis
clustering trees, alpha diversity (Shannon and Simpson indices), and taxonomic ordina-
tion/clustering analyses was performed using the R package version 2.15.3. The radar
plots were created using the ggplot2 package, with the mean values displayed as polygons
and the standard deviations shaded.

For the univariate comparisons, an ANOVA followed by Tukey’s HSD post hoc test
was applied, with a significance level set at p < 0.05. The results are presented as the
mean =+ standard error (SE).

Importantly, due to the pooled sampling design, all the metagenomic analyses (tax-
onomic, functional, and CAZy profiling) were performed and interpreted descriptively,
without statistical inference between the treatments. This approach was chosen to obtain
a representative functional and taxonomic signature for each treatment while avoiding
overinterpretation of unreplicated sequencing data. Thus, the shotgun metagenomic results
were used solely to provide contextual mechanistic insights supporting the replicated
metabolite findings.

3. Results

3.1. Plant Protection Measurement of Induced Responses in Metaboloc Traits
3.1.1. Free Amino Acid Synthesis in Leaves

To assess the impact of BacMix treatment on the metabolic composition of strawberry
leaves, we quantified total the FAAs and analysed the individual amino acid distribu-
tions across both cultivars (Figure 2). Panel A in Figure 2 reveals marked differences in
the total FAA content among the treatments. BacMix watering led to higher accumula-
tions of total FAAs in both strawberry cultivars—FEBac (3329.88 mg 100 g ') and FSBac
(2848.01 mg 100 g~ !)—suggesting that BacMix enhanced the microbial function potential.
The plants protected with chemical fungicide yielded the significantly lowest values (cv.
Elsanta and cv. Sonsation, 2086.13 and 2169.93 mg 100 g~ !, respectively). The control
plants demonstrated intermediate FAA accumulation in both cultivars, but statistically
significant differences were not found in cv. Sonsation. The ranking of treatments was
consistent across both cultivars, indicating that the observed metabolic effects of BacMix are
reproducible, do not harm the plants in terms of FAA synthesis, and even have a positive
effect on some individual molecules.

Radar panels B and C in Figures 2, S1 and S2 offer a detailed examination of the
amino acid profiles for cvs. Elsanta and Sonsation, respectively. In both cultivars, Glu
and Asp were the most abundant FAAs (from 402.30 to 248.38 mg 100 g~ ! and 373.58 to
232.59 mg 100 g~ !, respectively). Met, Cys, and His accumulated in the lowest quantity in
the strawberry leaves. The BacMix-treated plants had significantly enhanced biosynthesis
of Val and Pro and suppressed Cys in leaves of cv. Sonsation. Influence of BacMix on
remodelling of FAA composition in cv. Elsanta was broader; Glu, Ser, Gly, Thr, Arg, Ala, Ty,
and Pro accumulated in greater abundance in comparison to the control plants. Conversely,
the chemical fungicides suppressed the synthesis of nearly all amino acids in both cultivars,
suggesting a negative impact on primary metabolism in plants. The overall shape and
distribution of the radar plots remained comparable between the cultivars, reinforcing
the finding that the plants have a specific preference for the strawberry composition of
FAAs. However, plant protection measures can induce parallel metabolic shifts regardless
of genotype, and the biological protection (BacMix) in this case is clearly a better choice
than chemical fungicides.
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Figure 2. Total free amino acids (A) and their changes in leaves of cv. Elsanta (B) and cv. Sonsation (C).
Abbreviations for the samples are as follows: FEBac—Fragaria cv. Elsanta BacMix treated; FECh—
Fragaria cv. Elsanta chemical fungicide treated; FEC—Fragaria cv. Elsanta control; FSBac—Fragaria cv.
Sonsation BacMix treated; FSCh—Fragaria cv. Sonsation chemical fungicide treated; FSC—Fragaria
cv. Sonsation control. Values represent mean + SE. Different letters denote significant differences
according to ANOVA (p < 0.05).

