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Abstract
Background  Microbe-based biostimulants offer a sustainable and promising alternative to synthetic inputs, 
potentially reducing or replacing conventional inputs in crop management. Studying the native microbiota, 
particularly endophytic microbes, helps in selecting those that are naturally adapted to persist and to enhance plant 
growth under specific environmental conditions. This study aims to define the endophytic microbiota adapted to 
tomato crops by selecting discriminant amplicon sequence variant (ASVs) that are enriched during key plant growth 
stages and found in the core microbiota.

Results  This study presents a large-scale analysis of tomato root endophytic prokaryotic microbiota using 
16 S sequencing across the most common and widespread conditions used for tomato cultivation, offering 
comprehensive insight into its structure and dynamics. The results revealed a predominance of the Actinobacteriota 
and Proteobacteria phyla; less abundant groups included Bacteroidota, Verrucomicrobiota, Patescibacteria, and 
Firmicutes. Core microbiota analysis and discriminant ASV identification across different plant growth stages enabled 
the selection of the most abundant and persistent taxa adapted to the tomato endorhizosphere. Streptomyces, 
Shinella, Devosia, and Pseudoxanthomonas, as well as the lesser known genera Variovorax, Pseudarthrobacter, and 
Lechevalieria, represented the key genera identified, suggesting long-term host‒microbe associations.

Conclusions  The description of the representative framework of the tomato-associated microbiota and the 
identification of its most important components provide a basis for developing tailored microbial formulations that 
can increase crop resilience and reduce dependence on synthetic agricultural inputs, aimed at developing more 
sustainable environmental management strategies.

Keywords  Endorhizosphere, Plant growth promotion, Microbe-host interactions, Sustainable agriculture, Core 
microbiota, Discriminant ASVs
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Background
In the past few decades, the human population has dou-
bled, thereby requiring a similar increase in food pro-
duction [1]. This has led to the use of massive amounts 
of chemical fertilizer in agricultural production, which 
negatively affects plant, soil, and water ecosystems and 
translates into risks for human health and environmen-
tal preservation [2]. In addition, plant domestication and 
crop breeding under fertilization have altered the micro-
biome associated with plants, which may have caused 
the selection of plant genotypes that have lost the abil-
ity to recruit large numbers of microorganisms that sup-
port plant growth [3]. The use of plant growth-promoting 
bacteria (PGPB) offers a sustainable alternative to tradi-
tional chemical inputs [4, 5]. The importance of plant–
microbe interactions has only recently been studied and 
better elucidated; thus, reengineering the characteristics 
of beneficial rhizosphere microbiomes back into agricul-
tural cropping systems is possible [3]. This calls for more 
research focused on microbial rhizosphere engineer-
ing to redesign plant microbiomes to maintain or even 
improve current productivity.

The identification of PGPB that can be combined to 
form a specifically tailored community of compatible 
plant-beneficial strains is of great interest. Compared 
with synthetic products, their use still has certain draw-
backs, mostly due to their greater environmental sensitiv-
ity, since the efficacy of PGPB may vary in different crop 
species and environmental conditions. However, the use 
of microbial consortia, rather than applications of single 
microorganism, appears to have many advantages, such 
as increased stability across a wider range of environmen-
tal conditions or the opportunity to create synergistic 
interactions that can impart multiple desirable character-
istics [6]. A critical step in the effective selection of PGPB 
is the characterization of the indigenous microbiome to 
identify microbial populations that can persist on plants 
under several conditions [7]. Among these, endophytic 
microbial populations live inside plant tissues with-
out harming their host [8]. They are known to increase 
plant growth by producing growth-stimulating hormones 
[9, 10] and by exerting typical plant growth-promoting 
activities (e.g., nitrogen fixation and phosphate adsorp-
tion) [11]. Furthermore, endophytic populations can 
increase plant defenses owing to their ability to gener-
ate antimicrobial compounds, such as salicylic acid and 
ethylene [11–13]. Therefore, investigating endophytes is 
of great interest because of their great potential for sus-
taining plant growth and thus reducing synthetic inputs 
in agriculture.

Here, we propose an in silico approach based on the 
analysis of high-throughput 16  S amplicon sequenc-
ing data, which can reveal the composition and behav-
iors of the bacterial microbiota adapted to the tomato 

endorhizosphere. We considered a high number of sam-
ples and diverse experimental variables, which include 
the most common and widespread conditions used for 
tomato cultivation, to obtain information on the endo-
phytic microbial population that is shared between the 
different conditions. We generated a hypothetical micro-
bial consortium by selecting the amplicon sequence vari-
ant (ASVs) from a discriminant analysis of endophytic 
bacteria enriched in the flowering and harvesting growth 
stages (exhibiting high abundance and prevalence) and 
from the core microbiota (i.e., detected in at least 80% of 
the samples). This approach allowed us to evaluate the 
presence of specific microbial groups related to certain 
experimental variables or that are always associated with 
the host, revealing transient and long-lasting relation-
ships, to lay the groundwork for the development of a tai-
lored microbial formulation for enhancing plant growth.

Results
The endophytic microbiota varied strongly across host 
plant growth stages
The prokaryotic endophytic microbiota associated with 
tomato roots varied strongly with the host plant growth 
stage, showing three different groups, especially for the 
Sicily samples (Fig. 1A).

Indeed, sampling time, that is, post-transplant (Pt), 
flowering (F) and harvesting (H), influenced 25.1% of 
the total bacterial microbiota variability, and the com-
bination of other variables (i.e., sampling region, tomato 
type, sampling area, and treatment) contributed to 7.3% 
(Fig. 1B). Of note, no differences were detected in the dif-
ferent varieties of elongated tomatoes (i.e., Pietrarossa F1 
and Maraskino), which we therefore grouped in the same 
tomato type. The sample biodiversity varied significantly 
with respect to host plant development, with a statisti-
cally significant reduction from the Pt stage to the F stage 
in both the Campania (Fig. 2A-B) and Sicily (Fig. 2C-D) 
samples.

The main phyla followed concordant variations in 
both regions. The most abundant phylum overall, Pro-
teobacteria, decreased significantly in abundance from 
the Pt stage to the F stage (average relative abundance 
from 56.3 to 41.5% in the Campania (Fig.  2E) and from 
60.2 to 43.8% in the Sicily (Fig.  2F) samples). Similarly, 
the abundance of Verrucomicrobiota and Planctomyce-
tota decreased significantly from Pt to F in both regions, 
whereas that of Bacteroidota and Chloroflexi decreased 
in both regions but significantly only in the Campania 
samples. These findings indicate temporal shifts in micro-
bial composition, although causal relationships would 
require additional experimental validation or mechanis-
tic studies. The second most abundant phylum, Actino-
bacteriota, exhibited a significant increase in abundance 
from Pt to F (from 23.1 to 37.2% in Campania and from 
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Fig. 1  Influence of the experimental variables on endophytic microbiota diversity. (A), Beta diversity (multidimensional scaling MDS using Bray‒Curtis 
distance) for the n = 192 samples highlights variations with respect to tomato plant growth stage (post-transplant, flowering, and harvesting) and sam-
pling region (Campania and Sicily). (B), Percentage of the total microbiota variation influenced by the experimental variables: sampling time, sampling 
region, tomato cultivar, sampling area, and treatment
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Fig. 2  Endophytic microbiota biodiversity and structural variations across host plant growth stages. (A-D), Differences in terms of alpha diversity for the 
Campania (A and C) and Sicily (B and D) samples according to the Shannon index (C and D) and observed richness (A and B). (E-F), Average relative 
abundance of the main phyla detected in the Campania (E) and Sicily (F) samples and stratified across tomato growth stages (post-transplant, flowering, 
and harvesting)
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23.8 to 40.5% in Sicily). Another phylum of interest was 
Patescibacteria, whose abundance increased significantly 
from Pt to F (from 3.0 to 8.7% in the Sicily and from 1.7 
to 6.8% in the Campania samples), and that of Firmicutes 
also increased significantly in the F stage in both regions. 
When comparing the later timepoint H with F, most of 
the main phyla showed significant variations and tended 
to return to the Pt condition. Indeed, the abundance of 
Actinobacteriota and Patescibacteria decreased from the 
F to H stages (but only significantly so in Sicily), whereas 
that of Proteobacteria and Verrucomicrobia significantly 
increased in the H stage in both sampling regions.

