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Abstract
Seeds are known to harbor diverse microorganisms offering protective effects on them with the prospects of quick root colonization at
germination, selective recruitment as endophytes, and possible vertical transmission. The study was undertaken to assess the gross
seed-internal bacterial community in tomato and to confirm if spore-forming Firmicutes constituted major seed endophytes adopting
cultivation versus molecular approach on surface-sterilized seeds. Testing the initial seed wash solutions of “Arka Vikas” and “Arka
Abha” cultivars showed > 1000 bacterial cfu per dry seed, largely Bacillus spp. Tissue homogenates from surface-disinfected seeds did
not show any cultivable bacteria on enriched media for 1–2 weeks, while 16S rRNAV3-V4 taxonomic profiling revealed a huge
bacterial diversity (10–16 phyla per cultivar). Proteobacteria formed the dominant phylum (65.7–69.6% OTUs) followed by
Firmicutes, Actinobacteria, Bacteroidetes, and a notable share of Euryarchaeota (1.1–3.1%). Five more phyla appeared common to
both cultivars in minor shares (Acidobacteria, Planctomycetes, Chloroflexi, Spirochaetes, Verrucomicrobia) with the ten phyla together
constituting 99.6–99.9%OTUs. Class level and family level, the cultivars displayed elevated bacterial diversity, but similar taxonomic
profiles. Arka Vikas and Arka Abha showed 114 and 107 genera, respectively, with 63 common genera constituting 96–97% OTUs.
Psychrobacter formed the dominant genus. Bacillus and related genera constituted only negligible OTU share (0.16–0.28%). KEGG
functional analysis showedmetabolism as the major bacterial community role. One-month-old in vitro seedlings showed the activation
of some originally uncultivable bacteria uninfluenced by the OTU share. The study reveals a high diversity of cultivation-recalcitrant
endophytic bacteria prevailing in tomato seeds with possible vertical transmission and significant roles in plant biology.

Keywords 16S rRNA amplicon profiling . Bacterial activation . Cultivation-recalcitrant endophytic bacteria (CREB) . Solanum
lycopersicumL. .Metagenomics . Seedmicrobial community

Abbreviations
CREB Cultivation-recalcitrant endophytic bacteria
FDW Filter-sterilized autoclaved distilled water
MS medium Murashige and Skoog medium
NA Nutrient agar
NGS Next Generation Sequencing
PP bags Polypropylene bags
SATS Spotting-and-tilt-spreading
SP-SDS Single plate-serial dilution spotting
STH Seed tissue homogenate
TSA Trypticase soy agar

Introduction

Endophytic bacteria are generally known to be recruited by
plants from the surrounding environment, primarily from soil
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through roots [17, 38]. Seed-associated bacteria often formed
a topic of considerable interest for plant biologists on account
of their protective effects on seeds and the prospects of quick
plant colonization at germination [37, 54]. At variance from
the previous understanding about the plant acquisition of en-
dophytic bacteria from soil or the atmosphere, seed transmis-
sion of endophytic bacteria is now considered an important
entry route [4, 12, 49]. Germinating seeds release a body of
exudates to the immediate surroundings, the spermosphere,
which stimulate seed surface microflora and the rhizospheric
organisms with their build-up and potential seedling internal
colonization [36, 49]. Further, vertical transmission of endo-
phytes from one generation to the next is a major topic of
interest among plant biologists [40, 52, 54]. Past studies on
seed-associated endophytes relied mostly on cultivation
employing surface-sterilized seeds which often showed
Proteobacteria as the commonest phylum followed by
Firmicutes, Actinobacteria, and occasional Bacteriodetes
[37, 49]. Genus level, members of Proteobacteria such as
Burkholderia, Enterobacter, Agrobacterium, Pantoea,
Pseudomonas, and Firmicutes including Bacillus and
Paenibacillus were often reported as seed-associated bacteria
[12, 36, 37].

Tomato is a major vegetable crop world over for fresh
market as well as for processing [5]. Seed-associated bacteria
and in particular endophytic bacteria in tomato have been
topics of significance to researchers towards their exploitation
in agriculture. Xu et al. [55] studied Bacillus sp. associated
with tomato seeds and documented five species, some with
growth promotion ability. Cultivation-based studies on seed-
ling root-associated endophytic bacteria in different Ralstonia
solanacearum-resistant and susceptible tomato cultivars
displayed more diverse organisms in resistant cultivars with
higher biocontrol potential suggesting the possibility of seed
transmission of beneficial endophytes [50]. Cultivation versus
16S rRNA gene-mediated taxonomic profiling on two tomato
cultivars brought out more diversity with the latter approach
exhibiting a dominance of Proteobacteria, while cultivation-
based study showed Firmicutes (Bacillus and Paenibacillus
spp.) as common associates [29]. Assessing the seed transmis-
sion of bacteria in two successive generations of tomato
through cultivation and molecular profiling, Bergna et al. [5]
documented vertical transmission of different bacteria includ-
ing B. aryabhattai and B. nakamurai.

