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PLANT MICROBE INTERACTIONS
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Abstract
The study was undertaken to unravel the culturable endophytic bacterial microbiome of Crocus sativus L. (saffron crocus) 
and consequently obtain potential leads to develop plant growth-promoting and biocontrol agents for increased productiv-
ity and sustainable cultivation. The endophytes formed 47 different operational taxonomic units (OTUs), spanning over 28 
genera. The host was preferentially colonized by the genus Bacillus, followed by Burkholderia and Pantoea, respectively. 
Several endophytes possessed potential plant growth-promoting properties and inhibitory activities against the specific fun-
gal pathogens of saffron. The endophytes, except for Microbacterium oxydans, did not cause any disease symptoms in the 
pot experiments. The selected cultures, Burkholderia gladioli, Streptomyces achromogenes, and three species of Bacillus, 
enhanced the host plant growth significantly. Based on the pot experiment results, two isolates, Bacillus mojavensis CS4EB32 
and Burkholderia gladioli E39CS3, were selected for the field experiments. We obtained an increase of 67.5%, 69.8%, and 
68.3% in the production of flowers with the individual and collective treatments, respectively. The treatments also enhanced 
the biomass of the plant and the length and weight of stigmas significantly. The endophyte treatments induced the expression 
of the pathway genes, resulting in a marked increase in the concentration of apocarotenoids. The study indicates that the 
dominant endophytes support plant growth and development in nature and present an opportunity for developing microbial 
formulations for the sustainability of saffron cultivation.
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Introduction

Saffron (Crocus sativus Linn.) is grown in several parts of 
the world, for centuries, in specific agro-climatic condi-
tions, mainly in Spain, Iran, and India [1]. The stigmata 

of its crocuses are used as a valuable spice, and an impor-
tant ingredient of traditional medicine owing to its unique 
constituents called apocarotenoids — crocin, picrocrocin, 
and safranal — that lend it the peculiar color, flavor, and 
aroma [2]. Thus, it is regarded as one of the most expen-
sive spices worldwide [3]. The importance and demand 
of this medicinal herb have increased significantly due to 
the recent findings that saffron and its constituents, par-
ticularly crocin, are potential antioxidant, anticancer, anti-
depressant, gastro-protective, and neuroprotective agents 
[4]. However, the production and cultivation of saffron 
have declined worldwide for the last few decades due to 
various factors [5, 6]. The crop may be severely affected 
by low temperatures, drought, water-logging, and fungal 
pathogens, particularly, Fusarium oxysporum, Alternaria 
alternata, Epicoccum nigrum, Penicillium pinophilum, 
and Talaromyces cellulolyticus [7–9]. Therefore, it is 
essential to devise strategies for its disease management, 
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stress tolerance, increased productivity, and sustainable 
cultivation.

Endophytes are microorganisms, bacteria as well as 
fungi, that colonize the internal plant tissues without 
producing any harmful effects or eliciting an immune 
response in the host [10]. The bacterial endophytes, 
exhibiting plant growth-promoting traits like the produc-
tion of indole-3-acetic acid (IAA) and regulation of the 
levels of ethylene by 1-aminocyclopropane-1-carboxylic 
acid (ACC) deaminase, have been extensively reported 
[11]. Similarly, endophytic bacteria provide nutrients to 
the plants, like nitrogen, phosphorous and iron through 
nitrogen fixation, phosphate solubilization, and sidero-
phore production, respectively [12, 13]. Moreover, bacte-
rial endophytes may reduce the incidence of infections in 
plants through the production of bioactive metabolites, 
competition for space or nutrients, and the development 
of systematic resistance [14]. The bacterial endophytes 
also protect the plants from abiotic stress conditions [15]. 
Thus, from an agronomical perspective, bacterial endo-
phytes have emerged as an important biological resource 
to enhance plant growth and control specific plant patho-
gens, thereby increasing the productivity and yield in sev-
eral plants [16, 17]. Therefore, it is necessary to character-
ize the endophytic bacterial diversity of a particular host 
plant to develop sustainable cultivation strategies.

Previously, we reported the community structure of the 
endophytic fungal microbiome of C. sativus and reported 
thirteen new potential fungal pathogens of the plant [8]. 
Consequently, we also found that one of its endophytes, 
Mortierella alpina CS10E4, enhances plant growth, apoc-
arotenoid content, and stress tolerance in saffron crocus 
[18]. In the current study, we characterized another vital 
component of the endophytic microbiome, the bacterial 
microbiome, and have identified the potential role of 
selected endophytes in regulating the plant growth, devel-
opment, and secondary metabolism.

Materials and Methods

Biological Materials and the Study Sites

For the isolation and analysis of the endophytic bacte-
rial population, saffron plants were collected from four 
locations—Pulwama (33° 58′ 33.9″ N, 74° 56′ 16.1″ E), 
Srinagar (34° 01′ 57.1″ N, 74° 47′ 56.7″ E), Budgam (33° 
51′ 46.4″ N, 74° 45′ 58.6″ E), and Kishtwar (33° 20′ 22.0″ 
N, 75° 44′ 45.1″ E) districts of Jammu and Kashmir, India 
(Fig. S1). Disease-free plants were collected in August 
and December, 10 plants each, from each location and 
stored at 4 °C.

Purification of Bacterial Endophytes

The bacterial endophytes were retrieved from the corms 
and the shoots of C. sativus with modifications of a previ-
ously described protocol suitable for bacterial isolation [8]. 
The plant tissues were washed with 1% sodium hypochlo-
rite (Himedia, Mumbai, India) and 70% ethanol (Merck, 
Darmstadt, Germany) for 5 and 2 min, respectively. Excess 
amounts of disinfectants were removed by three washes 
of sterile distilled water and surface-drying in a biosafety 
hood. Samples from the final wash were plated on nutrient 
agar (NA) and potato dextose agar (PDA) and incubated 
for 48–72 h to confirm the efficiency of surface steriliza-
tion. The surface-sterilized tissues were then snipped into 
smaller segments of approximate ~ 0.5 cm and transferred to 
NA, actinomycete isolation agar (AIA; Himedia, Mumbai, 
India), water agar (WA), and Kenknight-Munaier’s medium 
[19] and incubated at 25 °C for 1–2 weeks. Individual bac-
terial colonies were purified and preserved. The cultures 
were deposited in the microbial repository of the institute 
(WDCM 1117). The bacterial isolates were grouped based 
on morphological characteristics like colony color, texture, 
shape, size, surface, edge, opaqueness, and the Gram’s reac-
tion. The endophytic bacterial isolates were clustered into 
107 different morphotypes based on morphological charac-
teristics, and typical isolates of each morphotype were iden-
tified by the 16S rRNA gene sequence analysis (Table S1).