3.1.2. Sugars Accumulation in Fruits

The accumulated sugar contents in the fresh weight, their profiles, and sweetness
indexes are shown in Figure 3. The highest total sugars accumulated in the control variants
of cv. Sonsation, at 8.10 g 100 g1, and cv. Elsanta, at 6.6 g 100 g~!. When using plant
protection products in both cases (chemical fungicides and BacMix), the quantity of sugars
in the strawberry fruits decreased. The average sugar in the fruits of the cv. Elsanta with
the FECh treatment was 5.48 g 100 g~!, and with the FEBac it was 5.98 g 100 g~!, which
is 10.7 and 2.4% less than in the controls, respectively. The average sugar in the fruits of
the cv. Sonsation decreased by 14.59% (the set amount was 6.92 g 100 g~ !) with the FECh
treatment and by 23.73% (the set amount was 6.18 g 100 g~ !) with the FEBac treatment.

Changes in the amounts of sugars (sucrose, glucose, and fructose) directly and mea-
surably affected the strawberry flavour, sweetness perception, and different intensities
(Figure 3B). The sugar content profiling of ripe fruits of both cultivars subjected to the
different treatments showed that the main sugar in the fruits was fructose (from 47.8 to
35.5g 100 g~ 1). Sucrose accumulated in low concentrations, ranging from 13.3 to 31.7 g~ 1.

Both used protection measures had a low impact on the sugar balance in the cv.
Sonsation fruits. In this cultivar, the sugar balance remained stable among the treatments, at
about 1:2:2 (sucrose/glucose/fructose), which indicates the genetic stability of metabolism
in this cultivar, and appropriately selected agroclimatic conditions. This balance of sugars
has a bright, fresh, and sweet taste. Despite the maintained sugar ratio, the SI of fruits
changed from 13.2 to 11.11 when applying chemical protection measures and to 9.99 when
using biological protection.
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Figure 3. Accumulated sugars (A), their composition (B), and sweetness index (SI) of strawberry fruits
under different treatments (FEBac—Fragaria cv. Elsanta BacMix treated; FECh—Fragaria cv. Elsanta
chemical fungicide treated; FEC—Fragaria cv. Elsanta control; FSBac—Fragaria cv. Sonsation BacMix
treated; FSCh—Fragaria cv. Sonsation chemical fungicide treated; FSC—Fragaria cv. Sonsation
control). Values represent mean =+ SE. Different letters indicate statistically significant differences
(p < 0.05). Columns represent mean values of total accumulated sugar (g/100 g FW); LSDq g5 = 0.24.
Stacked bars denote sugar composition (%); differences within each sugar group are shown with
distinct letters indicating significant differences according to ANOVA (p < 0.05); LSDg g5 = 4.30
(sucrose), LSDq o5 = 3.30 (glucose), LSDy g5 = 2.07 (fructose). SI—sweetness index; LSDy g5 = 0.34.

BacMix, as well as the chemical protection, changed the sugar ratio in the fruits of
the cv. Elsanta. The ratio of sucrose, glucose, and fructose in the control fruits of cv.
Elsanta was nearly 1:3:4, which indicates the very sweet taste of this variety. The ratio of
sugars changed to 1:4:1.5 and 1:1:1 with the FECh and FEBac treatments, respectively. The
chemical fungicides may have impacted fructose reduction and the proposed biocontrol
(BacMix) modelled balance in the sugar profile of fruit of cv. Elsanta. Accordingly, the
sweetness index changed from 11.02 in the control to 8.76 in the fruits obtained after
chemical treatment. A moderate SI (9.41) was found for the fruits of BacMix-treated plants.

3.2. Treatment-Level Shotgun Metagenomic Summary of Strawberry Leaf Microbiome
3.2.1. Sequencing Quality and Microbiota Assembly Analysis
The shotgun metagenomic sequencing produced between 6.31 and 8.73 Gb of raw

reads across the samples, indicating consistent sequencing depth among the different
treatments (Table 1).

Table 1. Summary of sequencing quality and assembly statistics for strawberry leaf metagenomes
under various treatment conditions.