Several hundred ASVs were differentially abundant during 
plant development
We performed a more in-depth analysis and identi-
fied specific ASVs discriminating between the growth 
stages of tomato plants. After removing low-abundance 
ASVs (< 0.005% average relative abundance across all 
samples), we identified 1,191 ASVs that were differen-
tially abundant (adjusted p value < 0.1) between Pt and F 
in Campania and 1,157 in Sicily. When comparing F and 
H, only 396 ASVs were differentially abundant (adjusted 
p value < 0.1) in Campania and 859 in Sicily. Finally, 1,142 
(in Campania) and 1,031 (in Sicily) ASVs were discrimi-
nant between Pt and H. This resulted in 1,715 ASVs 
that were significant in at least one of the comparisons, 
and 87 of them were detected as abundant in our set of 
samples (i.e., average relative abundance ≥ 0.7% in at 
least one of the 12 groups represented in Fig.  3). More 
specifically, 49 abundant ASVs increased in abundance 
from the Pt stage to the F stage, whereas the other 38 
decreased in abundance from the Pt stage to the F stage 
(Fig. 3, Supplementary Data 2, and Supplementary Data 
3). Among the 49 ASVs enriched in F, 21 belonged to the 
Actinobacteriota phylum, including Streptomyces (n = 5), 
Amycolatopsis (n = 4), Micromonosporaceae (n = 3), Lech-
evalieria (n = 2), and Kribbella (n = 2). Another highly 
represented phylum was Proteobacteria, with 18 ASVs, 
including Gammaproteobacteria (n = 3, Pseudomonas 
87, Microbulbifer okinawensis, and Stenotrophomonas 
44), Betaproteobacteria (n = 3, Variovorax 15, and Var-
iovorax paradoxus 1 and 2) and Alphaproteobacteria 
(n = 12, including Allorhizobium-Neorhizobium-Pararhi-
zobium-Rhizobium 50, 51 and 35, Aminobacter 20, Bosea 
34, Ensifer 11, Devosia riboflavina, Shinella 17, and 
Sphingobium herbicidovorans). The remaining 10 ASVs 
belonged to the Patescibacteria (n = 3; LWQ8 family and 
TM7a genus), Firmicutes (n = 3, all assigned to Bacillus), 
Verrucomicrobia (n = 2, all assigned to Luteolibacter) and 
Bacteroidota (n = 2, all assigned to Flavobacterium) phyla 
(Fig.  3). These 49 ASVs tended to increase throughout 
plant development, as the abundance of most of them 
was significantly higher in the H stage compared with the 

Pt stage in both geographical regions (e.g., Streptomyces 
130, Bacillus 46 and 54, and Lechevalieria 2).

Among the 38 ASVs whose abundance decreased from 
Pt to F (Fig.  3), most (n = 26) were assigned to the Pro-
teobacteria phylum: 18 to class Alphaproteobacteria 
(particularly to genus Devosia: 9 ASVs, Shinella: 4 ASVs, 
Allorhizobium-Neorhizobium-Pararhizobium-Rhizo-
bium: 2 ASVs), 6 to class Gammaproteobacteria (Pseu-
doxanthomonas Mexicana 2 and 4, Pseudomonas 115, 
Cellvibrio fibrivorans, Cellvibrio 86, Lysobacter 230) and 
2 to Betaproteobacteria (Acidovorax facilis and Acidovo-
rax 47). The least represented phyla were Actinobacteri-
ota (n = 6, including Lechevalieria 3, Promicromonospora 
4, Streptomyces 43, Glycomyces algeriensis, Microbac-
teriaceae 54 and Salinibacterium 1), Planctomycetota, 
Patescibacteria, Chloroflexi, Bacteroidota and Verruco-
microbiota. These ASVs tended to decrease in abundance 
throughout plant development, as their abundance was 
significantly lower in H than in Pt in at least one sampling 
region, with the exception of Pseudomonas 115.

The core microbiota included 25 ASVs prevalent across 
several conditions
We identified 25 ASVs that were detected in more than 
80% of the samples as core microbiota (Fig.  4, Supple-
mentary Data 4, and Supplementary Data 5). The most 
represented phylum was Proteobacteria (n = 16), followed 
by Actinobacteriota (n = 8) and Planctomycetota (n = 1). 
Focusing on Proteobacteria, only one ASV belonged to 
class Gammaproteobacteria (i.e., Pseudoxanthomonas 41, 
average relative abundance of 0.80%), whereas the oth-
ers were assigned to the class Alphaproteobacteria: three 
belonged to genus Devosia (including Devosia 78, with 
an average relative abundance of 0.53%), two to genus 
Shinella (i.e., Shinella 10: 1.26; Shinella 17: 0.48%), and 
the remaining ones were scattered across multiple gen-
era. These genera also included several highly abundant 
ASVs, such as Bosea 34 (1.46%) and Allorhizobium-Neo-
rhizobium-Pararhizobium-Rhizobium 50 (0.82%). For 
Actinobacteriota, the most abundant ASVs were Strepto-
myces 43 (3.53%) and Streptomyces 77 (2.39%), followed 
by Pseudarthrobacter 5 (0.79%). Finally, the only preva-
lent ASV belonging to the phylum Planctomycetota was 
assigned to Pir4 lineage 181 (0.36%).

Proposal of microbial consortia
We finally defined a microbial consortium (Fig.  5A) of 
12 ASVs by selecting the most prevalent and abundant 
ASVs from the discriminant analysis as well as from 
the core microbiota. More specifically, 8 ASVs were 
selected from the core microbiota (prevalence greater 
than 90% and average relative abundance greater than 
0.4% across all samples): Streptomyces 43, Shinella 10, 
Pseudoxanthomonas 41, Pseudarthrobacter 5, Devosia 
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78, Sphingobium herbicidovorans 1, Streptomyces 77 
and Bosea 34. From the discriminant analysis results, 
we selected 4 additional ASVs (present in at least 60% of 
the samples overall and with an average relative abun-
dance greater than 3% in at least one group of samples 
represented in Fig.  3), and only ASVs that significantly 

increased in abundance from Pt to F and from Pt to H in 
at least one sampling region were selected. The resulting 
ASVs were Streptomyces 77, Bosea 34, Lechevalieria 2, 
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium 
50, Variovorax paradoxus 1, and Mycobacterium 34. 
Interestingly, the first two ASVs were also selected from 