Cultivation-reliant studies on seed endophytes often
showed Bacillus spp. and other related genera of spore for-
mers such asPaenibacillus as common seed associates includ-
ing rice [32], wheat [18], maize [7, 19], cucurbits [24], alfalfa
[30], quinoa [39], and even tomato [5, 29, 55]. In most plant
species, including tomato, the embryo is firmly attached to the
seed coat and it is hard to exclude the seed coat tissues during
direct seed studies. Our recent study employing dry seeds
versus surface-sterilized seeds of two tomato cultivars showed

Bacillus spp. as the major seed external-associates while the
tissue homogenates from surface-sterilized seeds, in vitro ger-
minating seeds, or 10-day-old in vitro grown seedlings on
sucrose-minus MS medium did not show any cultivable bac-
teria [41]. On the other hand, 1-month-old in vitro raised seed-
lings where the seed coat could be excluded post seed germi-
nation exhibited bacterial association in a notable share of
seedlings. The associated organisms included mainly
Proteobacteria followed by Actinobacteria and Firmicutes,
which appeared to arise from the activation of embryo-
associated cultivation-recalcitrant endophytic bacteria
(CREB) during the course of seedling development. Only
one spore-former was isolated in this study which proved to
be an unusual Gram-negative Bacillus sp. showing high 16S
rRNA gene sequence homology to B. phocheonensis [41].

A major share of endophytic bacteria is now known to be
non-amenable to cultivation. Next-generation sequencing
(NGS)-based studies on roots [17, 28] and more recently on
shoot tissues [43, 47] have brought out a huge diversity of
bacterial endophytes. In these studies, Proteobacteria formed
the commonest phylum followed by Actinobacteria,
Firmicutes, and Bacteriodetes along with minor shares of sev-
eral phyla including some candidate phyla with no cultured
relatives and a low share of Archaea. Cultivation-independent
approaches to study the seed-associated/seed endophytic bac-
teria based on NGS such as 16S rRNA gene amplicon profil-
ing and metagenomics [1, 5, 56], or alternate molecular
methods such as 16S rDNA clone library sequencing and
PhyloChip analysis [10], have shown considerable bacterial
diversity. An NGS-based study would be the way out to un-
ravel the CREB community in tomato and to avoid the
chances of wrong depiction of bacteria that possibly escape
surface sterilization treatment as seed-transmitted organisms.
The present study was undertaken to get an estimate of the
gross seed-internal bacterial diversity in tomato and to assess
if spore-forming Firmicutes constituted major seed endo-
phytes adopting cultivation versus 16S rRNA gene profiling.

Materials and Methods

Seed Material and Surface Sterilization with Bacterial
Monitoring

Seeds of tomato (Solanum lycopersicum L.) cultivars “Arka
Vikas” and “Arka Abha” procured from the vegetable seed
store of ICAR-Indian Institute of Horticultural Research,
Bengaluru, stored in polythene bags or aluminum lined seed
storage bags at 16 °C or ambient temperature were employed.
Post procurement, the seed lots were stored at 4 °C. The initial
study employed a freshly procured lot (2018 batch) in
aluminum-lined bags to assess the external bacterial load
and the effectiveness of surface sterilization, done essentially
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as per Shaik and Thomas [41]. This involved six steps of
washes in autoclaved and filter-sterilized (0.2 μm) distilled
water (FDW) with one step wash in FDW containing 0.01%
Tween-20 (Tw-FDW). In the first treatment (T1), 100 seeds
were vortexed at top speed in 10 ml Tw-FDW for 5 min in a
15-ml centrifuge tube followed by five repeated vortex-
washings in FDW. In the second treatment (T2), the first three
washes were made in FDW with one Tw-FDW wash (fourth
step) followed by two ADWwashes to assess if Tween-20 had
any adverse effect on the bacterial cfu. Each wash solution
was monitored for bacterial cfu by spotting 10 μl lots on
nutrient agar (NA) and the total surface bacteria removed
was assessed through the SP-SDS [48] of the pooled wash
solutions employing four replications. The seeds were next
treated with 70% ethanol (1 min), rinsed once in FDW, and
agitated in NaOCl (4% available chlorine) for 10 min follow-
ed by six rinses in FDW with wash solution monitoring
through spotting (10 μl) on NA. Effectiveness of surface ster-
ilization was assessed by plating up to 400 μl last wash solu-
tion through spotting-and-tilt-spreading (SATS) [46]. After
10 min treatment with 2% Na2S2O3 to remove any residual
chloramines, the seeds were imprinted on NA for 10 min. The
NA plates were sealed in sterile polypropylene (PP) bags pre-
and post-plating to avoid external organisms. Bacterial cfu
was assessed after 1–7 days of incubation (first day at 36 °C
and thereafter at room temperature to provide a trigger to the
initial growth). The major colony types from the two cultivars
in the seed wash solutions were taken up for identification
through 16S rRNA sequence megablast homology analysis
to the type strains of cultured organisms at the National
Centre for Biotechnological Information (NCBI) as described
by Upreti and Thomas [50]. Based on the outcome, additional
seed lots were tested for the bacterial load and the effective-
ness of surface sterilization as above.