Sample Name *

FEC FEBac FSC FSBac

Biosample Number in NCBI =~ SAMNJ54974408 SAMN54974518 SAMN54974520 SAMN54974886

Summary of quality control

Raw base (G)
Clean base (G)
Clean Q20 (%)
Clean Q30 (%)
Clean GC (%)

Effective (%)

6.31 7.47 7.3 8.73
6.24 7.39 7.08 8.64
97.53 97.78 96.81 97.81

93 93.75 91.6 93.85
39.81 39.45 39.7 39.53
98.91 98.96 97.06 99.01
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Table 1. Cont.

Sample Name *

FEC FEBac FSC FSBac

Biosample Number in NCBI  SAMN54974408 SAMND54974518 SAMNG54974520 SAMNG54974886

Statistics of scaftigs

Total length (bp) 458,026,024 496,789,327 483,021,113 516,223,884
Scaftigs number 426,909 446,174 425,933 430,050
Average length (bp) 1072.89 1113.44 1134.03 1200.38
Max length (bp) 68,950 73,540 85,771 64,546

Gene prediction and abundance analysis
ORF numbers 340,533 363,911 355,801 375,844
Total length (Mbp) 94.08 100.3 98.24 104.47
Average length (bp) 276.29 275.63 276.11 277.96
GC percent 43.71 43.68 43.7 43.72

* FEC—Fragaria cv. Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—Fragaria cv. Sonsation
control; FSBac—Fragaria cv. Sonsation BacMix treated.

After quality filtering, the amount of clean data remained high, ranging from 6.24 to
8.64 Gb. The Q20 values exceeded 96.8%, and the Q30 values exceeded 91.6%. The GC
content was stable across the treatments, ranging from 39.45 to 39.81%, suggesting that
the BacMix treatment did not introduce any compositional bias during sequencing. The
effective read retention ranged from 97.06% to 99.01%, confirming that the majority of reads
passed both quality and host-removal filters.

The assembly statistics showed longer total contig lengths (496.8-516.2 Mb) and
slightly higher N50 values in the BacMix-treated samples compared with the controls
(458.0-483.0 Mb). Furthermore, the predicted open reading frames (ORFs) ranged from
363,911 to 375,844 in the treated sample versus 340,533 to 355,801 ORFs in the control,
showing an increased recovery of coding potential.

The sequencing quality parameters and ORF counts confirm that the dataset was suit-
able for downstream descriptive profiling. Importantly, these differences in the assembly
and ORF metrics reflect technical properties of metagenomic read recovery from pooled
samples rather than biological replication across plants.

To assess the general reproducibility and overall genomic richness, a Spearman’s
correlation analysis and non-redundant gene counts were conducted (Figure 4A,B). The cor-
relation coefficients showed moderate similarity among the treatment groups (0.686-0.761),
with slightly higher gene richness in both BacMix-treated samples than in the controls.
The non-redundant genes in the pooled DNA samples were counted: 481,270 in the FEC,
487,288 in the FEBac, 484,411 in the FSC, and 491,317 in the FSBac. These patterns were
interpreted as treatment-level tendencies rather than meaningful biological variations. We
found that the BacMix treatment enhanced the diversity of genetic functions identifiable in
the metagenomes of strawberry leaves. Their value lies in providing a consistent baseline
for descriptive community- and function-level analyses.

Overall, the sequencing quality indicators confirmed that the metagenomic data were
of high technical quality and suitable for descriptive evaluation of microbial taxonomic
and functional trends. Because of our chosen pooling sample collection strategy, they were
used only to confirm the integrity of the data set and to provide contextual interpretation
along with the replicated metabolic results.

https:/ /doi.org/10.3390/agriculture16060662


https://doi.org/10.3390/agriculture16060662

Agriculture 2026, 16, 662

10 of 19

FSC

FSBac -

FEC -

FEBac -

A

0.701

FSBac

0.719

-1.00 | 49200 | Number of non-redundant genes

-0.95 |
48900

-0.90 |

-0.85 .
48600 -

-0.80

"0-751 48300

0.70
FEC  FEBac  FSC B FC FBac

Figure 4. Spearman’s correlation analysis (p = 0.333) conducted across treatment groups (1 = 4) (A),
and distribution of predicted gene counts across two treatment groups in box plot (B). On X-axis,
group information is shown; Y-axis represents number of genes. Abbreviations for samples are
as follows: FEC—Fragaria cv. Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—
Fragaria cv. Sonsation control; FSBac—Fragaria cv. Sonsation BacMix treated; FC—grouped data of
control samples; FBac—grouped data of BacMix-treated samples.