Genomic DNA Extraction, Acquisition of 16S rRNA 
Gene Sequences, and Phylogenetic Characterization

The genomic DNA of bacteria (gDNA) was extracted with 
Mericon DNA Bacterial plus kit (Qiagen, Hilden, Germany). 
The universal primers, 8F and 1492R, PCR reaction assay, 
and the thermal cycling program were used as described pre-
viously [20]. The PCR products were cleaned by QIAquick® 
PCR purification kit (Qiagen, Hilden, Germany) and cus-
tom-sequenced by the Eurofins Genomics, Bangalore, India, 
with both the primers. After assembling the sequences, the 
best-matching 16S rRNA gene sequences were determined 
by the BLAST analysis [21]. A phylogenetic tree was gener-
ated by the neighbor-joining method in MEGA (v 6) from 
closely related nucleotide sequences [22]

Diversity Analyses of Culturable Endophytes

The colonization frequency (CF) was calculated as the total 
number of plant segments colonized by endophytic bacteria 
divided by the total number of incubated plant segments, 
and the relative abundance, and species richness (S) were 
estimated as described previously [23]. The comparison of 
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the bacterial diversity in different tissues and the compara-
tive bacterial endophytic diversity at these sites was done 
using PAST (Version 3.04), [24].

In Vivo Test for Pathogenicity

The cultures were grown overnight at 25 °C in 15 mL nutri-
ent broth (NB). Bacterial suspensions of 1.5 × 108 CFU mL−1 
were prepared in normal saline solution [NSS, 0.85% NaCl 
(w/v)], used for the treatment of corms in all the experi-
ments unless otherwise stated. Inoculums were mixed 
with 2% polyvinyl pyrrolidine (PVP, Sigma Aldrich, MO, 
USA), for coating. Autoclaved pot soil was spiked with 
1.5 × 106 CFU g−1 cells of each culture. Surface-sterilized 
and injury imparted corms treated with F. oxysporum CSE15 
were used as a positive control, whereas the negative control 
consisted of corms treated with NSS. Three corms per pot 
were used for each endophyte treatment and the experiment 
was carried out in triplicates. The corms were observed for 
symptoms of corm rot at 15 and 30 days post-inoculation 
(dpi) for the calculation of the Disease Index (D.I.) [8].

Evaluation of the Bacterial Endophytes for Plant 
Colonization Traits

The endophytes were screened for the plant cell wall degrad-
ing enzymes like lipase amylases, cellulases, and proteases 
[25]. Starch agar was used for the detection of amylase 
activity. Following bacterial inoculation and incubation at 
25 °C for 72 h, the cultures were over-flown with Gram’s 
iodine. Amylase activity was recorded as the appearance of 
clear halos around the colonies. To test the cellulase activ-
ity of bacterial isolates, Czapek agar (Himedia, Mumbai, 
India) was supplemented with 0.5% (w/v) carboxymethyl-
cellulose (CMC) sodium salt (Sigma Aldrich, MO, USA). 
The bacterial isolates demonstrating cellulase activity were 
visualized by treating the colonies with 0.2% congo red for 
15 min followed by rinsing in 1 M NaCl twice to de-stain 
for 15 min. Colonies producing transparent hydrolytic zones 
were regarded as positive for cellulase production. For pro-
tease activity, skimmed milk agar (Himedia, Mumbai, India) 
plates inoculated with the cultures were placed at 25 °C for 
72 h, and the development of clear halos around the colo-
nies was taken as a positive reaction. Lipase activity was 
evaluated by the method of Sierra [26]. After incubation 
for 72 h at 25 °C, a visible halo formation was considered 
a positive test.

Assessment of the Bacterial Endophytes for Plant 
Growth‑Promoting (PGP) Properties

The bacteria were cultured in 5 mL of NB overnight in a 
shaking incubator with 180 rpm at 25 °C. Five microliters 

of the culture were used in all the assays unless otherwise 
stated. IAA was quantified spectrophotometrically [27]. 
ACC deaminase activity was quantitatively measured by 
adopting the method of Penrose and Glick [28]. Further, 
endophytes were evaluated for their ability to fix nitrogen 
or survive on nitrogen-deficient medium [29], ammonia pro-
duction [30], and inorganic phosphate solubilization [31]. 
Before the media preparation, all glassware was cleaned 
with 6 M HCl to remove any trace amounts of nitrogen-
containing compounds. The endophytes were also evaluated 
for siderophore production [32].

Assessment of Antifungal Potential Against 
the Fungal Pathogens of Saffron

Chitinase activity was evaluated in a synthetic medium con-
taining 0.2% (w/v) dry colloidal chitin powder [33]. Hydro-
gen cyanide production by the endophytes was assessed as 
described previously [34]. Further, the antifungal potential 
against the fungal pathogens of saffron as biocontrol agents 
was evaluated by the co-culture plate assay [8]. The fungal 
pathogens of saffron analyzed were Fusarium oxysporum 
CSE15, Fusarium oxysporum R1, Alternaria alternata 
CSE18, Talaromyces cellulolyticus CS3E6, Talaromyces 
pinophilus CSE29, Porostereum sp. CSE26, Penicillium 
pinophilum CSE20, and Acremonium sp. CSF4 [8].

Greenhouse Trial

Treatment of Saffron Corms with the Endophytes

Before the treatment, the corms were surface-sterilized 
[8]. Each endophyte suspension was mixed with 2% PVP 
as a coating agent. The surface-sterilized corms were sub-
merged into the bacterial suspension for 2 h with continu-
ous shaking. The endophyte-coated corms were transferred 
to the pots containing 100 g of autoclaved soil each and 
incubated in a greenhouse under the natural photoperiod of 
10 h day/14 h night cycle at 25 °C. NSS-treated corms were 
sown in the soil as the control. We used one corm in each pot 
with five replicates for all the treatments for each endophyte 
treatment. An aliquot of bacterial suspension was inoculated 
at the time of corm sowing, while a similar inoculum was 
introduced after 7 days. In the control treatments, 1 mL of 
autoclaved NSS was used instead. The corms were sown in 
September 2018, and the saffron plants were harvested in the 
vegetative phase in January 2019.