Cultivation-Based Testing of Surface-Sterilized Seeds

Surface-sterilized seeds (100 nos. from 2018 lot) with the
monitoring for effective disinfection were homogenized asep-
tically in a mortar which warranted an extended grinding for
8–10 min. The seed tissue homogenate (STH; 100 μl FDW
per seed) was tested on NA and trypticase soy agar (TSA)
through SP-SDS and 400 μl original STH through SATS.
Plates were observed for 7 days (37 °C for one night and
thereafter 30 °C) for any colony growths.

In the next trial, three batches of Arka Vikas and Arka
Abha seeds (2016, 2017, and 2018 lots stored at 4 °C) were
taken through surface sterilization with the monitoring for
external bacteria. STH from 100 seeds dispersed in 10 ml
FDW was tested through SATS on NA employing three rep-
lications at 100 to 103 dilutions, and through SP-SDS of 100 to
105 dilutions on TSA for each sample. The remaining STH
was stored at − 20 °C.

DNA Isolation fromSeed Tissue Homogenate (STH)

STH from the three seed lots of Arka Vikas and Arka Abha
stored at − 20 °C were employed for DNA isolation after
1 week by which time no cultivable bacteria were detected
on NA/ TSA. The thawed STH was mixed well and after
1 h static incubation at 4 °C in 15 ml centrifuge tubes, the
upper 4 ml clearer portion was used for bacterial DNA isola-
tion. The sample was spun down at high speed (18,000×g) for
2 min. The supernatant part was spun down again, and the
pooled pellet from the two rounds of spinning was used for
DNA isolation employing the PowerFood® (PF) microbial
DNA isolation kit (MO BIO Laboratories Inc., CA) adopting
the extended lysis protocol (10 min at 70 °C) with two repli-
cate columns based on the earlier observations with banana
tissues [43]. DNAwas eluted in 60 μl buffer per column and
subjected to quality assessments. The three DNA samples
were pooled in equal amounts for each cultivar, and the con-
solidated sample was employed for further studies.

PCR-Based Testing of STH DNA for Uncultivable
Bacteria

Since no bacterial growth was observed from the STH on NA/
TSA, a PCR was undertaken targeting uncultivable bacteria
using 16S rRNA gene primers 27F and 1492R on the pooled
DNA from the three seed lots as per Thomas et al. [47].
Considering that the above primers could amplify plant plastid
and mitochondrial 16S rRNA gene, PCR employing bacterial
class-specific primers targeting α, β, and γ-Proteobacteria,
Actinobacteria, and Firmicutes was undertaken as per [42,
47]. PCR reactions were set up in 20 μl volume and 10 μl
samples were tested in 1% agarose gel.

16S rRNA V3-V4 Taxonomic Profiling of Seed
Endophytic Bacterial Biome

The pooled DNA sample from the three seed lots was
employed for the cultivation-independent assessment of seed
internal bacteria after monitoring the STH applied plates for
2 weeks with no cultivable bacterial detection on NA/TSA.
The DNA samples after the quality checks were submitted to
M/s Eurofins Genomics India Pvt. Ltd., Bengaluru (www.
eurofinsgenomics.co.in) for the 16S rRNA metagene
taxonomic profiling targeting the V3–V4 hypervariable re-
gion, undertaken as per the standard Illumina protocol. This
involved the standard Illumina library preparation with 16S
rRNA F (5′-GCCTACGGGNGGCWGCAG-3′) and 16S
rRNA R (5′-ACTACHVGGTATCTAATCC-3′) primers and
2 × 300 MiSeq sequencing, PE read stitching, and quality fil-
tration steps as described elsewhere [43, 45]. QIIME-based
OTU picking and taxonomy assignments were made with
the Greengenes as the reference database. Since the majority
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of reads matched to the plastid and mitochondrial OTUs, a
second round QIIME analysis was adopted excluding the
reads that corresponded to plant OTUs [43, 47].

Activation of CREB from In Vitro Seedlings and Their
Identification

Based on the documentation of high taxonomic diversity in
the two tomato cultivars and the previous observation on the
possibility of activation of CREB in aseptically grown tomato
seedlings [41], Arka Vikas and Arka Abha seedlings (50 each)
were raised singly in glass culture tubes (150 × 25 mm) on
Murashige and Skoog [35] basal medium (without sucrose)
employing the surface-sterilized seeds from the 2018 lot with
wash solution monitoring as described above. Post-germina-
tion, the detached seed coat was removed to exclude bacteria
associated with the seed-external tissues [41]. Seedlings were
observed for any visible microbial growth, and after 4 weeks,
the apparently clean seedlings were indexed for any covert
bacteria by transferring a small bit of culture medium to NA
[41]. The collar region from 1-month-old seedlings showing
bacterial association was pooled, homogenized in a mortar,
and applied on NA as per SP-SDS and SATS. Distinct colony
types were selected, subjected to three rounds of single-colony
purification, and identified as described earlier.