Fig. 3  Variation in the most abundant discriminant ASVs across host plant growth stages. Identification of the ASVs with an average relative abun-
dance ≥ 0.7% within each tomato cultivar sample group and discriminant (according to the Wilcoxon‒Mann‒Whitney test, FDR-corrected p value < 0.1) 
in at least one of the three comparisons among the tomato growth stages (post-transplant, flowering, harvesting), in at least one sampling region (Cam-
pania and Sicily). The taxa are sorted in descending order according to the average fold change (flowering/post-transplant) between the two sampling 
regions. The Wilcoxon‒Mann‒Whitney test results are shown (left heatmap): red denotes ASVs significantly enriched in the post-transplant stage, green 
denotes those significantly enriched in the flowering stage, blue denotes those significantly enriched in the harvesting stage, and gray denotes nonsig-
nificant (Ns) comparisons. Prevalence (central heatmap) and average relative abundance (right heatmap) values were calculated by grouping samples 
with respect to tomato cultivar (Ciliegino and Pietrarossa F1/Maraskino), sampling time, and sampling region
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the core microbiota. This defined microbial consortium 
was thus selected from the ASVs from a discriminant 
analysis of endophytic bacteria enriched in the flowering 
and harvesting growth stages (exhibiting high abundance 
and prevalence) and from the core microbiota. This com-
prised 7 ASVs belonging to the phylum Proteobacteria 
and 5 ASVs belonging to the phylum Actinobacteriota. 
Correlation analysis (Fig.  5B) revealed that the ASVs 
selected from the discriminant analysis presented strong 
positive correlations. On the other hand, most of the 
ASVs selected from the core samples presented slightly 
positive or neutral correlations (i.e., Streptomyces 43, Shi-
nella 10, Pseudoxanthomonas 41, Pseudarthrobacter 5, 
and Devosia 78), although they presented some signifi-
cant variations among the sampling times, particularly an 
enrichment in Pt.

Discussion
Assessing the dynamics of plant-associated microbiota 
across different locations and plant growth stages may 
lead to powerful insights into microbial community 
behavior, making it possible to develop precise biotech-
nologies for crop management. Here, we propose an in 

silico approach based on the analysis of 16  S amplicon 
high-throughput sequencing data, which can reveal the 
composition and behaviors of the bacterial microbiota 
adapted to the endorhizosphere of tomato. We con-
sidered a high number of samples and diverse experi-
mental variables, which include the most common and 
widespread conditions used for tomato cultivation, to 
obtain information on the endophytic microbial popu-
lation that is shared between the different conditions 
(Fig.  6A). Endorhizospheric bacteria are a subset of the 
rhizospheric microbiota that manage to pass through the 
biological filter of the plant roots [14]. It is known that 
plant root exudates play an important role in microor-
ganism recruitment, and plants can allocate a nonneg-
ligible portion (11%, according to some studies [15, 16]) 
of photosynthesized fixed carbon to rhizodeposition 
activity. Microbial soil communities are characterized 
by high variability, which can depend on soil tillage, host 
plant genotype, and environmental and edaphic condi-
tions [17]. This makes establishing direct relationships 
between biotic/abiotic factors and microbiota dynamics 
challenging.

Fig. 4  Identification of the core microbiota of tomato root endophytic prokaryotic communities. The core microbiota was determined by considering 
the ASVs detected in at least 80% of the samples. Prevalence (left heatmap) and average relative abundance (right heatmap) values were calculated by 
grouping samples with respect to tomato cultivar (Ciliegino and Pietrarossa F1/Maraskino), sampling time (post-transplant, flowering, harvesting) and 
sampling region (Campania, Sicily)
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We showed that the host plant growth stage strongly 
influenced the bacterial endophytic microbiota associ-
ated with tomato roots (Fig.  1), which may reflect an 
association between different mixtures of root exudates 

produced by the host plant during its growth and the 
recruitment of the microbiota. Indeed, this hypothesis is 
well supported by the literature, as during plant develop-
ment, exudates can vary, resulting in different mixtures 

Fig. 5  Proposal of a microbial consortium for tomato crops. (A), The selected ASVs were identified by choosing the most prevalent (> 90% overall) and 
abundant (> 0.4% of average relative abundance overall) ASVs from the core microbiota and from the discriminant analysis results (> 60% of prevalence 
and > 3% of average relative abundance in each group of samples defined by tomato type), excluding from the latter those that decreased in abundance 
from the post-transplant stage to the flowering and harvesting stages. The membership of the ASVs is shown in the first bar on the left. The Wilcoxon‒
Mann‒Whitney test results are shown (left heatmap): red denotes ASVs significantly enriched the post-transplant stage, green denotes those significantly 
enriched in the flowering stage, blue denotes those significantly enriched in the harvesting stage, and gray denotes nonsignificant (Ns) comparisons. 
Prevalence (central heatmap) and average relative abundance (right heatmap) values were calculated by grouping the samples with respect to tomato 
cultivar (Ciliegino and Pietrarossa F1/Maraskino), sampling time (post-transplant, flowering, and harvesting) and sampling region (Campania and Sicily). 
(B), Correlation matrix highlights positive (in blue) and negative (in red) correlations among the ASVs of the consortium. The * denotes a statistically sig-
nificant correlation (p value < 0.05). Red and green squares indicate the two main subconsortia identified
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[18, 19], and these variations may lead to differential 
recruitment of root-associated microbiota [20, 21]. The 
variation in alpha diversity (Fig.  2A-D) clearly revealed 
that the bacterial endophytic microbiota underwent 
strong selective pressure during the plant growth stages. 
Indeed, the observed richness as well as the Shannon 
index decreased significantly from Pt onward in both 
sampling regions, suggesting that some microbial taxa 

tended to become more dominant in the F and H stages. 
The observed biodiversity reduction was in line with pre-
vious findings; for example, some studies [22] reported 
that the biodiversity of the rhizospheric microbiota asso-
ciated with Arabidopsis thaliana decreased during plant 
development, and others [20] showed that different mix-
tures of root exudates collected from two growth stages 
of A. thaliana selected distinct microbial communities 

Fig. 6  Experimental design and processing steps. (A) The sampling plan included a total of 192 samples from two Italian regions, Sicily (n = 96) and 
Campania (n = 96), with the following experimental variables: three sampling times for each sampling region; post-transplant (n = 32), flowering (n = 32), 
and harvesting (n = 32); two tomato cultivars per sampling time, Ciliegino (n = 16) and Pietrarossa F1/Maraskino (n = 16); two sampling areas per tomato 
cultivar, open field (n = 8) and greenhouse (n = 8); and two crop management types per sampling area, organic (n = 4) and conventional (n = 4). (B) Main 
steps comprising the acquisition of tomato root endophytic microbiota samples, DNA extraction, 16 S rRNA sequencing, data analysis, and the proposal 
of microbial consortia for crop management (dashed line)
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when applied to soil, suggesting active and differential 
recruitment of the microbiota by the host plant during 
its development. In both sampling regions, the Actino-
bacteriota, Firmicutes and Patescibacteria phyla signifi-
cantly increased in abundance from the Pt stage to the F 
stage, whereas other main phyla, such as Proteobacteria, 
Planctomycetota and Verrucomicrobiota, significantly 
decreased in abundance (Fig.  2E-F). In the H stage, the 
general bacterial microbiota structure tended to return 
to the Pt condition: the abundance of the Proteobacteria, 
Verrucomicrobiota and Planctomycetota phyla increased 
significantly again in both regions, whereas that of the 
Actinobacteriota and Patescibacteria phyla decreased. 
Therefore, we observed that the bacterial microbiota 
underwent strong selection in the F stage of tomato 
plants, while this selective pressure was likely weaker in 
the later growth stages, probably following the decrease 
in the plant’s metabolic activities.

