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Earlier plant growth promoting rhizo-bacteria (PGPRs) were isolated from the plants,

by cultivation based techniques and the interaction was mostly thought to be bilateral.

The routine bilateral study, with no information on the associated microbiome, could

be one of the reasons for the limited success of PGPRs in the field conditions.

Keeping in view the role of PGPRs in rhizo-bacteriome on the growth and production

of plant, the present study was aimed at studying the diversity of the rhizo-bacteriome

of saffron grown across three geographical locations namely Kashmir, Kishtwar and

Bengaluru. Variation in the rhizo-bacteriome of saffron growing across 10 different sites

from 3 geographical locations was studied using 16S rDNA amplicon metagenomic

sequencing. 16 bacterial phyla, 261 genera and 73 bacterial species were cataloged

from all the rhizosphere samples. Proteobacteria was a dominant phylum in all the

rhizosphere samples. Rhizo-bacteriome of saffron grown in Kishtwar was found to

be significantly different from the rhizo-bacteriome of saffron grown in Kashmir and

Bengaluru. Interestingly, the rhizo-bacteriome of saffron grown in Bengaluru was very

similar to the saffron grown in Kashmir, thereby indicating that the rhizo-bacteriome in

saffron is “plant driven” as the corm sown in Bengaluru were from Kashmir. Despite

variation in rhizo-bacteriome, core rhizo-bacteriome in saffron was identified that was

represented by 53 genera and eight bacterial species belonging to 11 phyla irrespective

of their geographical distribution. In addition, 21 PGPRs were reported for the first time

from the saffron rhizosphere. The high yielding saffron field Wuyan was found to have

the highest number of PGPRs; this indicates that the presence of PGPR is important

for yield enhancement than diversity. The two PGPR Rhizobium leguminosarum and

Luteibacter rhizovicinus were reported from all the locations except Kishtwar that had

escaped isolation in our previous attempts using cultivation based techniques. It is being

proposed instead of going for random isolation and screening for PGPRs from plant

rhizosphere, an alternate strategy using metagenomic cataloging of the rhizo-bacteriome

community and cultivation of the dominant PGPR should be undertaken. This strategy

will help in the selection of dominant PGPRs, specific to the plant in question.

Keywords: PGPR–plant growth-promoting rhizobacteria, Crocus sativus, rhizo-bacteriome, core microbiome, 16S

rDNA
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FIGURE 6 | Radical Venn diagram representing the number of unique and common species identified in 10 different locations. 8 common species were identified in

10 samples. Kishtwar had maximum number (4) of unique bacterial species followed by 2 bacterial species each in Alchibagh and Galandar whereas only 1 bacterial

species in Patalbagh_upper range, Wuyan and Samboora. Bengaluru, Hatiwara, Chandhara and patalbagh_lower range did not have any unique bacterial species.

in rhizosphere (53 out of 261) as compared to cormosphere
(24 out of 73), (Bhagat et al., 2021). Core microbiome of
various plants have been studied such as wheat (Kuzniar
et al., 2020), tomato (Cordero et al., 2020), Gymnadenia
conopsea (Lin et al., 2020), coffee (Fulthorpe et al., 2020),
switch grass (Grady et al., 2019), Phaseolus vulgaris (Pérez-
Jaramillo et al., 2019), Oryza sativa (Eyre et al., 2019), Vineyards
soil (Coller et al., 2019), Dalbergia spruceana (Skaltsas et al.,
2019), and Salvia miltiorrhiza (Chen et al., 2018), etc. Core
microbiome of 21 Salvia miltiorrhiza seeds represented 54% of
the whole microbiome cataloged from seven different geographic
origins (Chen et al., 2018). In the case of Phaseolus vulgaris
rhizosphere, the core microbiome represented 25.9% of the total
microbiome in native and agricultural soils (Pérez-Jaramillo
et al., 2019). The core microbiome of 30 phylogenetically diverse
angiosperm plants constitutes 40% of the whole microbiome
(Fitzpatrick et al., 2018). Core rhizo-bacteriome in saffron was
20.3% of the total microbiome, which was comparatively less
than Salvia miltiorrhiza, Phaseolus vulgaris and Angiosperm
plants. In rice seeds, the core microbiome was enriched
in Rhizobium, Pantoea, Sphingomonas, Methylobacterium,
Xanthomonas, Paenibacillus, Alternaria, and Occultifur (Wang

TABLE 3 | Diversity indices were the maximum in Samboora representing

maximum bacteria diversity and richness in rhizosphere of saffron growing in

Samboora as compared to other samples.