Culturing the Surface-Sterilized Seeds on Enriched
Medium

Considering that the application of 100 μl original STH
corresponded to the monitoring of only one seed, direct plant-
ing of surface-disinfected seeds on enriched bacteriological
medium (NA) was undertaken. About 100 seeds were taken
through surface disinfection with wash solution monitoring
and seed imprinting, and 96 seeds of each cultivar were cul-
tured directly on NA (16 seeds per plate). After one night at
36 °C, the plates were observed for 1 week at room tempera-
ture for any bacterial growth from the seeds.

Functional Annotation of Seed Whole Endophytic
Bacterial Biome

In order to get an insight on the functional role of CREB
community in tomato seeds, PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States) software [27] version 1.1.0 was employed
on 16S rRNA amplicon sequence OTUs derived after filtering
out the plant sequences as outlined previously [45].
Greengenes pickedOTUswere used to generate metagenomic
data with PICRUSt application. The resultant Biological
Observation Matrix (BIOM) table was used to derive the rel-
ative Kyoto Encyclopedia of Genes and Genomes (KEGG)
abundance information [23].

Sequence Data

The NGS data generated in this study have been deposited with
NCBI SRA with the BioProject ID PRJNA552773 (Tomato
seed tissue endophytic microbiome analysis; TaxID: 1297885)
with the BioSample accession nos. SAMN12217409 for EG-
MG01 Arka Vikas seed endophytic microbiome and
SAMN12217410 for EG.MG02 Arka Abha seed endophytic
microbiome. 16S rRNA sequence data of the bacterial strains
isolated from the in vitro seedling cultures have been deposited
with the NCBI GenBank (acc. nos. MN134002 to MN134011
for the seed wash isolates andMN134014 toMN134029 for the
in vitro seedling-derived isolates).

Results

Seed Surface Sterilization and External Bacteria

Fresh seeds of 2018 lot showed abundant external bacteria
which came down with repeated seed washings, particularly
employing Tw-FDW in the first washing step (T1) than the
fourth step (T2) (Fig. 1a). The wash solutions showed predom-
inantly Bacillus spp. with no obvious differences in population
structure between the two treatments but for the better bacterial
release in T1. SP-SDS on the pooled wash solutions (6×)
showed 425 and 162.5 bacterial cfu removed per seed for
Arka Vikas in T1 and T2, respectively, and 1262 and
1125 cfu, respectively, for Arka Abha seeds. These numbers
are expected to be higher considering the fast-spreading
Bacillus spp. colonies impairing with the cfu counts beyond
day 1. Following the ethanol step, a few Bacillus colonies were
observed, but none appeared after the NaOCl treatment. Two
predominant colony types were present in both Arka Vikas and
Arka Abha which were identified as Bacillus safensis and
B. subtilis with occasional B. circulans and B. megaterium in
Arka Vikas and B. cereus, B. megaterium, B. aerius, and
Paenibacillus favisporus in Arka Abha (Table 1).

Trials employing different seed lots displayed varying
amounts of initial bacterial load. The surface sterilization
approach proved mostly effective, but for occasional bac-
terial cfu observed, linked to the seed lot, initial bacterial
load, or reduction in the efficacy of NaOCl subsequent to
the initial container opening. Therefore, monitoring the
wash solutions and seed imprinting appeared essential in
critical experiments to ensure the freedom from all external
organisms. Invariably, Bacillus sp. formed the common
seed external associate.

Cultivation-Based Testing of STH

The original STH from surface-sterilized 2018 seed lot or its
serial dilutions did not show any bacterial cfu on NA or TSA
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Fig. 1 Monitoring of six serial seed wash solutions of raw tomato seeds
for external bacteria through spotting 10 μl solution per row on NA (a),
testing the pooled 6× wash solution for gross bacterial cfu through SP-
SDS of three dilutions (b), with both a and b displaying abundant
Bacillus colonies, and testing the tissue homogenate from surface-

sterilized seeds for cultivable bacteria through SP-SDS of five serial
dilutions (c). Av and Ab indicate cultivar “Arka Vikas” and “Arka
Abha,” respectively; T1, and T2: Tw-FDW in the first and the fourth
washing step, respectively. (Note: the white spots in c correspond to
micro-tip marks on the nutrient medium)

Table 1 16S rRNA sequence-based identification of seed externally associated cultivable bacteria from tomato cv. Arka Vikas and Arka Abha

S. no. Strain 16S Seq (bp) Closest NCBI species match Seq. homology (%)

Strains from “Arka Vikas” (GenBank acc. nos. MN134002–MN134005)
1 Av-Sw.01 945 Bacillus safensis subsp. safensis (MK424279) 100
2 Av-Sw.02 790 Bacillus subtilis subsp. subtilis (CP034484) 100
3 Av-Sw.03 730 Bacillus circulans (NR112632) 98.91
4 Av-Sw.04 890 Bacillus megaterium (CP035094) 99.67
Strains from “Arka Abha” (GenBank acc. nos. MN134006–MN134011)
1 Ab-Sw.01 820 Bacillus safensis subsp. safensis (MK424279) 99.89
2 Ab-Sw.02 715 Bacillus subtilis subsp. subtilis (CP034484) 99.72
3 Ab-Sw.03 744 Bacillus megaterium (CP035094) 99.87
4 Ab-Sw.04 660 Bacillus cereus (CP034551) 100
5 Ab-Sw.05 940 Bacillus aerius (MK850542) 99.89
6 Ab-Sw.06 880 Paenibacillus favisporus (NR029071) 99.78

As per megablast on 04 July 2019
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for 1 week but for some grainy spots at the original sample
applied spots (Fig. 1b). Re-streaking of these raised spots to
NA or TSA did not elicit any new colony growths, indicating
the absence of cultivable bacteria with the effectively surface-
sterilized seeds.