Estimation of the Flavonoid and Phenolic Content

Briefly, 5 mL of 80% methanol was added to 1 g of tissue 
macerated in liquid nitrogen, followed by incubation with 
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37 °C with continuous shaking for 8 h. Extracts were pre-
pared thrice from the same tissue, filtered, lyophilized, and 
finally dissolved in methanol. The total flavonoid and phe-
nolic contents were measured using the aluminum chloride 
and the Folin–Ciocalteu reagent, respectively [35, 36].

Field Experiments

Bacterial Compatibility Assay

The compatibility of the selected endophytes developed as 
a consortium was evaluated by co-culture on NA medium. 
Each endophyte was placed on the agar surface. The strains 
were inoculated 0.5 cm apart and allowed to grow at 25 °C 
for 72 h. The colony interfaces were visually observed for 
growth inhibition.

Inoculum Preparation and Treatment of Saffron 
Corms with the Endophytes

The field experiments were carried out in collaboration with 
GloBiL’s Agri and Food Enterprises, our industrial part-
ner, in their farms at Lassipora, Pulwama, J&K, India. The 
inoculums were prepared, and the corms were treated as 
described above. The consortium was developed by adding 
an equal number of cells of both endophytes. The corms 
were planted on raised (7 inches) beds of 4.3 × 1.5 m for 
each treatment (Fig. S2). Each bed was treated with 2.5 g 
NPK (DuraTec® Top 12, COMPO EXPERT, Germany) 
and 2.5 kg manure (Vermicompost), before plantation. Each 
treatment group, planted in a single bed, consisted of 277 
corms with an average weight of 12.8 g. For the negative 
control, corms were treated with NSS, and the rest of the 
treatments were the same. The corms were sown in Sep-
tember 2019 and the flowers were collected in October and 
November 2019. However, flowering was stopped abruptly 
due to heavy and unprecedented snowfall on 6th November 
2019, after which no flowers were collected.

Influence of Endophytes on Plant Growth, 
and Chlorophyll Content in the Host

Various morphological parameters like the number of flow-
ers, fresh weight and length of stigmata, plant height, and 
fresh biomass, number and length of roots, the number of 
apical buds, and the number of daughter corms produced 
were recorded. A total of thirty saffron plants were harvested 
in the vegetative phase in December 2019 for the analyses 
of morphological data. The total chlorophyll content was 
estimated using a previously described method [37].

Quantification of the Apocarotenoids

Crocin was extracted from stigmata as described previously 
[18]. For the quantification safranal, 100 mg of dried stigmas 
were crushed with the help of liquid nitrogen and dissolved in 
1 mL of chloroform. The mixture was placed in an ice bath 
for 10 min and centrifuged at 5000 g for 5 min in a refriger-
ated centrifuge. The supernatant was evaporated to obtain the 
extracts, dissolved in methanol, and analyzed by HPLC [18]. 
Standard markers of crocin and safranal were procured from 
Sigma Aldrich.

Comparative Expression by Quantitative Reverse 
Transcriptase PCR Analyses

The RNA was isolated from crocus flowers using RNeasy® 
Plant Mini Kit (Qiagen, Hilden, Germany) and the comple-
mentary DNA were synthesized by the Easy script™ plus kit 
(Applied Biological Materials Inc. Richmond, BC, Canada). 
Three replicates were obtained and the qRT-PCR assays were 
run in an Mx3000p QPCR System (Stratagene). The reaction 
mixture consisted of 5 μL of 2 × KAPA SYBR FAST Master 
Mix, 0.2 pmol primers, and 100 ng of the template cDNA in 
a total assay of 10 μL. The thermal conditions were 95 °C for 
3 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. The 
melting curves were obtained by collecting fluorescence from 
60 to 95 °C. The 18S rRNA gene was used as an endogenous 
normalizing gene. The relative gene expression was estimated 
using the 2−ΔΔCt method [38]. The sequences of the oligonu-
cleotide primers are given in Table S2.

Statistical Analyses

The statistical analyses were carried out by GraphPad Prism 
version 5.00 (GraphPad Software, San Diego, CA, USA). The 
data from the greenhouse pot and the field experiments were 
analyzed with one-way ANOVA and Bonferroni’s tests. The 
data on gene expression were evaluated by two-way ANOVA 
with Bonferroni’s tests and a heatmap was generated using the 
NCSS 2007 version 07.1.14 software. At a probability level of 
p < 0.05, the differences between the treatments were regarded 
as significant. ***, **, *, and ns indicate significant difference 
at p < 0.001, p < 0.01, p < 0.05, and non-significant, respec-
tively, with reference to the untreated control.

Results

Phylogenetic Affinity and Diversity of Bacterial 
Endophytes Retrieved from C. sativus

A collection of 306 cultures of bacterial endophytes were 
purified from 2408 fragments of corms and shoot from 
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four different sites. Precisely, 203 isolates from the corms 
and 103 from the shoot were recovered and stored. The 
analyses of these endophytes from the saffron tissues for 
different locations are presented in Fig. S3a. The coloni-
zation frequency was higher in the corm tissues (54.6%) 
relative to the shoot tissues (30.9%) (Fig. S3b). The colo-
nization frequency of the endophytes varied from 35.8 to 
48.2% at the four different locations (Fig. S3c). The 16S 
rRNA gene sequence analyses distributed the 107 mor-
photypes into 47 different OTUs comprising 28 genera, 
identified at a threshold of 99% sequence similarity (SS) 
except the OTU 19 (Table 1). These 47 different OTUs 
were used for further diversity analysis and plant growth-
promoting properties.

The representative OTUs were assigned to Proteo-
bacteria, Firmicutes, Actinobacteria, and Bacteroidetes. 
Proteobacteria was the most dominant phylum consist-
ing of about 51% of the OTUs. Firmicutes constituted the 
second-largest phylum followed by the Actinobacteria and 
Bacteroidetes with about 36.1%, 10.6%, and 2.0% OTUs, 
respectively (Fig. S4). The most dominant genus within 
the bacterial endophytes was Bacillus (66 independent 
isolates), followed by Burkholderia (57 independent iso-
lates) and Pantoea (20 independent isolates). Several other 
genera had more than three independent isolates while 
two genera possessed singletons (Fig. 1a). Bacillus and 
Burkholderia were shared by all four locations, occupy-
ing 40.1% of all the bacterial genera (Fig. S3d). Both the 
genera were also widely distributed in the corms as well 
as the shoot tissues of the host. The Venn diagram also 
depicted that the number of unique bacterial genera in 
each location was in low abundance.