3.2.2. Microbiome Diversity

The metagenomic sequencing of pooled leaf samples from the control and BacMix-
treated samples provided an overview of community-level tendencies rather than statisti-
cally testable differences. The alpha diversity indices (ACE, Chaol, Shannon, Simpson, and
observed species count) were highly similar across the controls and BacMix-treated plants
in both strawberry cultivars (see Table 2), indicating that the BacMix application did not
alter the within-sample richness or evenness. A very rich and evenly distributed diversity
of organisms was observed, with no dominant taxa in leaf samples of either strawberry
variety (indices: Shannon > 7.3 and Simpson > 0.97). Although several taxa in the Venn
diagram showed subtle differences in the alpha diversity (Figure S1), no single species
significantly appeared and emerged as dominant following the BacMix application.

Table 2. Alpha diversity indices of strawberry leaf microbiota under controls and BacMix treatments.
Taxonomic identification was performed using Micro_NR database.

Observed Goods
Species  Coverage

Sample
Name *

FSC 2540.94 2544 7.313698 0.977963 2538 0.999993
FSBac 2536.342 2536.615 7.334115 0.978449 2535 0.999996

FEC 2539.567  2540.545 7.329275 0.977777 2538 0.999995
FEBac 2539.544 2554.125 7.343704 0.978186 2535 0.99999

* FEC—Fragaria cv. Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—Fragaria cv. Sonsation
control; FSBac—Fragaria cv. Sonsation BacMix treated.

ACE Chaol Shannon Simpson

In contrast, the beta diversity patterns showed clearer treatment-associated separation.
The hierarchical clustering heatmap (Figure 5A) revealed that the BacMix-treated samples
(FEBac, FSBac) grouped more closely with each other than with their respective controls,
whereas both control samples (FEC, FSC) formed a separate cluster. We assume that the
BacMix treatment influenced the relative structure of microbial communities at the whole-
community level, producing a more similar community signature across the cultivars than
observed in the untreated plants. The Bray—Curtis clustering likewise distinguished the
BacMix treatments from the controls (Figure 5B), reinforcing the presence of treatment-
linked structural tendencies in the microbial assemblage.
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Figure 5. Taxonomic profiles of leaf endophytic microbiomes in clustering heatmap according to gene
relative abundance data at kingdom level (A) and in Bray—Curtis clustering tree (B). Abbreviations
for samples: FEC—Fragaria cv. Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—
Fragaria cv. Sonsation control; FSBac—Fragaria cv. Sonsation BacMix treated. Relative abundance
based on pooled shotgun metagenomic sequencing for each treatment.

Assessment of taxonomic contributions across kingdoms showed a relative increase in
bacterial signatures and a corresponding decrease in the eukaryotic and viral components in
the BacMix samples. The control plants without additional processing showed a difference
in these distributions, consistent with initial endophytic complexity. The dominance of the
“Others” category at the species level in all the samples suggests that the strawberry leaf
microbiome is composed of many low-abundance taxa whose proportional changes, rather
than major changes in species turnover, contribute to community-level restructuring. This
is clearly shown in Table S3 (sheets A, B, C, and D), where all the taxonomic compositions
from kingdom to species level are disclosed. Although we used Vaccinium spp. leaf
endophytic bacteria for the strawberry plants watering, none of the four Bacillus strains were
found in the metagenome of BacMix-treated leaves (neither B. halotolerans nor B. velezensis
was identified), which indicates their possible action only in the rhizosphere, and failed
inoculation into the leaves.