Diversity indices

→samples

Chao1 Simpson Shannon Phylogenetic diversity

Kishtwar 590 0.9698 5.9 15

Alchibagh 534 0.9854 6.3 13

Galandar 621 0.9776 6.1 18

Hatiwara 566 0.7246 3.7 10

Patalbagh_upper range 504 0.9856 6.3 15

Chandhara 628 0.9854 6.3 18

Patalbagh_lower range 467 0.9678 5.8 17

Samboora 2,050 0.9862 6.4 20

Bengaluru 978 0.8566 4.7 15

et al., 2020). Saffron’s core rhizo-bacteriome was enriched
with Bacillus, Rhizobium, Sphingomonas, Agrobacterium, and
Methylobacterium which was similar to the core microbiome
in rice.
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FIGURE 7 | Rarefaction curve representing the bacterial diversity across 10 samples where in Samboora is more diverse and Galandar is least diverse as represented

by the number of species observed as per plot.

FIGURE 8 | PCOA plots representing the bacterial diversity of Kishtwar is significantly different from rest of sample as it doesn’t cluster with rest of the sample.

Out of 53 core rhizosphere bacteria identified in the present
study, 19 bacteria were also reported previously from the
rhizosphere and cormosphere of saffron grown in Kashmir,

by our group using culture dependent and independent
approaches (Ambardar and Vakhlu, 2013; Ambardar, 2014;
Ambardar et al., 2014, 2016; Kour et al., 2018; Bhagat et al.,
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FIGURE 9 | Heat map representing the relative abundance of core genera (53) in the Saffron rhizosphere from 10 different samples. Saffron rhizo-bacteriome in

Kishtwar was different than rest of the samples as represented by phylogenetic tree comparing all the samples.

2021). Interestingly, the core rhizo-bacteriome of saffron also
harbored some common bacteria as in previously published core
cormo-bacteriome. 11 bacterial genera namely Agrobacterium,
Chitinophaga, Dyadobacter, Mesorhizobium, Methylobacterium,
Nocardioides, Opitutus, Rhizobium, Sphingomonas, Streptomyces
and Varivorax were common in both the underground organs of
saffron that is corm (Bhagat et al., 2021) and roots. In addition,
Agrobacterium, Bacillus, Delftia, Rhizobium, and Variovorax
have also been reported from rhizosphere and cormosphere
of saffron, grown in Morocco using cultivation dependent
methods (Chamkhi et al., 2018). Though we could not capture
the genera reported in Morocco cormo/rhizosphere by earlier
used techniques but with the present technique they were
captured and found to be present in Kashmir. However, 34
bacterial genera of the core rhizo-bacteriome of saffron grown
in India were reported for the first time in the saffron, in the
present study.

Eight core bacterial species identified in the present study
was also reported from other plants such as Bacillus flexus
from rice (Roy et al., 2020), Bacillus muralis from peanut (Jiang
et al., 2016), Edaphobacter modestum from Magnolia grandiflora
(Stone and Jackson, 2016), Pseudoxanthomonas mexicana from
maize and peanut rhizosphere (Geng et al., 2018; Youseif,
2018), Roseateles depolymerans from ginger (Chen et al., 2014),
Variovorax paradoxus from mustard roots (Belimov et al., 2005).
However, Lysobacter brunescens and Psychrobacter celer has not
been reported from any plant so far.

Plant Growth Promoting Bacteria From
Saffron Rhizo-Bacteriome
64.1% of total core rhizo-bacteriome i.e., 34 out of 53 bacteria
has been reported as PGPBs from saffron and other plants
(Supplementary Table 1). While exploring the core rhizo-
bacteriome for PGPR, it was found that 21 bacteria have been
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FIGURE 10 | Heat map representing the relative abundance of core bacterial species (8) in the Saffron rhizosphere from 10 different samples. Saffron

rhizo-bacteriome in Kishtwar was different than rest of the samples as represented by phylogenetic tree comparing all the samples.

reported as PGPB for the first time from saffron in the present
study as previously used methods failed to capture them. The
core rhizo-bacteria that are being reported as PGPRs for the
first in saffron are Azospirillum, Agromyces, Agrobacterium,
Bradyrhizobium, Burkholderia, Dokdonella, Edaphobacter,
Flavobacterium, Flavisolibacter, Frankia, Leuconostoc,
Luteimonas, Lysobacter, Phenylobacterium, Pseudoxanthomonas,
Mesorhizobium, Nocardia, Novosphingobium, Rhizobium,
Rubellimicrobium, Variovorax etc.