The level of bacterial diversity differed significantly 
between the two tissue types. The Simpson, Shannon, and 
Chao1 observed values for the corm tissues were 0.89, 2.69, 
and 24.33 and for the shoot tissues, 0.87, 2.31, and 16.5, 
respectively. The species richness (S) was also higher in the 
corms. These findings are also evident in the diversity pro-
file graph (Fig. 1b). A total of 13 bacterial genera, Entero-
bacter, Microbacterium, Paraburkholderia, Xanthomonas, 
Streptomyces, Obesumbacterium, Sphingomonas, Methylo-
bacterium, Micrococcus, Alcaligenes, Lysinibacillus, Pae-
nibacillus, and Flavobacterium, were specific to the corms, 
whereas only four bacterial genera, Klebsiella, Erwinia, 
Pseudomonas, and Kocuria, were specific to the shoot tis-
sues. The remaining 11 genera were common to both the 
corm and shoot tissues (Fig. 1c).

Further, the diversity of endophytes as estimated by 
Simpsons, Shannon, and Chao1 diversity indices (Table S3) 
indicated that it was similar in all the locations but slightly 
lower at the location 4. The diversity profile graph also 
exhibits similar patterns of diversity at these locations 
(Fig. S3e).

Bacterial Endophytes Do not Cause Corm Rot 
in Saffron

Bacterial endophytes from the C. sativus were tested to 
determine whether any of the endophytes could cause any 
symptom disease (corm rot) on inoculation in healthy saf-
fron corms. We found that none of the bacterial endophytes 
caused corm rot except Microbacterium oxydans E108CS6, 
which induced some visible corm rot symptoms with a low 
D.I. value of 0.66 ± 0.16. However, the known pathogen, F. 
oxysporum, used as a positive control, caused the disease 
in all the corms with a D.I. value of 2.7 ± 0.28 (Table S4).

Bacterial Endophytes Show Plant Colonization Traits

A total of 21 isolates produced extracellular proteases. 
Among these isolates, 11 produced > 10 mm clearance zones 
on skimmed milk agar. Additionally, 24 isolates produced 
lipases, 14 isolates produced amylases, and 16 cultures pro-
duced the cellulase enzymes (Table 2).

Bacterial Endophytes Exhibit In Vitro Plant Growth 
Promotion

PGP properties tested included nitrogen fixation, phosphate 
solubilization, the production of IAA and ACC deaminase, 
ammonia, and siderophores (Table 2). All the 47 endo-
phytic strains produced IAA under axenic conditions. How-
ever, out of the 47 endophytic strains, 9 strains produced 
more than 100 mg L−1 of IAA in liquid broth. These strains 
included Pantoea eucalypti E62CS3, Pantoea conspicua 
E66CS3, Obesumbacterium proteus E92CS4, Ba. megate-
rium E67CS3, K. oxytoca E105CS6, R. aquatilis E48CS3, 
Paraburkholderia phenazinium CSEB1, Ba. stratosphericus 
E96CS5, and A. xylosoxidans CSEB4. Additionally, 8 bac-
terial strains produced 50–100 mg L−1 IAA, whereas most 
bacterial endophytes (63.8%) produced < 50 mg L−1 IAA. 
Eleven bacterial isolates (23.4%) produced the ACC deami-
nase enzyme. The quantity of α-ketobutyrate released from 
the ACC substrate indicated the ACC deaminase produc-
tion, ranging between 5.0 and 60.2 μmol α-KB mg−1 h−1. 
Three isolates, Erwinia persicina E127CS7, Bu. gladioli 
E39CS3, and Ba. megaterium E67CS3, produced the high-
est amounts of ACC deaminase, 60.2, 53.4, and 50.0 μmol 
α-KB mg−1 h−1, respectively.

A total of 35 endophytes out of the 47 OTUs were able 
to grow on a nitrogen-deficient medium, with 14 of them 
showing luxuriant growth. A total of 30 bacterial endophytes 
secreted ammonia into the medium in the in vitro conditions. 
The inorganic phosphate was solubilized by thirteen cultures, 
among which R. aquatilis E48CS3, Bu. gladioli E39CS3, and 
Obesumbacterium proteus E92CS4 were the most efficient 
(Table 2). Most of the isolates (68.0%) produced siderophores. 
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Table 1   A summary of the forty-seven different OTU’s representing 
the community of the bacterial endophytes of Crocus sativus Linn. 
The table presents the OTU genotypes, culture codes, GenBank 

accession numbers, sequence similarity with the closest species, and 
the relative abundance for each OTU

OTUs Isolate Genbank accessions Taxonomic affinity (accession no.) Similarity (%) Relative  
abundance (%)