3.2.3. Functional Gene Summaries

To characterise the functional restructuring of the strawberry leaf microbiome fol-
lowing the BacMix treatment, we preliminarily compared the functional gene categories
across treatments using KEGG-based annotations and mPATH pathway statistics. Shotgun
metagenomic sequencing was performed on one pooled leaf sample per treatment, so
the data only allows us to make assumptions about the changes in functional pathways
and provide insights for future research. A clustered heat map of the main functional
pathways by gene abundance according to the KEGG-based annotation is displayed in
Figure 6. The analysis showed trends of higher activity in all the functional pathways in
the BacMix-treated plant leaves of both cultivars. In the pathway-level entries shown for

https://doi.org/10.3390/agriculture16060662


https://doi.org/10.3390/agriculture16060662

Agriculture 2026, 16, 662

12 0f 19

oegs4d

Aminoacyl tRNA Biosynthesis (map00970), eighteen synthesis genes were activated by the
BacMix biological protection (Figure S2).
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Figure 6. Treatment-level patterns in KEGG functional categories. Abbreviations for samples: FEC—
Fragaria cv. Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—Fragaria cv. Sonsation
control; FSBac—Fragaria cv. Sonsation BacMix treated. Metagenomic values are not statistically
compared due to pooled sample design.

The CAZy class summaries (Figure 7) show the treatment-level distributions of glyco-
syltransferases (GTs), glycoside hydrolases (GHs), polysaccharide lyases (PLs), auxiliary
activities (AAs), carbohydrate-binding modules (CBMs), and carbohydrate esterases (CEs)
derived from the pooled metagenomes of leaves. To further investigate how the BacMix
affected the microbial carbohydrate-active functions in the strawberry leaves, we anal-
ysed the abundance of major classes of carbohydrate-active enzymes (CAZys) across the
different treatments (Figure 5). The clustering heatmap revealed differences between the
BacMix-treated samples (FEBac and FSBac). We noticed that BacMix suppressed or acti-
vated functional modules in the CAZys, even though the patterns were different in both
strawberry varieties.

]

CBM:Carbohydrate-Binding Modules l1
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Figure 7. Treatment-level patterns in CAZy classes. Abbreviations for samples: FEC—Fragaria cv.
Elsanta control; FEBac—Fragaria cv. Elsanta BacMix treated; FSC—Fragaria cv. Sonsation control;
FSBac—Fragaria cv. Sonsation BacMix treated. Metagenomic values are not statistically compared
due to pooled sample design.

4. Discussion
4.1. Relevance to Biological Control and Sustainable Strawberry Management

The strawberry cvs. Elsanta and Sonsation have high commercial relevance due to their
strong market acceptance, fruit quality, and intensive production potential, making them
valuable models for evaluating sustainable cultivation strategies. Moreover, both cultivars
respond strongly to environmental and microbial factors: cv. Elsanta’s performance is
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highly influenced by irrigation and climatic conditions, as it is sensitive to drought and
frost [44-48]. Cv. Sonsation is a relatively new commercial cultivar (released in 2016)
and has been documented primarily in breeder and industry technical sources rather
than peer-reviewed studies; thus, scientific research on its physiological or metabolic
responses remains practically unavailable. This cultivar is noted for maintaining good fruit
quality under challenging environmental conditions and for its tolerance to several diseases,
making it a strong candidate for evaluating biological control agents in indoor gardening.

The biocontrol advantages of Bacillus spp. are well established, but the wide range in
the genetic potential of newly isolated strains requires confirmatory studies on their poten-
tial for use [9,15]. B. halotolerans and B. velezensis, as individual strains or their consortia, are
recognised as relevant species for plant stress suppression and biocontrol. Multiple recent
studies have highlighted the protective and plant-modulating capabilities of B. velezensis
and B. halotolerans across diverse crops, driven by their production of antimicrobial lipopep-
tides, plant hormone analogues, and stress-alleviating compounds [8,11,19,22]. For straw-
berries, specifically, Bacillus species have shown strong biocontrol efficiency against root rot
pathogens and have been reported to stabilise plant nutrient metabolism [11,39].

Our proposed BacMix is a consortium of two B. halotolerans (Bil-LT1_1, Bil-LT1_2)
and two B. velezensis (Cran-LT1_8, Ling-NOR4_15) isolates (endophytes of Vaccinium spp.
leaves), and is distinguished by its antimicrobial activity and genetic potential for plant
growth promotion [41,49]. The antifungal and yield-improving potential of these bacterial
strains on cv. Elsanta has already been studied and proven [3]. The BacMix chosen in
this research shows that multi-strain Bacillus consortia outperform individual strains by
providing broader antagonistic spectra, more stable colonisation, and more consistent
metabolic effects [11,17,19].