In addition to core rhizo-bacteriome, saffron rhizo-
bacteriomes of each location were enriched with some specific
bacteria that were unique to that particular location. An
inventory of unique PGPBs of all these bacteria across different
locations was made based on the previous reports of PGPBs from
saffron and other plants. The location specific unique PGPBs
details have been summarized in Supplementary Table 2.

Wuyan had the maximum number of unique genera i.e., 19 out
of which 5 are reported as PGPB i.e., Actinoplanes, Beijerinckia,
Desulfotomaculum Dethiobacter and Ureibacillus. In other
locations unique number of genera was 4 in Chandhara, 2
in Samboora, 1 in Hatiwara and 1 in patalbagh_upper range
but none of them have been reported as PGPB. Kishtwar
had six unique genera and three genera namely Desemzia,
Macrococcus and Myroides have been reported as PGPB
(Supplementary Table 2). In addition, Alchibagh had 10 unique
genera and four have been reported as PGPB. Galandar had six
unique genera and three PGPB reported, Patalbagh_upper had
two and Bengaluru has one unique genera, both locations have
one PGPB reported (Supplementary Table 2).

In the present study, Bacillus flexus, Lysobacter brunescens
and Janthiobacterium lividium were the dominant bacterial
species identified in saffron rhizo-bacteriome. Bacillus genus
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FIGURE 11 | Circos plot representing the core rhizo-bacteriome and unique rhizobacteria in saffron grown across different geographical locations. Central line

(ribbons) represents the abundance of each genus and connects genera to samples. The outer three rings are the stacked bars that represent the relative contribution

of particular genera in every sample.

dominant in the rhizosphere microbiome is predominantly used
as plant growth promoting bacteria, due to their ability to
colonize the roots rapidly, competitive colonization potential,
production of various phytohormone and conversion of complex
nutrients such as phosphorous and nitrogen into simple
absorbable forms (Aloo et al., 2019; Enebe and Babalola,
2019; Hashem et al., 2019; Kashyap et al., 2019). Bacillus
flexus KLBMP 4941 in Limoneum sinense (Xiong et al.,
2020) and B. flexus U8 in rice (Roy et al., 2020) have
been reported as PGPR. However, Lysobacter brunescens and

Janthobacterium lividium have not been reported so far from
any plant.

In addition to Bacillus flexus other bacterial species of
core rhizo-bacteriome reported as PGPB are Bacillus muralis,
Pseudoxanthomonas mexicana, Roseateles depolymerans and
Variovorax paradoxus (Supplementary Table 3). Bacillus muralis
strain HS4 has been reported as PGPR in peanut (Jiang et al.,
2016). Pseudoxanthomonas Mexicana has been reported as PGPR
from rhizosphere of maize and peanut (Geng et al., 2018; Youseif,
2018). Roseateles depolymerans has been isolated as an endophyte
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from the seedling stage of ginger and reported to have PGPR
properties (Chen et al., 2014) and Variovorax paradoxus has
been reported as PGPR from Indian mustard roots (Belimov
et al., 2005). Lysobacter brunescens, Edaphobacter modestum
and Psychrobacter celer have not been reported as PGPB so far
(Supplementary Table 3).

Among different locations, Kishtwar had four unique
species (Bacillus marisflavi, Macrococcus caseolyticus, Myroides
odoratimimus and Staphylococcus scuiri) and all are reported as
PGPB in different plant. In addition, Galandar from Kashmir
had only one PGPB (Paracoccus marcusii) reported. All other
locations have no unique species reported PGPB so far
(Supplementary Table 4).