OTU 1 CSEB4 MK472702 Achromobacter xylosoxidans (NR_113733.1) 99 3.59
OTU 2 E3CS1 MK472705 Alcaligenes faecalis (NR_113606.1) 100 0.98
OTU 3 E74CS3 MK474934 Bacillus altitudinis (NR_042337.1) 100 0.33
OTU 4 E87CS4 MK474935 Bacillus amyloliquefaciens (NR_117946.1) 99 0.33
OTU 5 E19CS2 MK474936 Bacillus aryabhattai (KF475855.1) 99 6.21
OTU 6 E101CS6 MK474945 Bacillus cereus (NR_113266.1) 99 1.31
OTU 7 E79CS3 MK474946 Bacillus halotolerans (NR_115063.1) 100 0.65
OTU 8 E67CS3 MK474950 Bacillus megaterium (NR_112636.1) 99 4.58
OTU 9 CS4EB32 MK474953 Bacillus mojavensis (NR_112725.1) 99 2.61
OTU 10 E97CS5 MK474954 Bacillus pumilus (NR_112637.1) 99 0.33
OTU 11 E80CS4 MK474955 Bacillus siamensis (NR_117274.1) 99 0.33
OTU 12 E96CS5 MK474956 Bacillus stratosphericus (NR_118441.1) 100 1.31
OTU 13 CSEB56 MK474957 Bacillus thuringiensis (NR_114581.1) 99 2.94
OTU 14 E133CS7 MK474961 Bacillus wiedmannii (NR_152692.1) 100 0.65
OTU 15 CS3EB27 MK474962 Brevibacterium casei (KJ939456.1) 100 1.63
OTU 16 E94CS5 MK474964 Brevibacterium frigoritolerans (NR_117474.1) 99 4.25
OTU 17 E39CS3 MK474980 Burkholderia gladioli (KM817205.1) 99 18.63
OTU 18 CSEB1 MK474988 Paraburkholderia phenazinium (AY154372.1) 99 1.31
OTU 19 CSEB14 MK474987 Paraburkholderia soli (NR_043872.1) 98 1.31
OTU 20 E104CS6 MK474989 Citrobacter freundii (NR_028894.1) 100 3.27
OTU 21 CSEB3 MK474991 Enterobacter tabaci (NR_146667.2) 99 2.29
OTU 22 E127CS7 MK474993 Erwinia persicina (MH362699.1) 100 1.96
OTU 23 E27CS2 MK474994 Flavobacterium pectinovorum (NR_104717.1) 99 1.31
OTU 24 E105CS6 MK474995 Klebsiella oxytoca (KT185084.1) 99 1.96
OTU 25 E22CS2 MK474996 Kocuria palustris (NR_026451.1) 100 0.65
OTU 26 E24CS2 MK474997 Kocuria rhizophila (KP345929.1) 100 0.33
OTU 27 E10CS2 MK474998 Lysinibacillus fusiformis (KY286394.1) 100 0.98
OTU 28 E111CS6 MK474999 Methylobacterium dankookense (NR_116545.1) 99 1.31
OTU 29 E108CS6 MK475000 Microbacterium oxydans (NR_044931.1) 99 1.96
OTU 30 CS3EB25 MK475002 Micrococcus luteus (NR_075062.2) 100 2.29
OTU 31 E92CS4 MK475003 Obesumbacterium proteus (NR_025334.1) 99 0.33
OTU 32 CSEB50 MK475004 Paenibacillus ehimensis (EF025575.1) 99 0.98
OTU 33 E54CS3 MK475006 Pantoea agglomerans (NR_041978.1) 99 4.58
OTU 34 E66CS3 MK475009 Pantoea conspicua (NR_116247.1) 99 1.31
OTU 35 E62CS3 MK475010 Pantoea eucalypti (NR_116112.1) 99 0.65
OTU 36 CS2EB7 MK475011 Phyllobacterium catacumbae (NR_043055.1) 100 2.29
OTU 37 B2B8 MK475012 Phyllobacterium ifriqiyense (FJ154092.1) 99 1.63
OTU 38 E89CS4 MK475013 Pseudomonas koreensis (NR_025228.1) 99 0.33
OTU 39 E113CS7 MK475014 Pseudomonas fluorescens (MH518309.1) 99 1.96
OTU 40 E48CS3 MK475016 Rahnella aquatilis (NR_025337.1) 99 4.25
OTU 41 CSEB46 MK475022 Serratia marcescens (NR_114043.1) 99 0.98
OTU 42 CSEB26 MK475023 Serratia plymuthica (NR_114158.1) 99 1.96
OTU 43 E109CS6 MK475024 Sphingomonas zeae (NR_136793.1) 100 0.98
OTU 44 E20CS2 MK475025 Staphylococcus hominis (NR_041323.1) 99 0.98
OTU 45 CSEB8 MK475028 Stenotrophomonas maltophilia (NR_112030.1) 99 3.92
OTU 46 E91CS4 MK377246 Streptomyces achromogenes (NR_112251.1) 100 0.33
OTU 47 E4CS1 MK475031 Xanthomonas translucens (NR_036968.1) 100 0.98
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Potential siderophore producers were Phyllobacterium ifri-
qiyense B2B8, Bu. gladioli E39CS, Paraburkholderia soli 
CSEB14, and Pantoea conspicua E66CS3.

Bacterial Endophytes Exhibit a Broad Range 
of Antifungal Activity Against the Fungal Pathogens 
of Saffron

Only two isolates, Bu. gladioli E39CS3 and S. marces-
cens CSEB46, could degrade colloidal chitin. Bu. gladioli 
E39CS3 was observed to possess higher chitinase activ-
ity as compared to S. marcescens CSEB46. Further, each 
strain of Pseudomonas produced HCN (Table 2).

Among the endophytes, a total of six, Ba. amylolique-
faciens E87CS4, Ba. mojavensis CS4EB32, Ba. siamen-
sis E80CS4, S. achromogenes E91CS4, Ba. halotolerans 
E79CS3, and Bu. gladioli E39CS3, exhibited a broad range 

of antifungal activity against the fungal pathogen of saf-
fron (Table S5). Ba. amyloliquefaciens E87CS4 and Ba. 
mojavensis CS4EB32 inhibited all the fungal pathogens 
by more than 50%. Ba. siamensis E80CS4 and S. achro-
mogenes E91CS4 inhibited seven pathogens whereas Ba. 
halotolerans E79CS3 and Bu. gladioli E39CS3 inhibited 
six pathogens by more than 50% (Fig. S5). However, Bu. 
gladioli E39CS3 inhibited both Fusarium oxysporum 
strains CSE15 and R1 most efficiently.

Several Bacterial Endophytes Promote Plant Growth 
and Secondary Metabolite Content of C. sativus 
in the Greenhouse Pot Experiments

Five bacterial endophytes, Ba. siamensis E80CS4, Ba. hal-
otolerans E79CS3, Bu. gladioli E39CS3, Ba. mojavensis 
CS4EB32, and S. achromogenes E91CS4, were selected for 
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Fig. 1   The diversity of the culturable bacterial endophytes of C. sati-
vus. a The relative abundance of 28 different genera that represent 
the endophytic bacterial community of saffron crocus. b The diver-
sity profile graph of the bacterial endophytes of C. sativus at the tis-
sue level. The endophytes were more diverse in the the corms than 

the shoot. c The diversity analyses of saffron showed a higher colo-
nization frequency in the corm than the shoot. A total of 13 bacte-
rial genera were specific to the corm, whereas only 4 bacterial genera 
were specific to the shoot of the plant. The remaining 11 genera were 
found in both the corm and shoot tissues
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their potential to facilitate plant growth in the greenhouse. 
The treatments exhibited a noteworthy increase in growth 
parameters of the plant (Fig. 2a). The biomass and the 
height of the endophyte-treated plants increased significantly 
as compared to that in the control plants (Fig. 2b, c). The 
results indicated that the impact of the endophyte, Bu. gladi-
oli E39CS3, Ba. mojavensis CS4EB32, and S. achromoge-
nes E91CS4 on the plant rooting and shooting systems was 
significant. As a consequence, the length of the adventitious 
roots and their numbers increased in the endophyte-treated 
plants (Fig. 2d, e). Out of the five endophytes, Ba. halotol-
erans E79CS3 and Ba. mojavensis CS4EB32 significantly 
increased the number of apical buds sprouting per corm 
(Fig. 2f). However, the biomass of the corms increased only 
with the treatment of Bu. gladioli E39CS3 to an average of 
5.3 g corm−1 in comparison to 2.0 g corm−1 for the untreated 
control (Fig. 2g). Besides, all the endophyte treatments sig-
nificantly increased the flavonoid contents (Fig. S6a). How-
ever, there was no significant increase in the phenolic con-
tent except for the plants treated with Bu. gladioli E39CS3 
(Fig. S6b).