The three seed lots employed in the next trial displayed
some differences in the external bacterial load as per the wash
solution monitoring (Supplementary Fig. S1). Here again,
testing the wash solutions post-ethanol treatment displayed a
few Bacillus colonies but none after the NaOCl step. The STH
from these three seed lots also did not show any active bacte-
rial colony growths on NA/TSA in both the cultivars during
the 2-week period of observation.

DNA Isolation and PCR-Based Testing of STH-DNA
for Uncultivable Bacteria

STH from the three seed lots (2016, 2017, and 2018) yielded
4.6, 5.9, and 10.8 ng DNA μl−1 in Arka Vikas while Arka
Abha seed lots gave 4.3, 12.9, and 6.8 DNAμl−1, respectively.
The pooled DNA from the three samples yielded a good
amplicon with the bacterial primers 27F and 1492R
(Fig. 2a). Class-specific PCR showed a prominent amplicon
against γ-Proteobacteria and Firmicutes followed by β-
Proteobacteria (Fig. 2b). Relatively less intense bands were
observed with the Actinobacteria and α-Proteobacteria
primers. The results suggested the presence of different bac-
terial classes in the STH in an uncultivable form.

16S rRNA V3-V4 Taxonomic Profiling of Seed
Endophytic Bacterial Biome

The pooled DNA from the three seed lots gave rise to good
amplicon libraries with a mean fragment size of 574 and
583 bp for Arka Vikas and Arka Abha, respectively
(Supplementary Table S1). QIIME round-1 analysis showed
43.1 and 30.3% reads in Arka Vikas matching to chloroplast

and mitochondria, respectively. The corresponding values for
Arka Abha were 44.2 and 30.3%, which indicated a high
masking effect due to the plant sequences.

QIIME round-2 analysis excluding the reads corresponding
to plant OTUs revealed high amounts of endophytic bacterial
taxonomic diversity in both the cultivars. Phylum level, Arka
Vikas showed 12 constituents with the dominance of
Proteobacter ia (69.6%) fol lowed by Firmicutes ,
Actinobacteria, and Bacteroidetes with minor shares of eight
other phyla, while Arka Abha displayed altogether 16 constit-
uents with the four major phyla accounting for 96.7% OTUs
(Table 2). A notable share of phylum Euryarchaeota was as-
sociated with the surface-sterilized seeds (1.06 and 3.06%,
respectively). The two cultivars shared ten common phyla
including Acidobacteria, Planctomycetes, Chloroflexi,
Spirochaetes, and Verrucomicrobia comprising 99.9% OTUs
in Arka Vikas and 99.6% OTUs in Arka Abha. Arka Vikas
displayed two genotype-specific phyla while Arka Abha
showed six distinct phyla.

Class level, γ-Proteobacteria formed the dominant constit-
uent in both the cultivars accounting for 98.1 and 97.4% of
Proteobacteria (Table 2). Bacilli constituted the next major
class followed by Actinobacteria, Flavobacteriia and
Sphingobacteriia under Eubacteria, and Methanobacteria un-
der Euryarchaeota. Order level, Pseudomonadales formed the
major component in both the cultivars (66.9 and 62.5%, re-
spectively) followed by Bacillales, Actinomycetales, and
Flavobacteriales (data not shown).

Family level distribution showed high taxonomic diversity
in both the cultivars with similar taxonomic profiles with re-
spect to the major constituents (Fig. 3). Arka Vikas displayed
altogether 84 families and Arka Abha 78 families with 50
families shared between them, which in turn constituted 97.8
and 97.9% of the OTUs, respectively. Moraxellaceae
(Gammaproteobacteria) formed the single largest constituent
with 66.7 and 62.3% OTUs in Arka Vikas and Arka Abha,
respectively. Other major families under Eubacteria included

Fig. 2 PCR screening for uncultivable bacteria employing 16S rRNA
gene primers 27F and 1492R showing the amplicon of ~1500 bp (a),
and class-specific PCR (b) targeting α-Proteobacteria (lanes 1, 2 for Av

and Ab), β-Proteobacteria (3, 4), γ-Proteobacteria (5, 6), Actinobacteria
(7, 8,) and Firmicutes (9, 10) with the expected amplicon sizes of 674,
342, 496, 640, and 483 bp, respectively
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Planococcaceae (Bacilli), Nocardiaceae (Actinobacteria),
Flavobacteriaceae (Bacteroidetes), and Methanobacteriaceae
under Archaea (Methanobacteria).