4.2. BacMix-Induced Enhancement of Amino Acid Metabolism

Osmoregulatory amino acids (Asp, Glu, Ser, Ala, Arg, Pro, and others) are dominant
in strawberry leaves and their levels increase significantly in response to salt, alkaline,
or oxidative stress [50]. The predominance of Asp, Glu, Leu, and Lys in both strawberry
cvs. Elsanta and Sonsation align with their central roles in nitrogen assimilation and
stress-responsive pathways. Their accumulation is associated with osmotic protection,
ion balance, membrane stabilisation, and enhanced antioxidant responses [50-52]. In our
study, the BacMix application positively affected FAA synthesis processes. There was a
consistently increased total FAA content in the leaves of both strawberry cultivars, and
for cv. Elsanta, the increase was statistically significant. The direct yield relationships in
strawberries are less well documented than the stress relationships. However, the scientific
results show that plants with higher FAA levels exhibit better growth and higher biomass
accumulation, which is indirectly related to higher yield [51]. In other, more deeply studied
cultivated plants, FAAs are the main form of nitrogen transport. They improve chlorophyll
synthesis, photosynthesis, and N-use efficiency; therefore, they are directly related to yield
formation [29]. Conversely, the chemical fungicides in this study strongly and negatively
affected FAA synthesis, and all amino acid levels in the profiles significantly decreased.
We argue that chemical protection negatively affects the development, growth, and stress
response of both varieties in our study.

In addition, we observed a significant increase in Pro in the BacMix-treated straw-
berry plants. Proline has been identified as an essential stress biomarker and protective
molecule [53]. The increase in proline with the biocontrol confirms the greater potential of
biological protection measures as stress buffers for plants in controlled outdoor conditions.

According to the essential changes in the FAA profiles (Glu, Ser, Gly, Thr, Arg, Ala,
Tyr and Pro), cv. Elsanta appeared to be more sensitive than cv. Sonsation to environmental
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stressors, and the BacMix application had a significant positive effect on plant growth. It is
known that increased levels of these FAAs are associated with better ion balance and leaf
functionality, which stabilise photosynthesis under stress [50,53].

The positive effect of biological agents on FAA synthesis has been observed in several
studies. A higher total FAA content in AMF-mycorrhized (arbuscular mycorrhizal fungus)
strawberry plants has been established, and those plants showed better salt tolerance and
lower Na' content in their leaves and roots [51]. Positive effects on bacterial measures
have also been observed. This is consistent with the mechanisms of action of Bacillus spp.,
which can modulate plant nitrogen transport pathways through phytohormone production,
improved nutrient uptake, and metabolic signalling [22,54]. Furthermore, multi-species
consortia are often more effective at activating such host responses due to complementary
metabolic functions [19]. Our findings are in line with recent reports showing that Bacillus
strains can upregulate amino acid biosynthesis genes and associated precursor pathways,
which are essential for secondary metabolite formation and plant growth promotion [11,14],
particularly in closed soil conditions.

4.3. Sugar Modulation and Cultivar-Dependent Metabolic Stability

The strawberry fruit sugar profiles were highly variable between the cultivars, consis-
tent with published evidence showing that glucose, fructose, and sucrose proportions differ
significantly among strawberry genotypes, reflecting inherent cultivar-specific metabolic
plasticity [43,55]. The total sugars across different genotypes range from approximately 4
to 15 g 100 g1 in fresh strawberry fruits. The sweetness index (SI) allows for an objective
assessment of varietal differences and fruit quality and is a more reliable indicator than the
total sugar content; among 25 cultivars, the SI varied from ~6 to ~15 relative units [43]. In
this context, the cvs. Sonsation and Elsanta accumulated an average amount of sugars (6.6
and 8.1 g 100 g1, respectively), and their levels decreased upon application of both plant
protection methods; the SI decreased in parallel.