Bacterial Endophytes Promote Early Flowering 
and Root and Shoot Development in the Field 
Experiments

In the compatibility assay, Ba. mojavensis CS4EB32 and Bu. 
gladioli E39CS3 stains were able to grow without inhibit-
ing each other when co-cultivated in vitro (Fig. S7). The 
cultures CS4EB32, E39CS3, and the consortium of both 
(CS4EB32 + E39CS3) were applied in the field conditions. 
Interestingly, a 10-day early flowering was observed in 
the plants treated with Bu. gladioli E39CS3 and the con-
sortium, while 8-day early flowering was obtained in the 
plants seeded with Ba. mojavensis CS4EB32. The number of 
flowers obtained from the endophyte-treated plants increased 
exceptionally in comparison to the untreated plants. A total 
of 211, 214, and 212 flowers were obtained from CS4EB32, 
E39CS3, and the consortium treatments, respectively, in 
contrast to the control, which produced 126 flowers (Fig. 3a). 
This indicates an increase of 67.5%, 69.8%, and 68.3% in the 
production of flowers in the plants treated with CS4EB32, 
E39CS3, and the consortium, respectively. However, there 
was an unprecedented heavy snowfall in the Kashmir valley 
in the first week of November, which arrested the flowering 
abruptly.

The treatments increased the length and the fresh weight 
of the stigmas significantly, with E39CS3 producing the 
maximum increase of 26.2% and 45.6%, respectively 
(Fig. 3b-d).

The aerial parts of the endophyte inoculated 
plants also displayed a marked increase in the growth Ta
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parameters (Fig. 4a), such as height (Fig. 4b) and fresh bio-
mass (Fig. 4c). Further, a remarkable improvement was vis-
ible in the rooting systems like the length (29.6–79.6%) and 
number of adventitious roots (61.4–82.7%) (Fig. 4d, e). The 
number of apical buds and secondary cormlets increased 
significantly only in the E39CS3 treatments relative to un-
inoculated control.

Bacterial Endophytes Improve the Secondary 
Metabolite Content in the Host Plant

During the vegetative phase, we observed that the endo-
phytes resulted in increased total flavonoid concentration 
of the plant in all the treatments significantly. However, 
the total phenolic content increased significantly only with 
E39CS3 treatments. The flavonoid content increased more 

than 10% in all the endophyte treatments (Fig. 5a), whereas 
the phenolic content increased more than 10% only with 
the E39CS3 treatments (Fig. 5b). Further, the total chlo-
rophyll content increased significantly in E39CS3 and the 
consortium-treated plants (Fig. 5c).

Bacterial Endophytes Enhance the Apocarotenoid 
Content in Saffron

The HPLC quantification of crocin in the stigmas revealed 
that E39CS3 and the consortium treatments increased the 
crocin content by 69.3% and 47.3%, respectively (Fig. 5d). 
In contrast, CS4EB32 did not influence the production of 
crocin, significantly. Further, safranal content was found 
to increase by 246.8%, 102.2%, and 155.7% in E39CS3, 
CS4EB32, and the consortium-treated plants (Fig. 5e).

Fig. 2   The effect of the endo-
phytes on the root and shoot 
development of C. sativus in 
the greenhouse experiments. a 
Impact of the endophytes, Ba. 
siamensis E80CS4, Ba. halo-
tolerans E79CS5, Bu. gladi-
oli E39CS3, Ba. mojavensis 
CS4EB32, and S. achromogenes 
E91CS4 on the root and shoot 
development. Plots illustrating 
the statistical analysis of the 
plant growth parameters such 
as b fresh biomass gain, c plant 
height, d length of adventitious 
roots, e number of adventitious 
roots per corm, f number of 
apical buds sprouting per corm, 
and g biomass of the corms. 
Values are the means of 5 bio-
logical replicates ± S.D

E80CS4 E79CS3 E39CS3 CS4EB32 E91CS4 Control

(a)

(b) (c) (d)

(e) (f) (g)
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Endophyte Treatments Induce the Expression 
of the Key Pathway Genes

To understand the mechanism of increased production of 
apocarotenoid by the endophyte treatments, expression of 
key genes involved in the carotenoid and apocarotenoid 
synthesis was measured by qRT-PCR. The expression pro-
files of ten important genes, PSY, PDS, ZDS, CRTISO, 
LYC, CCD4a, BCH2C, CCD2, ALDH, and UGT​, were 
analyzed. The expression of the carotenoid and apoca-
rotenoid pathway genes was upregulated in the treated 
plants (Fig. 6a, b). The mRNA levels of the phytoene 
synthase (PSY) gene, which carries out the first step in 
the carotenoid biosynthesis, showed 8.7, 2.2, and 4.4 fold 

increase in the E39CS3, CS4EB32, and the consortium 
inoculated plants, respectively. The intermediate pathway 
genes of carotenoid biosynthesis like phytoene desatu-
rase (PDS), zeta carotene desaturase (CaZDS), carotenoid 
isomerase (CRTISO), and lycopene cyclase (LYC) also 
showed upregulation in all the endophyte-treated plants. 
Further, the beta-carotene hydroxylase gene (BCH2C), 
which performs β-carotene hydroxylation and gener-
ates zeaxanthin, the precursor of apocarotenoids (crocin, 
picrocrocin, and safranal), showed 6.5, 1.4, and 6.7 fold 
induction by E39CS3, CS4EB32, and the consortium 
treatments, respectively. The CCD2 gene responsible for 
cleavage of zeaxanthin into hydroxyl β-cyclocitral and 
crocetin dialdehyde showed 2.9, 2.2, and 1.3 fold increase, 
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whereas the gene for CCD4a that catalyzes the breakdown 
of beta-carotene into beta-ionone and cyclocitral showed 
5.4, 7.4, and 2.4 fold increase in CS4EB32, E39CS3, 
and the consortium treatments, respectively. Further, the 
aldehyde dehydrogenase gene (ALDH), which converts 
crocetin dialdehyde into crocetin, showed 11.2, 1.4, and 
6.7 fold induction in E39CS3, CS4EB32, and consortium 
treatments, respectively. Finally, the expression of UDP-
glucosyltransferases gene (UGT​) which converts hydroxyl-
β-cyclocitral into picrocrocin, the immediate precursor of 
safranal, showed 3.6, 2.9, and 4.0 fold increase in E39CS3, 
CS4EB32, and the consortium treatments, respectively.