Altogether, 110 bacterial genera (out of total 261) and 21
bacterial species (out of total 73), cataloged in present study,
have also been reported to be plant growth promoting bacteria
from saffron and other plants (Supplementary Table 5). Plant
growth promoting bacterial species cataloged in saffron are
Acidovorax facilis, Bacillus cereus, Bacillus firmus, Bacillus
flexus, Bacillus horikoshii, Bacillus marisflavi, Bacillus
muralis, Brevundimonas diminuta, Burkholderia bryophila,
Burkholderia tuberum, Luteibacter rhizovicinus, Macrococcus
caseolyticus, Myroides odoratimimus, Paracoccus marcusii,
Pseudoxanthomonas mexicana, Rhizobium leguminosarum,
Roseateles depolymerans, Staphylococcuss epidermidis,
Staphylococcus equorum, Staphylococcus sciuri, Staphylococcus
succinus and Variovorax paradoxus.

On comparison of PGPB from each sample, Wuyan had
maximum number of PGPBs (76 out of 154) followed by
Galandar (75 out of 132), Alchibagh (73 out of 147), Chandhara
(72 out of 143), Hatiwara (73 out of 140), Kishtwar (66 out
of 139), Bengaluru (63 out of 143), Samboora (62 out of
124), Patalbagh_lower (61 out of 111) whereas Patalbagh_upper
(60 out of 122) with the minimum number of PGPBs
(Supplementary Table 6). The highest number of PGPB in
the Wuyan sample could be correlated to the yield as the
production in Wuyan is two times as compared to other
fields. In the previous report by our group, PGP Bacillus
amyloliquefaciensW2 for growth promotion of saffron and corm
rot inhibition were isolated from the Wuyan by cultivation based
method (Gupta and Vakhlu, 2015). However, in present study a
well-reported PGPR Rhizobium leguminosarum and Luteibacter
rhizovicinus was relatively abundant in all the nine locations,
including Wuyan and completely absent in Kishtwar. Rhizobium
leguminosarum possess various PGP characteristics such as
phosphorous solubilization, siderophore, IAA, HCN production
and nitrogen fixation which enhance the growth of host plants
in pea plant, lettuce and carrot (Mishra et al., 2009; Tank and
Saraf, 2010; Flores-Félix et al., 2013; Gopalakrishnan et al., 2015).
Luteibacter rhizovicinus MIMR1 have been reported as plant
growth promoting bacteria that promotes root development
in barley (Guglielmetti et al., 2013). Absence of Rhizobium
leguminosarum and Luteibacter rhizovicinus may be attributed
to the low production status of Kishtwar as compared to
Kashmir, but the real confirmation will come only after their
evaluation in-vivo. The presence of unique location specific
PGPB at places other than Wuyan, with a lower yield than

Wuyan indicates that the potential of PGP bacteria varies and
maybe all the PGPB are not as effective as that of Wuyan
fields. The PGPB cataloge in the present and previous studies
in saffron by metagenomic approaches will be captured by
culture based technique and evaluated for PGP potential in
the future.

CONCLUSION

The present study investigated the variation in rhizo-bacteriome
of saffron grown across different locations i.e., Kashmir, Kishtwar
and Bengaluru in India. The rhizo-bacteriome of saffron grown in
Kishtwar was found significantly different from the saffron grown
in Kashmir and Bengaluru. Interestingly, rhizo-bacteriome in
saffron seems to be “plant driven” though in our earlier report
we have suggested the bacteriome of corm is location specific.
This need to be further confirmed as for cormo-bacteriome
corms were directly taken from the fields and analyzed whereas
in the present study, corms from Kashmir were grown in the
pots with garden soil from Bengaluru and analyzed. Despite
growing in non-native soil, the similarity of Bengaluru rhizo-
bacteriome to Kashmir rhizo-bacteriome indicates that it is plant
driven. This needs to be studied extensively further by analyzing
rhizo-bacteriome of saffron roots developed from corms from
Kishtwar and Kashmir, cultivated in Bengaluru in non-native
soil. Further, the total PGPBs and unique PGPBs were highest
in the Wuyan field that has maximum production indicating,
a correlation between number of PGPBs and production.
However, unique and common PGPB were cataloged across
geographical locations in the present study, in the future they
will be cultivated by media engineering (for those that are
difficult to cultivate) and evaluated in-vivo to estimate their
actual efficacy.
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