We also revealed the most abundant ASVs responsible 
for the variations in the microbial communities across 
host plant growth stages. In general, these discrimi-
nant ASVs exhibited quite common behavior in the two 
tomato cultivars and in the two geographical regions 
(Fig. 3); therefore, some of these taxa may be of interest 
for further investigations at the species level to develop 
microbial formulations that are effective across multiple 
conditions. In general, the abundance values of the ASVs 
were positively correlated with their prevalence. This is 
expected; however, it is still not clear if this relationship is 
universally applicable across all environments and micro-
bial taxa [23]. Many of the ASVs enriched in the F stage 
belong to the Actinobacteriota phylum (Fig.  3 and con-
sistent with the results presented in Fig.  2E-F), suggest-
ing a key role of these microorganisms in tomato plant 
development. The Streptomyces genus had five distinct 
ASVs significantly enriched from the Pt stage to the F 
stage in at least one sampling region. This genus is well 
known for having many plant growth-promoting (PGP) 
activities, such as the production of indole-3-acetic acid 
(IAA), 1-aminocyclopropane-1-carboxylate deaminase 
(ACCD) and siderophores, and phosphate-solubilizing 
activity [24–26]. It is also widely recognized that Strep-
tomyces species are efficient biocontrol agents, probably 
due to the high rate of lytic enzyme and antimicrobial 
compound production [27], and this genus has already 
been identified as an endophyte of tomato roots [28]. 
We also identified the Amycolatopsis genus (n = 4) as 
enriched in the F stage in at least one sampling region. 
Amycolatopsis species are known for having PGP activi-
ties (siderophores and ACCD production [29]), and this 
genus has been reported as a tomato root endophyte [30]. 
Many other ASVs belonging to the Actinobacteriota phy-
lum with significantly increased abundance in the F stage 
are known for exerting PGP activities. This is the case for 

the Kribbella genus, with some species described as high-
IAA producers and nitrogen-fixing bacteria [31], as well 
as potential biocontrol agents since they can produce 
antifungal compounds known as kribellosides [32]. Addi-
tionally, the Nocardioides genus has been reported as 
an IAA producer [33]. Among the other ASVs enriched 
in F, many were assigned to the Proteobacteria phylum, 
with several taxa related to PGP traits. More specifically, 
Variovorax paradoxus has been reported to have inter-
esting characteristics, such as the ability to metabolize 
many different substrates [34] and the ability to inter-
fere with the quorum sensing signals of several bacterial 
species [35, 36], in addition to classic PGP traits such as 
ACCD and siderophore production [37]. The Stenotro-
phomonas genus is also known for having PGP activities, 
such as IAA production [38] and saline stress protection 
[39]. In agreement with the findings shown in Fig. 2E-F, 
most of the ASVs that were significantly enriched in Pt 
belonged to the Proteobacteria phylum, with a high num-
ber of ASVs associated with the Devosia genus (n = 9) and 
genera related to the organic matter cycle, such as Cell-
vibrio and Lysobacter [40, 41]. The genus Lysobacter is 
also known for its important role as a biocontrol agent 
[42, 43]. Therefore, our results suggested that the endo-
phytic microbiota probably shifted toward augmented 
PGP characteristics in the F stage of tomato plants, with 
the host plant recruiting specific microorganisms during 
their development.

While the identification of the ASVs discriminant 
among plant growth stages has suggested transient 
relationships between the host plant and endophytic 
microbiota, analysis of the core microbiota allowed us 
to characterize more long-term associations. We iden-
tified a set of ASVs (Fig.  4) that were characterized by 
high persistence across growth stages and geographi-
cal distribution in both sampling regions. Interestingly, 
Shinella, Streptomyces, and Sphingobium have already 
been described as core taxa of the endophytic microbiota 
associated with tomato roots [44], and Devosia, Bosea, 
and Bradyrhizobium were identified as some of the most 
abundant taxa in the tomato rhizosphere and endorhi-
zosphere in previous studies [45]. Notably, we identi-
fied Pseudarthrobacter, not previously reported as a 
tomato root endophyte, as one of the most prevalent taxa 
(detected in 99.5% of the samples) along with its high rel-
ative abundance (0.79%).

We ultimately selected a total of 12 ASVs, the most 
abundant and prevalent of which were from both the 
core microbiota and the discriminant analysis results. 
Among the latter, we excluded ASVs with decreased 
abundance from Pt to F or from Pt to H, since they were 
probably not selected by the metabolic activities of the 
host plant during its development (Fig.  5A). Correla-
tion analysis revealed a separation between five ASVs 
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(i.e., Streptomyces 43, Shinella 10, Pseudoxanthomonas 
41, Pseudarthrobacter 5, and Devosia 78) and the oth-
ers, suggesting the possible selection of two subconsortia. 
These five ASVs (Fig. 5B, red squares) were selected from 
the core microbiota: they presented slightly positive or 
neutral correlations among themselves and negative cor-
relations with the other selected ASVs (except for Pseud-
arthrobacter 5). The other ASVs of the consortium (i.e., 
Sphingobium herbicidovorans 1, Streptomyces 77, Bosea 
34, Lechevalieria 2, Allorhizobium-Neorhizobium-Para-
rhizobium-Rhizobium 50, Variovorax paradoxus 1, and 
Mycobacterium 34) showed strong positive correlations 
among themselves (Fig. 5B, green squares), as they were 
selected from the discriminant analysis results (except 
for S. herbicidovorans), meaning that they significantly 
increased in abundance from Pt to the F and H stages in 
at least one geographical region. Therefore, we suggest a 
first consortium with the role of establishing long-term 
relationships with host plants and thus ensuring phyto-
sanitary stability and a second consortium that instead 
may be better-suited to promote tomato growth at later 
stages, as these ASVs probably exerted some PGP activi-
ties specifically recruited from the host plant during its 
development. Interestingly, most of the selected ASVs 
reported in the literature have PGP activities, such as 
those of the Streptomyces genus and Variovorax para-
doxus, as discussed above [24, 37], in addition to Shinella 
(IAA and hydrogen cyanide production [46]), Pseudox-
anthomonas, Pseudarthrobacter, Mycobacterium (IAA 
and ACCD production, phosphate solubilization, and 
nitrogen fixation [47–50]), and Devosia (nitrogen fixation 
[51]). Other selected ASVs (i.e., Sphingobium herbicidov-
orans, Bosea or Lechevalieria) are less known as PGP 
candidates, although Lechevalieria is known for antibi-
otic production [52]. Finally, the selected ASVs belonging 
to the Allorhizobium-Pararhizobium-Neorhizobium-Rhi-
zobium group could not be assigned to a specific genus 
according to the molecular data used in this study. Fur-
thermore, several ASVs selected in the consortium have 
already been reported in the literature as tomato root 
endophytes, such as Streptomyces, Shinella, Devosia, 
and Bosea, as well as Pseudoxanthomonas, Sphingobium 
herbicidovorans, and Mycobacterium [44, 45, 53–55]. 
Conversely, other selected ASVs, such as Variovorax par-
adoxus, Pseudarthrobacter, and Lechevalieria, are likely 
reported here for the first time as important components 
of the endophytic microbiota of tomato roots. Since these 
ASVs showed interesting behavior in the microbial com-
munity in terms of persistence at high abundance during 
plant development and across different tomato cultivars 
and geographical regions or enrichment in the F stage, 
suggesting recruitment by the host plant, further inves-
tigations into the role of these ASVs in the holobiont and 
their possible PGP activities are needed.