These metabolic effects mirror the evidence from other studies showing that biological
treatments, including Bacillus spp. and other beneficial microbes, can affect carbohydrate
metabolism and postharvest quality traits in strawberries [56,57]. Furthermore, interactions
between the rhizosphere microbiota and plant sugar metabolism have been increasingly
recognised as important drivers of fruit quality outcomes [10,12,13,30].

It is noteworthy that the 1:2:2 ratio (sucrose:glucose:fructose) in the cv. Sonsation fruits
remained highly stable across treatments, consistent with observations that this cultivar
maintains strong metabolic homeostasis under changing environmental or microbial condi-
tions. By contrast, the cv. Elsanta displayed treatment-related shifts in sugar accumulation.
In the control samples, fructose accounted for nearly half of the total sugar. Higher sucrose
accumulation in fruits of BacMix-treated plants partially restored the perceived sweetness,
as sucrose is sweeter than glucose. Sucrose dominance typically signals lower invertase
activity (less breakdown into glucose and fructose) and an altered expression of sugar
metabolism genes [12,30,55]. We infer that the Bacillus consortium enhanced carbohy-
drate transport and enhanced the microbial functional potential in the BacMix-treated cv.
Elsanta plants.

Accordingly, our sugar profile results support the concept that microbial inoculants
influence not only pathogen suppression but also the harvest parameters and metabolic
traits critical for sensory fruit quality, which depend on the plant genotype.

4.4. Microbiome Structural and Functional Responses to BacMix

The shotgun metagenomic sequencing revealed that the bioprotection measures
did not alter the alpha diversity, a pattern consistent with reports where microbiome
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interventions in strawberries modified specific taxa or community structures without
significantly changing the within-sample richness or evenness [58,59]. We obtained metage-
nomic data supporting these studies, showing that the alpha diversity metrics remained
unchanged under different plant protection treatments. The metagenomic data revealed
that the BacMix intervention in the soil did not significantly alter the alpha diversity in
leaves but did show tendencies toward changes in the beta diversity, independent of culti-
var. The changes in the beta diversity suggest that, while the overall taxon richness was
preserved, the relative abundance of microbial communities and functional gene categories
shifted after the BacMix application. Such treatment-associated restructuring of the micro-
bial community mirrors recent findings that introduced beneficial microbes can modify
host-associated microbiomes at the community level, even if the specific taxa do not become
dominant. This is consistent with previous work showing that microbial inoculants can
persist more effectively in roots than leaves [58].

In our analysis, none of the four BacMix strains were detected in the leaf metagenomes.
The absence of microorganisms from the BacMix in the metagenome indicates that the
observed functional shifts stemmed not from direct colonisation but from indirect effects,
such as altered plant metabolism, root-shoot signalling, or systemic immune modulation.
Similar systemic effects were recently described for B. velezensis strains that translocated
from the roots to aerial tissues and induced defence-related enzyme activity [11].

At the functional level, the microbiota in the BacMix-treated leaves showed higher
representation of genes associated with amino acid biosynthesis and CAZy classes, indi-
cating modulation of nitrogen assimilation and cell wall-related carbohydrate turnover.
The changes in the CAZymes are consistent with altered carbohydrate turnover and cell
wall remodelling, processes that can influence sugar stability and pathogen susceptibility.
The increased abundance of functional pathways related to enhanced microbial functional
potential is in line with the trends reported in other multi-omics studies, where Bacillus spp.
stimulated host-microbiome metabolic coupling [22,60].

Similarly, the metagenomic pathway analyses in this study revealed enhanced repre-
sentation of aminoacyl-tRNA biosynthesis genes in the BacMix-treated leaves. This trend
supports active translational and functional potential within the microbiome.

The metabolite patterns observed here—enhanced FAAs and modulated sugar
profiles—reflect improved physiological resilience, consistent with the systemic resistance
mechanisms described in biocontrol using Bacillus spp. [22]. This mechanistic coherence be-
tween the plant metabolic data and functional microbiome signatures suggests that BacMix
influences the host metabolism not only directly, but also indirectly through modulation
of endophytic microbial function. Taken together, these results indicate that BacMix acts
as a metabolic and microbiome-level modulator, enhancing host physiological resilience
through coordinated shifts in leaf microbial function and plant primary metabolism.