Genus level too, the two cultivars displayed very iden-
tical taxonomic profiles considering the OTUs assigned to
t h e dom inan t g ene r a (F i g . 4 ) . Psy ch robac t e r
(Moraxellaceae; Gammaproteobacteria) formed the single
dominant constituent (52.2% in Arka Vikas and 49.3% in
Arka Abha). Other notable genera (≥ 1.0% OTUs) included
u n c l a s s i f i e d M o r a x e l l a c e a e , u n c l a s s i f i e d
Enterobacteriaceae (Class Gammaproteobacteria),
Planococcus and Planomicrobium (Bacilli), Arthrobacter,
Rhodococcus (Actinobacteria), Gillisia (Flavobacteriia),
Pedobacter (Sphingobacteriia), and most significantly,
Methanobrevibacter, a Methanobacterium under the phy-
lum Euryarchaeota, all of them present in both the culti-
vars. Altogether, Arka Vikas showed 114 genera and Arka
Abha 107 genera (gross 160 genera) and 63 common gen-
era shared between them which constituted 97.0% of the

OTUs in Arka Vikas and 96.9% OTUs in Arka Abha
(Supplementary Dataset 1). It was significant to note that
Bacillus spp. which appeared as the commonest seed ex-
ternal organism formed only a minor share (0.164% OTUs
in Arka Vikas and 0.163% in Arka Abha). Other spore-
forming Firmicutes included Lactobacillus (0.081 and
0.401% OTUs, respectively) and Brevibacillus in Arka
Vkias (0.123%).

A few organisms could be defined at the species level
based on the V3-V4 data. Among these, Psychrobacter
pulmonis (52.2 and 49.3% OTUs in Arka Vikas and Arka
Abha, respectively), formed the major constituent. Other
notable ones present in both the cultivars included
Planococcus pelagicus (9.1–9.4%), Rhodococcus fascians
(0.69–0.98%), Arthrobacter nitroguajacolicus (0.041–
0.41%), Paracoccus marcusii (0.20–0.29%), Prevotella
copri (0.20–0.37), and Acinetobacter lwoffii (0.12–
0.16%). Arka Vikas showed a Shannon Alpha diversity
index of 3.41 (193 Observed OTUs) and Arka Abha 3.62

Table 2 Bacterial 16S rRNA gene V3–V4 taxonomic profiling-based distribution of taxonomic constituents under different phyla and classes in
tomato cv. Arka Vikas and Arka Abha as per QIIME-2 analysis

Phylum Cultivar Class Cultivar

“Arka Vikas” “Arka Abha” “Arka Vikas” “Arka Abha”

Eubacteria
Proteobacteria 69.624 65.714 Gammaproteobacteria 68.316 64.082

Alphaproteobacteria 0.899 1.265
Betaproteobacteria 0.286 0.286
Deltaproteobacteria 0.123 0.082

Firmicutes 13.655 13.878 Bacilli 13.164 13.102
Clostridia 0.491 0.653
Erysipelotrichi 0.122

Actinobacteria 8.504 7.388 Actinobacteria 8.381 7.388
Acidimicrobiia 0.082
Rubrobacteria 0.041

Bacteroidetes 6.010 8.694 Flavobacteriia 3.148 4.367
Sphingobacteriia 2.044 3.020
Bacteroidia 0.613 1.102
[Saprospirae] 0.164 0.082
Cytophagia 0.041 0.122

Acidobacteria 0.491 0.327 [Chloracidobacteria] 0.286 0.082
Solibacteres 0.123 0.245
Acidobacteria-6 0.082

Planctomycetes 0.286 0.122 Planctomycetia 0.286 0.082
Phycisphaerae 0.041

Spirochaetes 0.082 0.204 Spirochaetes 0.041 0.041
MVP-15 0.041 0.163

Chloroflexi 0.164 0.163 Thermomicrobia 0.082
Gitt-GS-136 0.082
Chloroflexi 0.041
Anaerolineae 0.122

Verrucomicrobia 0.041 0.041 [Spartobacteria] 0.041 0.041
TM7 0.041 TM7-1 0.041
Cyanobacteria 0.041 4C0d-2 0.041
Thermotogae 0.082 Thermotogae 0.082
[Thermi] 0.163 Deinococci 0.163
Tenericutes 0.041 Mollicutes 0.041
Synergistetes 0.041 Synergistia 0.041
Fusobacteria 0.041 Fusobacteriia 0.041
Archaea
Euryarchaeota 1.06 3.06 Methanobacteria 1.022 3.061

Halobacteria 0.041
Crenarchaeota 0.041 Thaumarchaeota 0.041
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Fig. 3 Extent of bacterial taxonomic diversity at family level in the surface-disinfected seeds of tomato Arka Vikas (a) and Arka Abha (b)
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(199 OTUs). The rarefaction curve (Fig. 5) indicated that a
large share of the species diversity remained uncovered.
The Krona for the two seed samples showed identical bac-
terial profiles (Supplementary Fig. S2).