Discussion

Despite the importance of C. sativus as a medicinal plant, an 
exotic spice, and a precious cash crop, its endophytic bacte-
rial community is largely unexplored. Considering the eco-
logical roles of endophytes in plant health, yield, mitigation 
of environmental stresses, and diversification, it is impera-
tive to characterize the host microbiomes for sustainable 

cultivation of saffron [12, 14]. Therefore, we characterized 
the endophytic bacterial microbiome of the saffron plant 
through culture-dependent methods and obtained leads for 
the enhancement of growth and yield of this crop.

The results indicate that bacterial endophytes more abun-
dantly colonized corm tissues compared to the shoot tissues. 
As the corms are fleshy, nutrient-rich, and underground plant 
parts, the conditions are favorable for the colonization of 
endophytes. However, compared to the corms, shoot devel-
opment occurs at the short vegetative phase of the saffron 
life cycle, thus supporting the growth of fewer endophytes 
[1]. Also, shoots are exposed to stronger physicochemical 
variations, which generally reduce the colonization of endo-
phytes [39]. Various reports suggest that plant tissues impact 
the diversity and composition of endophytic communities 
due to their specificity and adjustment to different anatomi-
cal and physiological conditions of the plant micro-envi-
ronments [10, 40]. As saffron is propagated through corms, 
the vertical transfer of endophytes for hundreds of years of 
cultivation and the horizontal transfer from the environment, 
especially soil, have specifically evolved its endophytic bac-
terial microbiome.

Fig. 4   The effect of the endo-
phytes on the root and shoot 
development of C. sativus in 
the field experiments. a Impact 
of the endophytes, Bu. gladi-
oli E39CS3, Ba. mojavensis 
CS4EB32, and a consortium 
of both on the root and shoot 
development. The endophytes 
visibly improved the root and 
shoot growth in the plants, b 
fresh biomass gain, c plant 
height, d length of the adventi-
tious roots, e number of adventi-
tious root per corm. Values 
are the mean of 30 biological 
replicates ± S.D
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In other plants also Proteobacteria, Firmicutes, Act-
inobacteria, and Bacteroidetes were reported as the most 
dominant bacterial endophytic phyla [41]. The most preva-
lent species that makes an endophytic association with saf-
fron crocus is Burkholderia gladioli, but the most dominant 
genus as its endophyte is Bacillus. Previously, six genera, 
Pseudomonas, Bacillus, Paenibacillus, Staphylococcus, 
Brevibacterium, and Enterobacter, were reported as the 
endophytes of C. sativus, but the sample size was mini-
mal, and the plant samples were collected from a single site 
[42]. Here, we report twenty-two additional genera, includ-
ing Burkholderia, the second most dominant genus, as the 
endophytes of C. sativus. The data suggest that C. sativus 
harbors a more diverse array of bacterial endophytes than 
that reported earlier. The core microbiome analysis of saf-
fron showed that Bacillus and Burkholderia were shared 
among all the four locations, widely distributed in the corm 
and the shoot tissues. Thus, the association of Bacillus and 

Burkholderia with saffron may have a far-reaching influence 
on plant growth and development, as envisaged by this study. 
The core microbiome plays a critical role in plant develop-
ment and distribution, as found in this case [43].

The type of plant tissues, physiology, geographical loca-
tions, and ecological factors influence the diversity and com-
munity structure of the endophytes of various plants [10]. 
The analyses across different sites suggested that because 
of the same environmental, climatic conditions, and genetic 
factors of the host, the diversity of the endophytic bacteria 
was almost uniform at all the locations. The results align 
with our study on the fungal endophytes of C. sativus from 
the same locations [8].

Plant-associated endophytes are beneficial for the 
plants, but some endophytes can act as latent or opportun-
istic pathogens [44]. During in vivo pathogenicity tests, we 
observed that none of the culturable endophytes showed 
corm rot in the saffron corms except a mild rot caused only 
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by M. oxydans. The corm rot in saffron is primarily caused 
by fungal pathogens, particularly Fusarium oxysporum [7, 
8]. Endophytes possess potential sustainable agricultural 
applications as they can significantly contribute to plant 
health, productivity, and stress tolerance [11, 14]. Bacte-
rial endophytes regulate plant growth directly or indirectly 
by enhancing nutrient availability, production of phytohor-
mones, modulating the ethylene levels within the plants, 
etc. Cellulase and amylase enzymes may help them colo-
nize in plant tissues due to their capability to degrade the 
cell wall components [12]. Bacterial proteases and lipases 
are also believed to suppress a wide range of plant patho-
gens, thus helping the plant evade phytopathogens [45].

Plant-associated bacteria use IAA to colonize the plant 
tissues [46]. We found that all bacterial endophytes pro-
duced IAA in vitro, though in varying concentrations. Pre-
vious studies on fungal endophytes of Crocus sativus and 
Glycyrrhiza glabra from our lab also reported that all the 
endophytes were IAA producers [8, 19]. Phytohormones 
increase water and nutrient uptake and enhance plant 
growth and development in the host plants [47]. Thus, the 
IAA produced by endophytes could play an important role 
in plant colonization and plant growth promotion. Plants 
tend to synthesize ethylene to stimulate fruit-ripening, and 
it also acts as a vital stress hormone to sense the onset 
of abiotic and biotic stresses. However, the second peak 
of ethylene is harmful to plant growth and development 
[48]. ACC deaminase produced by bacteria breaks down 
ACC, the precursor of ethylene, into α-ketobutyrate and 

ammonia, thus preventing its deleterious effects [15]. 
Therefore, the endophytes Bacillus, Burkholderia, Citro-
bacter, Enterobacter, Erwinia, Rahnella, and Serratia can 
protect the plant from abiotic stresses.

In this study, we found that most endophytes proliferated 
on nitrogen-deficient media and produced ammonia in the 
in vitro conditions, indicating that several of these isolates 
may be able to fix the atmospheric nitrogen. However, five 
bacterial endophytes growing on the nitrogen-free medium 
could not secrete ammonia, which is in conformity with the 
previous findings [49]. Similarly, a total of thirteen endo-
phytic bacterial isolates exhibited phosphate solubilization 
activity. Interestingly, all the species belonging to Pantoea 
could mineralize the phosphate, which is supported by 
previous studies [50]. Besides, bacterial endophytes may 
facilitate iron acquisition through siderophore production, 
contributing to pathogen inhibition [51]. The majority of the 
endophytes (68.0%) produced siderophores, but Phyllobac-
terium ifriqiyense and Bu. gladioli were the most efficient 
producers.