Conclusions
This research provides an in-depth characterization of 
the tomato root endophytic bacterial microbiota, reveal-
ing significant temporal shifts during plant growth stages 
(post-transplant, flowering, and harvesting). These 
shifts are associated with changes in bacterial commu-
nity structure, with Actinobacteriota and Proteobacte-
ria being the dominant phyla. Therefore, it appears that 
host‒microorganism associations are subject to precise 
mechanisms of coevolution that drive the assembly of 
the plant-associated microbiota rather than other envi-
ronmental factors. The highly representative framework 
of the tomato root endophytic microbiota determined 
by discriminating taxa between sampling times and the 
core microbiota provides insight into Streptomyces, Shi-
nella, Devosia, and Pseudoxanthomonas, as well as the 
lesser known genera Variovorax, Pseudarthrobacter, and 
Lechevalieria. These persistent microbial taxa, the most 
important components of the tomato root endophytic 
microbiota, suggest long-term host‒microbe associa-
tions. These findings provide a basis for developing tai-
lored microbial formulations that may increase crop 
resilience, reduce dependence on synthetic agricultural 
inputs, and improve overall agricultural sustainabil-
ity. Further studies are needed to validate the proposed 
microbial consortia under real agricultural conditions 
and assess their effectiveness in promoting plant growth 
and soil health. However, given the huge biodiversity of 
bacterial populations present in the soil rhizosphere, 
and the time and resources required for microbial iso-
lation and selection using culture-dependent methods, 
understanding specific key persistent bacterial genera 
could streamline the process of developing a commercial 
microbial-based biostimulant.

Methods
Experimental design and soil measurements
The experimental design is summarized in Fig.  6A, and 
sample information is reported in Supplementary Data 
1. In detail, the sampling plan included a total of 192 
samples from two Italian regions: Sicily (Vittoria, RG; 
36°57′ N 14°32′ W; n = 96) and Campania (Parete, CE; 
40°57′35.57″ N 14°09′53.87″ W; n = 96). For each sam-
pling region, three sampling times were considered based 
on known changes in the level of phytohormones that 
occur during the transition to the different growth stages: 
post-transplant (n = 32), flowering (n = 32), and harvest-
ing (n = 32). Two main tomato types were considered per 
sampling time: the small-rounded fruited type Solanum 
lycopersicum var. cerasiforme, commonly called Cilieg-
ino, a putative feral hybrid between wild currant-type 
and domesticated garden tomatoes (n = 16) and the elon-
gated type S. lycopersicum cv. Pietrarossa F1 (Campa-
nia region) and Maraskino (Sicily region), domesticated 
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garden tomatoes (n = 16). For each tomato type, two crop 
treatments were carried out: organic (cattle manure at 
29 t ha− 1; n = 8) and conventional (mineral fertilizer as 
ammonium nitrate at 26% N at a dose of 440  kg ha− 1; 
n = 8). Finally, for each treatment, the plants were grown 
in two agricultural areas: a greenhouse (tunnel polyethyl-
ene greenhouse with a proper ventilation and dehumidi-
fication systems to regulate moisture levels and with a 
drip irrigation system; n = 4) and an open field (n = 4). The 
tomato seedlings used in this study were sourced from 
local markets in the Sicily and Campania regions. Before 
tomato transplantation, soil sampling was carried out at 
0–20 cm for physical and chemical characterization. The 
soil of the Campania region was a clay sandy loam soil 
(USDA classification) with a pH of 7.4, an EC of 4.7 dS 
m− 1, total nitrogen content of 1.6 g kg− 1, organic matter 
content of 22.9 g kg− 1, phosphorus content of 127.3 ppm, 
potassium content of 382.3 ppm, calcium content of 2196 
ppm, magnesium content of 102.3 ppm, sodium content 
of 13.3 ppm, organic carbon content of 13.3 and a C/N 
ratio of 8.3. The soil of the Sicily region was a clay sandy 
loam soil (USDA classification) with a pH of 7.3, an EC of 
4.9 dS m− 1, total nitrogen content of 1.5 g kg− 1, organic 
matter content of 21.1  g kg− 1, phosphorus content of 
133.3 ppm, potassium content of 322.3 ppm, calcium 
content of 2068 ppm, magnesium content of 116.7 ppm, 
sodium content of 147.7 ppm, organic carbon content of 
12.2 and a C/N ratio of 8.1.

Sampling and DNA extraction
Rhizosphere sampling of the tomato plants was per-
formed as previously described [56]. To obtain the endo-
phytic bacterial microbiota, representative subsections 
of root tissue were placed directly into 50 mL of sterile 
chilled water (4 °C) to facilitate deep washing. The sam-
ples were shaken vigorously for one minute to elimi-
nate the ectorhizosphere and centrifuged at 6500  rpm 
for 10  min at room temperature. The washing step was 
repeated until visible soil on the root surface was elimi-
nated. The roots were subsequently sterilized with 70% 
(v/v) ethanol for 10  min, washed with sterile distilled 
water, frozen in liquid nitrogen and crushed in a mortar 
to obtain a homogeneous powder. The absence of bac-
terial and fungal epiphytes was assessed by placing the 
surface-sterilized roots on plate count agar (PCA; Oxoid, 
Milan, Italy) and potato dextrose agar (PDA; Oxoid, 
Milan, Italy) plates at 28  °C for 3‒4 days. Total genomic 
DNA was extracted using a FastDNA SPIN Kit for Soil 
(MP Biomedicals, Illkirch Cedex, France) according to 
the manufacturer’s instructions and stored at -80 °C until 
analysis. The main steps comprising DNA extraction, 
16 S rRNA sequencing and data analysis are summarized 
in Fig. 6B.

Illumina miseq sequencing and Raw data processing
The primers S-D-Bact-0341-b-S-17 (5’-CCTACGGGNG-
GCWGCAG-3’) and S-D-Bact-0785-a-A-21 (5’-GAC-
TACHVGGGTATCTAATCC-3’) were used to amplify 
the V3-V4 hypervariable region of the 16 S rRNA gene. 
The amplicon libraries were sequenced on a MiSeq plat-
form (Illumina, USA), and 250-bp paired-end reads were 
obtained. The primers were removed from the raw reads 
using Cutadapt [57] with the command-line option -g 
to detect nonanchored and partial primer sequences. 
Preliminary quality control was performed with FastQC 
[58]. Reads were further processed through the DADA2 
pipeline [59], which included the filtering of low-quality 
reads through the filterAndTrim function with the fol-
lowing parameters: the maxN = 0, maxEE = c(2,2) and 
truncQ = 2 options were used, and the recommended 
settings were selected, although the truncLen option 
was omitted since the reads were of good quality at all 
lengths. After the paired-end reads were merged, a total 
of 7,695,390 sequences were generated, with an average 
of 40,080 merged sequences per sample. Chimeras were 
also removed via the removeBimeraDenovo option, and 
a total of 6,128,328 sequences were retained (with an 
average of 31,918 per sample). Taxonomic profiling and 
assignment were performed using the SILVA database 
[60] (v138.1).