Activation of CREB to Cultivation from In Vitro
Seedlings

A small share of seedling cultures on sucrose-minus MS me-
dium (12 and 10%, in Arka Vikas and Arka Abha, respective-
ly) showed fungal colony growth after seed germination de-
spite the extensive surface sterilization treatments. The re-
maining seedlings appeared clean. Culture-indexing of 4-
week-old seedlings showed 6/44 cultures of Arka Vikas and

7/45 cultures of Arka Abha as index-positive on NA
displaying bacterial growth. Tissue homogenates from the
pooled collar region of these 1-month-old index-positive seed-
lings showed 105 cfu g−1 tissue in Arka Vikas and 106 cfu g−1

in Arka Abha. Nine distinct organisms were isolated from
Arka Vikas (Table 3) which included the genera Kosakonia,
Pseudomonas , Acinetobacter (γ-Proteobacter ia) ,
Sphingomonas, Methylobacterium (α- Proteobacteria),
Staphylococcus, Bacillus (Firmicutes), Micrococcus
(Actinobacteria), and Elizabethkingia (Flavobacteriia;
Bacteroidetes). Six strains were obtained from Arka Abha
which included Enterobacter, Pantoea (γ-Proteobacteria),
Paracoccus (α-Proteobacteria), Rhodococcus, Micrococcus
(Actinobacteria), and Staphylococcus (Firmicutes).
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Fig. 4 Top 25 genera of
endophytic bacteria in the seeds
of tomato Arka Vikas and Arka
Abha with the high abundance of
Psychrobacter sp. (UC stands for
uncultured)
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Culturing the Surface-Sterilized Seeds on Enriched
Medium

About 7% seeds of Arka Vikas and 10% from Arka Abha
from the 2018 seed lot displayed bacterial colony outgrowth
from the seeds cultured on NA after 2–4 days (Fig. 6). In all
the instances, the organism appeared to be spore-forming
Bacillus sp. (morphologically B. safensis and B. subtilis) or
related genera as per colony characteristics, Gram reaction,
and spore formation. The number of seeds displaying bacterial

growth varied with different seed lots and batches, low in
some instances and more in others, particularly for the newer
seed lots.

Functional Annotation of Seed Endophytic Bacterial
Biome

Considering the prevalence of diverse bacteria in dry seeds in
an uncultivable state, it was only feasible to get the informa-
tion on the gross functional roles of endophytic bacterial com-
munity based on the known functions of organisms as per the
relative OTUs. The abundance of different KEGG pathways
as per the PICRUSt analysis showed very similar profiles for
both the cultivars at K01 level (Fig. 7). Metabolism (63%
abundance) formed the major functional role for the endophyt-
ic bacterial biome in both the cultivars followed by genetic
information processing (20%), environmental information
processing (13%), cellular processes, and organismal systems.

Discussion

This study deciphers the high diversity of endophytic bacteria
associated with the surface sterilized seeds in two tomato cul-
tivars through cultivation and the cultivation-independent ap-
proach of 16S rRNA gene V3–V4 amplicon profiling. While
the former approach showed Bacillus spp. as the common
seed externally associated organism, no cultivable bacteria
were detected in the seed tissue homogenates after the
surface-disinfection treatments. The cultivation-independent

Fig. 5 Rarefaction curve for the seed bacterial biome in tomato Arka
Vikas and Arka Abha depicting the sequences versus observed OTUs
per sample

Table 3 16S rRNA sequence-based identification of the activated bacterial isolates from tomato in vitro seedlings

S. no. Strain 16S seq. (Bp) Closest NCBI match Seq. homology (%) Gram reaction Class

Strains from “Arka Vikas” (GenBank acc. nos. MN134014–MN134023)

1 Vt-Sdl.Av01 775 Kosakonia oryzendophytica (NR125586) 99.67 −ve γ-Proteobacteria

2 Vt-Sdl.Av02 800 Bacillus subtilis subsp. subtilis (MH145363) 100 +ve Firmicutes

3 Vt-Sdl.Av03 760 Sphingomonas paucimobilis (LN681566) 100 −ve α-Proteobacteria

4 Vt-Sdl.Av04 805 Micrococcus aloeverae (NR134088) 100% +ve Actinobacteria

5 Vt-Sdl.Av05 810 Staphylococcus epidermidis (MH900188) 99.14 +ve Firmicutes

6 Vt-Sdl.Av06 900 Staphylococcus haemolyticus (CP035291) 99.33 +ve Firmicutes

7 Vt-Sdl.Av07 835 Pseudomonas psychrotolerans (MH281750) 98.32 −ve γ-Proteobacteria

8 Vt-Sdl.Av08 590 Acinetobacter indicus (NR117784) 99.66 −ve γ-Proteobacteria

9 Vt-Sdl.Av09 545 Elizabethkingia anophelis (CP023401) 99.63 −ve Flavobacteria

10 Vt-Sdl.Av10 830 Methylobacterium populi (CP001029) 100 −ve α-Proteobacteria

Strains from “Arka Abha” (GenBank acc. nos. MN134024–MN134029)