The rot caused by Fusarium oxysporum is the most com-
mon disease in saffron resulting in severe losses in the yield 
[9]. In a previous study, we have also reported some other 
fungal pathogens of saffron capable of producing rot in 
corm [8]. Moreover, a recent study reported that the corm 
rot was also caused by Penicillium solitum [52]. The emerg-
ing literature suggests that bacterial endophytes possess 
enormous potential to control plant pathogenic fungi, thus 
protecting the host from fungal diseases [53, 54]. Bacterial 
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endophytes may suppress the pathogens by the synthesis of 
hydrogen cyanide (HCN) and other allelochemicals, anti-
fungal metabolites, chitinase, and through the induction of 
plant systematic resistance [14, 55]. We found that the endo-
phytes belonging to the genus Burkholderia and Serratia 
produced chitinases. Chitinase-producing Bu. gladioli are 
also reported to control various fungal pathogens in other 
plants [56]. Several bacterial endophytes, including the gen-
era Bacillus, Streptomyces, and Burkholderia, exhibited a 
broad range of antifungal activity against the specific fungal 
pathogen of saffron. However, Burkholderia and Bacillus 
demonstrated potential as biocontrol agents, which may be 
employed to manage the corm rot in the saffron crocus.

The aim of using plant growth-promoting bacterial endo-
phytes in agriculture is to reduce the use of harmful fertiliz-
ers and pesticides [57]. Thus, the selected bacterial endo-
phytes are potential candidates for the enhancement of plant 
growth of the host. In the field experiments, we found that 
the endophyte treatments had a more prominent effect on the 
number of flowers and length and weight of stigma, which 
improved the yield of saffron remarkably. The improvement 
of plant growth parameters should ultimately translate into 
higher yields, which was achieved perfectly in this study. 
Since the ultimate product is the stigma obtained from saf-
fron plants, the yield further improved due to increased 
stigmata length and weight. If similar trends are obtained 
by these microbial formulations in large-scale field applica-
tions, it could have an unprecedented effect on the yield of 
saffron in Kashmir and worldwide. Such agrotechnologies 
can have an enormous influence on the sustainable cultiva-
tion of saffron and its productivity and thus may enable the 
farmers to meet the ever-growing demand for this valuable 
commodity. Consequently, it will also result in huge eco-
nomic gains for saffron growers. Therefore, specific endo-
phytes, selected based on plant growth-promoting traits, can 
increase the yields of a crop significantly. In plants, phenolic 
and flavonoids play multiple roles, including UV protection, 
defense mechanism, and antioxidant activity [58]. Thus, the 
endophytes help the plants to survive under stress condi-
tions. All these results validate our pot experiment results 
in the field settings.

Interestingly, the inoculation of endophytes increased the 
crocin and safranal content due to the upregulation of the 
apocarotenoid biosynthetic pathway genes in Crocus plants 
in the field experiment. An increase in key secondary metab-
olite content of other medicinal plants by specific endophytes 
has been reported previously [59]. However, the expression 
profiling shows that each endophyte treatment differentially 
upregulates the transcription of key genes involved in the 
carotenoids and apocarotenoid biosynthesis. Phytoene syn-
thase, which E39CS3 and the consortium treatments strongly 
upregulate, catalyzes the foremost step of carotenoid biosyn-
thesis. Similarly, the intermediate carotenoid biosynthetic 

pathway genes also showed potential upregulation in both 
treatments. Further, BCH2C, involved in zeaxanthin produc-
tion, the precursor of apocarotenoids of the saffron crocus 
(crocin, picrocrocin, and safranal), was also strongly induced 
by E39CS3 and the consortium treatments. The downstream 
core gene in the apocarotenoid pathway, ALDH, was also 
strongly upregulated in E39CS3 and the consortium. How-
ever, UGT​ was upregulated in all endophyte-treated plants. 
Thus, the upregulation of the carotenoid biosynthetic genes 
increases the production of crocin, picrocrocin, and safranal 
in the endophyte-treated plants.

The selection of two bacterial endophytes was rational-
ized because both strains are dominant endophytes of the C. 
sativus, having potential plant growth-promoting and anti-
fungal activities. The choice of developing a consortium is to 
study the complementary or synergistic effect of endophytes 
on plant growth promotion and metabolism of C. sativus, 
as earlier reported by several researchers in different plants 
[60]. In our study, we found that all the treatments had an 
almost similar influence on the number of flowers, fresh 
weight, and length of stigma. However, Bu. gladioli E39CS3 
had a more prominent effect in terms of potentiating the 
growth, secondary metabolites content, and expression lev-
els genes of the apocarotenoid pathway compared to the con-
sortium. Burkholderia species, including Bu. gladioli, have 
emerged as potential biostimulants and biocontrol agents 
in several plants [61]. However, Burkholderia spp. have 
also been reported as opportunistic human pathogens and 
causative agents of several plant diseases [62, 63]. However, 
recent advances in biological science, including the high 
throughput genome sequencing and detection of virulence 
genes, may be applied for a clear distinction between ben-
eficial Burkholderia and its pathogenic strains [64]. Since 
Bu. gladioli is the most dominant endophyte of the saffron 
plant, its association may have significant implications on 
the plant growth and development, which is essentially the 
case as found in this study. Further, Bu. gladioli E39CS3 
is a potential biocontrol agent as it induces host resistance 
against the major saffron pathogen, F. oxysporum [65]. How-
ever, it may be approved for regular use only after the safety 
of the strain is unambiguously established.

Conclusion

In this study, we explored the endophytic bacterial microbi-
ome of the saffron plant. Although the endophytes consisted 
of diverse lineages, the host recruits several species of Bacil-
lus and Burkholderia gladioli, preferentially as its symbiotic 
partners. The pot and field experiments demonstrated that 
several of these endophytes enhanced plant growth sub-
stantially. The selected endophytes, Ba. mojavensis, and 
Bu. gladioli increased the yield of the flowers significantly 
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and also shifted the metabolic flux towards the synthesis 
of the key components of the host, the apocarotenoids. In 
this particular case, we found that the most dominant endo-
phytes of the saffron plant demonstrated the most profound 
effects on plant health and yield. Thus, the saffron plant has 
evolved its endophytic microbiome to obtain the most ben-
eficial traits for better survival and growth. It may be inter-
esting to investigate if the same principle applies to other 
crops. These findings hold promise for the development of 
commercial formulations for increased productivity and 
sustainable cultivation of saffron. The association of these 
endophytes with the saffron plant may be further studied at 
the molecular level to understand the molecular mechanism 
of plant growth promotion.
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