Statistical analyses
Downstream statistical analyses were performed in 
the R environment [61] (v4.3.3). The sample biodiver-
sity was covered by sequencing depth (Supplementary 
Fig.  1). The original dataset comprised a total of 49,924 
distinct ASVs. We removed ASVs that were not assigned 
at the kingdom level or that were assigned to Eukaryota, 
Mitochondria, or Chloroplast. This resulted in a total of 
49,085 ASVs, which were further filtered to 19,733 ASVs 
by removing the ASVs with fewer than 5 occurrences 
overall. Beta diversity in terms of MDS was computed 
through the vegan package [62] and the Bray‒Curtis dis-
tance. This MDS plot and the bar plots were represented 
using the ggplot package [63]. Alpha diversity in terms 
of the Shannon index and observed richness was calcu-
lated using the microbiome package [64] and represented 
with the ggpubr package [65]. Statistical tests between 
groups of samples in terms of alpha diversity were per-
formed using the Kruskal‒Wallis test, which uses the 
function available in the ggpubr package. The ASVs sta-
tistically discriminant among host plant growth stages 
were calculated by removing ASVs with an average rela-
tive abundance < 0.005% overall. This resulted in 1812 
ASVs. Discriminant ASVs were identified through the 
Wilcoxon‒Mann‒Whitney test; multiple hypothesis cor-
rection was performed using the false discovery rate; only 
the ASVs with an adjusted p value < 0.1 and an average 
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relative abundance > 0.7% in at least one group of samples 
are reported in the heatmap in Fig.  3. The discriminant 
ASVs were ordered in the heatmap on the basis of the 
average fold change between the two sampling regions, 
which was calculated as follows:

Fold change = log2(Average abundance of the ASV in 
F + c / Average abundance of the ASV in Pt + c), where the 
average abundance of the ASV is the average computed 
between the two tomato cultivars at a given sampling 
time and in a sampling region and c is a constant equal 
to 2.2e-16. The fold change was calculated separately 
for the Campania and Sicily regions, and the average 
was then calculated as the final fold change value. The 
core microbiota was calculated by considering the ASVs 
detected in at least 80% of the samples without defining a 
threshold in terms of relative abundance. Heatmaps were 
generated using the ComplexHeatmap package [66]. The 
microbial consortium was selected by defining two crite-
ria, resulting in 12 ASVs: (i) 6 ASVs were selected from 
the discriminant analysis results by choosing those that 
increased in abundance from Pt to F and H and exhib-
ited high abundance (> 3% average relative abundance 
in at least one group of samples) and prevalence (> 60% 
overall); and (ii) 6 additional ASVs were selected from the 
core microbiota by choosing the most prevalent (> 90% 
overall) and abundant (> 0.4% average relative abundance 
overall) ones. The correlation matrix was computed using 
the function cor (Spearman method), and p values were 
calculated using the function rcorr.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​2​5​-​0​6​4​4​7​-​4.

Supplementary Data 1: Metadata used in the experimental design and 
number of reads per sample

Supplementary Data 2: Prevalence values of the most abundant ASVs 
discriminant among host plant growth stages. The values were calculated 
in each group of samples defined by tomato type

Supplementary Data 3: Average abundance values of the most abundant 
ASVs discriminant among host plant growth stages. The values were 
calculated in each group of samples defined by tomato type

Supplementary Data 4: Prevalence values of the ASVs of the core micro-
biota. The values were calculated in each group of samples defined by 
tomato type

Supplementary Data 5: Average abundance values of the ASVs of the core 
microbiota. The values were calculated in each group of samples defined 
by tomato type

Supplementary Figure 1: Rarefaction curves of the 192 samples of the en-
dophytic prokaryotic microbiota of tomato roots. The observed richness is 
represented on the y axis, while the sequence sample size is on the x axis

Author contributions
FMF and VV drafted the manuscript; FMF and EP carried out the bioinformatic 
and data analysis and revised and corrected the manuscript; IR revised and 
corrected the manuscript; PA got tomato plant samples and performed 

physico-chemical characterization of soil; OP and VV conceived, designed and 
coordinated the study, revised and corrected the manuscript.

Funding
This work was supported by PRIN 2022CYBRYT “A comprehensive 
biotechnological approach for the development of novel plant microbial 
biostimulants: metagenomic selection, sustainable production and 
encapsulation - MicroBioCaps”, was carried out within the Agritech 
National Research Center and received funding from the European Union 
NextGenerationEU (PIANO NAZIONALE DI RIPRESA E RE- SILIENZA (PNRR)—
MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032 17/06/2022, 
CN00000022) and supported by Agriges S.r.l. within the research project 
“BENEVEGEFIT”, MISE—Agrifood PON I&C 2014–2020.

Data availability
The sequencing data have been deposited at NCBI under BioProject 
PRJNA1130708.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
PA was employed by Agriges S.r.l. The authors declare that this study received 
funding also from Agriges S.r.l. The funder had the following involvement 
in the study: get tomato plant samples and performed physico-chemical 
characterization of soil. The other authors have no competing interests.

Received: 12 January 2025 / Accepted: 24 March 2025

References
1.	 Trivedi P, Schenk PM, Wallenstein MD, Singh BK. Tiny microbes, big Yelds: 

enhancing food crop production with biological solutions. Microb Biotech-
nol. 2017;10:999–1003.

2.	 Zhang L, Yan C, Guo Q, Zhang J, Ruiz-Menjivar J. The impact Pf agricultural 
chemical inputs on environment: global evidence from informetrics analysis 
and visualization. Int J Low-Carbon Technol. 2018;13:338–52.

3.	 Wallestein MD. Managing and manipulating the rhizosphere Microbiome for 
plant health: A systems approach. Rhizosphere. 2017;3:230–2.

4.	 Romano I, Ventorino V, Ambrosino P, Testa A, Chouyia FE, Pepe O. Develop-
ment and application of low-cost and eco-sustainable bio-stimulant contain-
ing a new plant growth-promoting strain Kosakonia pseudosacchari TL13. 
Front Microbiol. 2020;11:2044.

5.	 Bhattacharyya PN, Jha DK. Plant growth-promoting rhizobacteria (PGPR): 
emergence in agriculture. World J Microb Biot. 2012;28:1327–50.

6.	 Nunes PSO, Lacerda-Junior GV, Mascarin GM, Guimarães RA, Medeiros FHV, 
Arthurs S, Bettiol W. Microbial constortia of biological products: do they have 
a future? Biol Control. 2024;188:105439.

7.	 Fadiji AE, Babalola OO, Santoyo G, Perazzolli M. The potential role of microbial 
biostimulants in the amelioration of climate change-associated abiotic 
stresses on crops. Front Microbiol. 2022;12:829099.

8.	 Vandana UK, Rajkumari J, Singha LP, Satish L, Alavilli H, Sudheer PDVN, 
Chauhan S, Ratnala R, Satturu V, Mazumder PB, Pandey P. The endophytic 
Microbiome as a hotspot of synergistic interactions, with prospect of plant 
growth promotion. Biology. 2021;10:101.

9.	 Khan AL, Waqas M, Kang SM, Al-Harrasi A, Hussain J, Al-Rawahi A, Al-Khiziri S, 
Ullah I, Ali L, Jung HY, Lee IJ. Bacterial endophyte Sp.ingomonas Sp. Lk11 pro-
duces gibberellins and IAA and promotes tomato plant growth. J Microbiol. 
2014;52:689–95.

10.	 Herlina L, Pukan KK, Mustikaningtyas D. The endophytic bacteria producing 
IAA (indole acetic acid) in Arachis Hypogaea. Cell Biology Dev. 2017;1:31–5.