4.5. Study Limitations and Future Perspectives

In this study, the BacMix consortium induced parallel biochemical responses in FAAs
of leaves and sugars in the fruits, as well as patterns of functional changes in the microbiota,
demonstrating effects that were independent of the cultivar used. This consistency is
promising for practical biocontrol applications, as microbiome-related traits are more likely
to be effective across different strawberry genotypes when supported by externally applied
multi-strain Bacillus consortia [61-64].

However, several limitations need to be addressed. While the biochemical results are
robust due to biological replication, the metagenomic analysis is based on pooled samples
and provides only descriptive trends at the treatment level. This design is appropriate for an
exploratory mechanistic context but does not allow for statistical inference of microbiome
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differences. The relevant directions of BacMix action in the plants are shown, and fu-
ture studies should incorporate replication at the sequencing level, metatranscriptomic
validation of functional signals, and absolute quantification of microbial load.

Moreover, expanding the cultivar diversity and performing multisession trials will
be essential to determine the reproducibility and agronomic relevance of BacMix-induced
metabolic modulation. Integration of fruit sensory evaluation, targeted metabolomics (in-
cluding organic acids, phenolics, and volatiles), and tracking of rhizosphere-leaf microbial
translocation would further strengthen the mechanistic understanding of BacMix effects.

5. Conclusions

The responses of strawberry cvs. Elsanta and Sonsation to bioprotection and chem-
ical plant protection measures demonstrated clear cultivar-dependent differences in the
metabolic and physiological plasticity. The metabolite-level outcomes (free amino acids
in leaves and sugars in fruits) and metagenome analysis highlight the potential of multi-
strain Bacillus spp. to support physiologically beneficial and quality-related processes in
strawberry production.

Bioprotection with BacMix was a better choice than chemical fungicides for maintain-
ing the plant metabolic quality of cvs. Elsanta and Sonsation under greenhouse conditions.
Application of a multi-strain Bacillus consortium (BacMix) induced consistent, cultivar-
independent improvements in the key metabolic traits of strawberry plants. BacMix
watering applied three times up to flowering increased the pool of free amino acids in
the strawberry leaves. The cv. Sonsation showed a more stable response to stress and the
cv. Elsanta responded more strongly to the applied protection measures. Both protection
methods (biological and chemical) reduced the fruit sugars and sweetness index; however,
the BacMix partially mitigated this effect. Notably, BacMix stabilised the sugar composition
in the cv. Elsanta fruits, particularly preserving a higher level of sucrose.

The shotgun metagenomic profiling of pooled leaf samples provided descriptive,
treatment-level functional signatures. These data indicated taxonomic stability of leaf endo-
phytes, while the BacMix strains (B. velezensis and B. halotolerans) used for root watering did
not migrate into the leaves. Enrichment of functional gene categories was associated with
amino acid biosynthesis, translation, and secondary metabolite pathways, with directional
changes in the carbohydrate-active enzyme (CAZy) classes. These tendencies aligned
with the observed metabolic shifts, suggesting that BacMix may modulate leaf endophytic
microbiome function and beta diversity patterns, supporting higher amino acid availability
and a more balanced carbohydrate status in the cultivar more susceptible to environmental
stress, i.e., cv. Elsanta.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture16060662/s1, Figure S1: Overlap of detected features
across treatments (FSC, FSBac, FEC, and FEBac) in Venn diagram and list of species; Figure S52:
Differentially abundant genes involved in aminoacyl-tRNA biosynthesis (map00970) between control
(FC) and BacMix treatment (FBac); Table S1: Free amino acids (FAAs) accumulated in strawberry
cv. Elsanta, mg 100 g~! in FW; Table S2: Free amino acids (FAAs) accumulated in strawberry cv.
Sonsation, mg 100 g1 in FW; Table S3: (A-D): Abundance of genes and identified species with linear
nomenclature in FSC, FSBac, FEC and FEBac treatments.
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