11.	 Sidiq Y, Assyifa AN, Rahayu T, Mumpuni KE. Endophytic bacteria improves the 
growth of tomato plants: an initial trial towards sustainable agriculture. IOP 
Conf Series: Earth Environ Sci. 2024;1357:012015.

https://doi.org/10.1186/s12870-025-06447-4
https://doi.org/10.1186/s12870-025-06447-4


Page 14 of 15Fagnano et al. BMC Plant Biology          (2025) 25:427 

12.	 Ali MA, Ahmed T, Ibrahim E, Rizwan M, Chong KP, Yong JWH. A review on 
mechanisms and prospects of endophytic bacteria in biocontrol of plant 
pathogenic fungi and their plant growth-promoting activities. Heliyon. 
2024;10:e31573.

13.	 Abbas MM, Ismael WH, Mahfouz AY, Daigham GE, Attia MS. Efficacy of 
endophytic bacteria as promising inducers for enhancing the immune 
responses in tomato plants and managing Rhizoctonia root-rot disease. Sci 
Rep. 2024;14:1331.

14.	 Oukala N, Aissat K, Pastor V. Bacterial endophytes: the hidden actor in plant 
immune responses against biotic stress. Plants (Basel). 2021;10:1012.

15.	 Vives-Peris V, de Ollas C, Gómez-Cadenas A, Pérez-Clemente RM. Root exu-
dates: from plant to rhizosphere and beyond. Plant Cell Rep. 2020;39:3–17.

16.	 Jones DL, Nguyen C, Finlay RD. Carbon flow in the rhizosphere: carbon trad-
ing at the soil-root interface. Plant Soil. 2009;321:5–33.

17.	 Santoyo G. How plants recruit their microbiome? New insights into beneficial 
interacions. J Adv Res. 2022;40:45–58.

18.	 Aulakh MS, Wassmann R, Bueno C, Kreuzwieser J, Rennenberg H. Character-
ization of root exudates at different growth stages of ten rice (Oryza sativa L.) 
cultivars. Plant Biol. 2001;3:139–48.

19.	 Gransee A, Wittenmayer L. Qualitative and quantitative analysis of water-
soluble root exudates in relation to plant species and development. J Plant 
Nutr Soil Sci. 2000;163:381–5.

20.	 Zhao M, Zhao J, Yuan J, Hale L, Wen T, Huang Q, Vivanco JM, Zhou J, Kow-
alchuk GA, Shen Q. Root exudates drive soil-microbe-nutrient feedbacks in 
response to plant growth. Plant Cell Environ. 2021;44:613–28.

21.	 Berendsen RL, Pieterse CM, Bakker PA. The rhizosphere Microbiome and plant 
health. Trends Plant Sci. 2012;217:478–86.

22.	 Chaparro J, Badri D, Vivanco J. Rhizosphere Microbiome assemblage is 
affected by plant development. ISME J. 2014;8:790–803.

23.	 Neu AT, Allen EE, Roy K. Defining and quantifying the core microbiome: chal-
lenges and prospects. PNAS. 2021;118:e2104429118.

24.	 Dias MP, Bastos MS, Xavier VB, Cassel E, Astarita LV, Santarém ER. Plant growth 
and resistance promoted by Streptomyces spp. In tomato. Plant Physiol 
Biochem. 2017;118:479–93.

25.	 Chouyia FE, Romano I, Fechtali T, Fagnano M, Fiorentino N, Visconti D, Idbella 
M, Ventorino V, Pepe O. P-solubilizing Streptomyces Roseocinereus MS1B15 
with multiple plant growth-promoting traits enhance barley development 
and regulate rhizosphere microbial population. Front Plant Sci. 2020;11:1137.

26.	 Chouyia FE, Ventorino V, Pepe O. Diversity, mechanisms and beneficial 
features of phosphate-solubilizing Streptomyces in sustainable agriculture: A 
review. Front Plant Sci. 2022;13:1035358.

27.	 Jog R, Pandya M, Nareshkumar G, Rajkumar S. Mechanism of phosphate 
solubilization and antifungal activity of Streptomyces spp. Isolated from wheat 
roots and rhizosphere and their application in improving plant growth. 
Microbiol. 2014;160:778–88.

28.	 Cao L, Qiu Z, You J, Tan H, Zhou S. Isolation and characterization of endo-
phytic Streptomyces strains from surface-sterilized tomato (Lycopersicon 
esculentum) roots. Lett Appl Microbiol. 2004;39:425–30.

29.	 Gopalakrishnan S, Sathya A, Vijayabharathi R. A book entitled plant growth-
promoting actinobacteria: a new avenue for enhancing the productivity & 
soil fertility of grain legumes. Singapore: Springer; 2016.

30.	 Passari AK, Chandra P, Zothanpuia, Mishra VK, Leo VV, Gupta VK, Kumar B, 
Singh BP. Detection of biosynthetic gene and phytohormone production by 
endophytic actinobacteria associated with Solanum lycopersicum and their 
plant-growth promoting effect. Res Microbiol. 2016;167:692–705.

31.	 Hazarika SN, Saikia K, Thakur D. Characterization and selection of endophytic 
actinobacteria for growth and disease management of tea (Camellia sinensis 
L). Front Plant Sci. 2022;13:989794.

32.	 Igarashi M, Saea R, Yamasaki M, Hayashi C, Umekita M, Hatano M, Fujiwara 
T, Mizumoto K, Nomoto A. Kribellosides, novel RNA 5’-triphosphatase 
inhibitors from the rare actinomycete Kribbella Sp. MI481-42F6. J Antibiot. 
2017;70:582–9.

33.	 Alotaibi F, St-Arnaud M, Hijri M. In-depth characterization of plant growth 
promotion potentials of selected alkanes-degrading plant growth-promoting 
bacterial isolates. Front Microbiol. 2022;13:863702.

34.	 Willems A, De Ley J, Gillis M, Kersters K. Comamonadaceae, a new family 
encompassing the acidovorans rRNA complex, including variovorax para-
doxus gen. Nov., comb. Nov., for alcaligenes paradoxus (Davis 1969). Form 
IJSB (now IJSEM). 1991;41:445–50.

35.	 Han JI, Choi HK, Lee SW, Orwin PM, Kim J, LaRoe SL, Kim T, O’Neil J, Leadbetter 
JR, Lee SY, Hur CG, Spain JC, Ovchinnikova G, Goodwin L, Han C. Complete 

genome sequence of the metabolically versatile plant growth promoting 
endophyte Variovorax Parodoxus S110. J Bacteriol. 2011;193:1183–90.

36.	 Leadbetter JR, Greenberg EP. Metabolism of acyl-homoserine lactone quo-
rum-sensing signals by Variovorax paradoxus. J Bacteriol. 2000;182:6921–6.

37.	 Hong CE, Jo SH, Jo IH, Jeong H, Park JM. Draft genome sequence of the 
endophytic bacterium Variovorax paradoxus KB5, which has antagonistic 
activity against a phytopathogen, Pseudomonas syringae Pv. tomato DC3000. 
Genome Announc. 2017;5:e00950–17.

38.	 Ulrich K, Kube M, Becker R, Schneck V, Ulrich A. Genomic analysis of the endo-
phytic Stenotrophomonas strain 169 reveals features related to plant-growth 
promotion and stress tolerance. Front Microbiol. 2021;12:687463.

39.	 Tuong HM, Mendez SG, Vandecasteele M, Willems A, Luo D, Beirinckx S, 
Goormachtig S. Stenotrophomonas Sp. SRS1 promotes growth of Arabidopsis 
and tomato plants under salt stress conditions. Plant Soil. 2022;473:547–71.

40.	 Blackall LL, Hayward AC, Sly LI. Cellulolytic and dextranolytic Gram-negative 
bacteria: revival of the genus Cellvibrio. J Appl Microbiol. 1985;59:81–97.

41.	 Reichenbach H. The genus Lysobacter. In: Dworkin M, Falkow S, Rosenberg E, 
Schleifer KH, Stackebrandt E, editors. The prokaryotes. New York, NY: Springer; 
2006. pp. 939–57.

42.	 Brescia F, Pertot I, Puopolo G. Lysobacter. In: Amaresan N, Kumar MS, 
Annapurna K, Kumar K, Sankaranarayanan A, editors. Beneficial microbes in 
agro-ecology. USA: Academic; 2020. pp. 313–38.

43.	 Yue H, Miller AL, Khetrapal V, Jayaseker V, Wright S, Du L. Biosynthesis, regula-
tion, and engineering of natural products from Lysobacter. Nat. Prod Rep. 
2022;39:842–74.

44.	 Lee SA, Kim Y, Kim JM, Chu B, Joa J-H, Sang MK, Song J, Weon H-Y. A prelimi-
nary examination of bacterial, archaeal, and fungal communities inhabiting 
different rhizocompartments of tomato plants under real-world environ-
ments. Sci Rep. 2019;9:9300.

45.	 Tian B-Y, Cao Y, Zhang K-Q. Metagenomic insights into communities, 
functions of endophytes, and their associates with infection by root-knot 
nematode, Meloidogyne incognita, in tomato roots. Sci Rep. 2015;5:17087.

46.	 Sahu PK, Thomas P, Singh S, Gupta A. Taxonomic and functional diversity of 
cultivable endophytes with respect to the fitness of cultivars against Ralsto-
nia solanacearum. J Plant Dis Protect. 2020;127:667–76.

47.	 Liaqat F, Eltem R. Identification and characterization of endophytic bacteria 
isolated from in vitro cultures of Peach and Pear rootstocks. 3 Biotech. 
2016;6:120.

48.	 Daza-Martínez YM, Almaraz-Suarez JJ, Rodríguez-Mendoza MM, Angulo-
Castro A, Silva-Rojas HV. Isolation of rhizobacteria associated with tomato 
(Solanum lycopersicum L.) and its potential to promote plant growth. ITEA. 
2022;118:345–60.

49.	 Ham SH, Yoon AR, Oh HE, Park YG. Plant growth-promoting microorganism 
Pseudarthrobacter Sp. NIBRBAC000502770 enhances the growth and flavo-
noid content of Geum Aleppicum. Microorganisms. 2022;10:1241.

50.	 Karmakar J, Goswami S, Pramanik K, Maiti TK, Kar RK, Dey N. Growth promot-
ing properties of Mycobacterium and Bacillus on rice plants under induced 
drought. Plant Sci Today. 2021;8:49–57.

51.	 Rivas R, Willems A, Subba-Rao NS, Mateos PF, Dazzo FB, Kroppenstedt RM, 
Martínez-Molina E, Gillis M, Velázquez E. Description of Devosia neptuniae Sp. 
Nov. That nodulates and fixes nitrogen in symbiosis with Neptunia natans, an 
aquatic legume from India. Syst Appl Microbiol. 2003;26:47–53.

52.	 Labeda DP. The family Actinosynnemataceae. The prokaryotes. New York, NY, 
USA: Springer; 2006. pp. 654–68.

53.	 Upreti R, Thomas P. Root-associated bacterial endophytes from Ralstonia 
solanacearum resistant and susceptible tomato cultivars and their pathogen 
antagonistic effects. Front Microbiol. 2015;6:255.

54.	 Longoria-Espinoza RM, Félix-Gastélum R, Cordero-Ramírez JD. Diversity of 
endophytic bacteria associated with tomato plants (Solanum lycopersicyum). 
MJP. 2020;38:2.

55.	 Bouam A, Armstrong N, Levasseur A, Drancourt M. Mycobacterium terramas-
siliense, Mycobacterium rhizamassiliense and Mycobacterium numidiamas-
siliense Sp. nov., three new Mycobacterium Simiae complex Sp.cies cultured 
from plant roots. Sci Rep. 2018;8:9309.

56.	 Romano I, Ventorino V, Pepe O. Effectiveness of plant beneficial microbes: 
overview of the methodological approaches for the assessment of root 
colonization and persistence. Front Plant Sci. 2020;11:6.

57.	 Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet J. 2011;17:10–2.

58.	 Andrews S, FastQC:. A Quality Control Tool for High Throughput Sequence 
Data [Online]. Available online at: ​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​​m​a​t​i​​c​s​​.​b​a​​b​r​a​​h​a​m​.​​a​c​​.​u​k​
/​p​r​o​j​e​c​t​s​/​f​a​s​t​q​c​/. 2010.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Page 15 of 15Fagnano et al. BMC Plant Biology          (2025) 25:427 

59.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high resolution sample inference from illumina amplicon data. Nat 
Methods. 2016;13:581–3.

60.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner 
FO. The SILVA ribosomal RNA gene database project: improved data process-
ing and web-based tools. Nucleic Acids Res. 2013;41:D590–6.

61.	 R Core Team. R: A language and environment for statistical computing. R 
foundation for statistical computing, Vienna, Austria. ​h​t​t​p​s​:​/​/​w​w​w​.​R​-​p​r​o​j​e​c​t​.​o​
r​g​/​​​​​. 2021.

62.	 Oksanen J, Simpson GL, Blanchet FG, Kindt R et al. Vegan: Community Ecol-
ogy Package. R package version 2.6-4. ​h​t​t​p​​s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​a​c​k​a​g​e​=​v​
e​g​a​n. 2022.

63.	 Wickham H. Ggplot2: elegant graphics for data analysis. New York: Springer-
Velag; 2016.

64.	 Lahti L, Shetty S et al. Tools for Microbiome analysis in R. ​h​t​t​p​​:​/​/​​m​i​c​r​​o​b​​i​o​m​​e​.​g​​i​
t​h​u​​b​.​​c​o​m​/​m​i​c​r​o​b​i​o​m​e. 2017.

65.	 Kassambara A, Ggpubr. ‘ggplot2’ based publication ready plots. R package 
version 0.6.0. ​h​t​t​p​s​:​​​/​​/​r​p​k​g​​​s​.​d​​a​t​a​n​​o​v​i​​​a​.​​c​​o​m​/​g​g​p​u​b​r​/. 2023.

66.	 Gu Z. Complex heatmap visualization. iMeta. 2023;1:e43.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome
https://rpkgs.datanovia.com/ggpubr/

	﻿From microbiome to biostimulants: unlocking the potential of tomato root endophytes
	﻿Abstract
	﻿Background
	﻿Results
	﻿The endophytic microbiota varied strongly across host plant growth stages
	﻿Several hundred ASVs were differentially abundant during plant development
	﻿The core microbiota included 25 ASVs prevalent across several conditions
	﻿Proposal of microbial consortia

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Experimental design and soil measurements
	﻿Sampling and DNA extraction
	﻿Illumina miseq sequencing and Raw data processing
	﻿Statistical analyses

	﻿References