1 Vt-Sdl.Ab01 890 Enterobacter cloacae subsp. cloacae (CP001918) 99.55 −ve γ-Proteobacteria

2 Vt-Sdl.Ab02 770 Staphylococcus pasteuri (MG757632) 100 +ve Firmicutes

3 Vt-Sdl.Ab03 560 Paracoccus acridae (NR151998) 98.4 −ve α-Proteobacteria

4 Vt-Sdl.Ab04 601 Rhodococcus corynebacterioides (AB920566) 99.83 +ve Actinobacteria

5 Vt-Sdl.Ab05 600 Micrococcus aloeverae (NR134088) 98 +ve Actinobacteria

6 Vt-Sdl.Ab06 670 Pantoea ananatis (LC462185) 98.21 −ve γ-Proteobacteria

As per megablast homology as on 04 July 2019
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approach, on the other hand, brought to light the prevalence of
a high diversity of CREB in line with the observations on
aseptically grown seedlings of Miscanthus sp. [10] and the
NGS approach applied on the seeds of melon, tomato, and
rice [1, 5, 56]. This study has brought out several rare eubac-
terial phyla (Acidobacteria, Planctomycetes, Chloroflexi,
Spirochaetes, Verrucomicrobia, TM7, Cyanobacteria,
Thermotogae, [Thermi], Tenericutes, Synergistetes,
Fusobacteria) and archaeal phyla (Euryarchaeota,
Crenarchaeota) as seed internally associated bacteria in toma-
to, in addition to the four phyla of Proteobacteria, Firmicutes,

Actinobacteria, and Bacteroidetes commonly documented as
endophytes. Bergna et al. [5] documented seed-transmissible
Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes
Planctomycetes, Acidobacteria, Chloroflexi, Cyanobacteria,
and some other minor OTUs in tomato seeds. In this study,
we laid the emphasis on whole bacterial diversity including
very low abundant constituents to a get a holistic picture of
seed endophytic bacterial biome. Although the 16S rRNA
gene profiling was confined to just two DNA samples, they
were derived from three different seed lots and thus a proper
representative of the two cultivars.

Fig. 7 PICRUSt based functional analysis based on the relative abundance of bacterial OTUs for the surface-sterilized seeds of tomato Arka Vikas (a)
and Arka Abha (b) as per KEGG pathway level-1

Fig. 6 Surface-sterilized seeds of
tomato Arka Vikas (a) and Arka
Abha (b) cultured on enriched
nutrient agar displaying bacterial
outgrowth (arrow mark) from a
few seeds

Thomas P., Shaik S. P.920



The NGS-based observations in this study, together with
the isolation of different bacteria from 4-week-old in vitro
seedlings endorsed the prevalence of CREB in tomato seeds
and the possibility of their activation to cultivable form with
the seedling growth [41], additionally illuminating their high
taxonomic diversity. The seedling growth conditions in vitro
enabled to study the seed-activated endophytic bacteria
protected from external organisms unlike in field studies. It
was significant to document a high share of genera under
Proteobacteria (Kosakonia, Sphingomonas, Pseudomonas,
Acinetobacter, Methylobacterium , Enterobacter,
Paracoccus, Pantoea) among the seedling-activated cultiva-
ble organisms besides some members of Actinobacteria
(Micrococcus, Rhodococcus), Firmicutes (Bacillus,
Staphylococcus), and Bacteroidetes (Elizabethkingia). All
the activated organisms in this study except for Kosakonia,
Enterobacter, and Elizabethkingia spp. were documented in
the molecular profiling study. Endorsed by the rarefaction
curve, this suggested that a greater diversity of seed endo-
phytes than that presented here remain to be uncovered. The
activated organisms in this study and in the earlier study [41]
were not those with high OTU abundance but that with rela-
tively low share of reads. Further, the activated organisms in
the two studies did not share much commonality except for a
few bacterial species such as Kosakonia oryzendophytica,
Sphingomonas paucimobilis, and Micrococcus aloeverae in-
dicating that the activation is perhaps a random event [42, 44].
In this study, the terms uncultivable bacteria and CREB have
been used between them; there is some difference.
Uncultivable means that the organisms are not culturable with
the routine cultivation-based approaches. Cultivation-
recalcitrant implies that the organisms are not readily cultured
or their cultivation requirements are not understood, and they
become cultivable under suitable conditions for their growth.

Past seed microbiology studies relied mainly on cultivation
where Bacillus spp. and the related genera of spore-formers
were documented as common seed associated bacteria/seed
endophytes based on their isolation from surface-sterilized
seeds or so-derived seedlings [10, 22, 32, 36, 37]. On the other
hand, the documentation of a high share of Bacillus spp. in
seed wash solutions, low OTU abundance of Bacillus during
V3–V4 profiling, and the low share of spore-formers among
the seedling-activated bacteria in this study suggested that
Bacillus spp. are major seed external colonizers and less abun-
dant embryo-colonizers. On the other hand, Bacillus spp. has
been documented microscopically inside the seeds of grape
[8] and melon [15] through 16S rRNA gene fluorescent in situ
hybridization. Bergna et al. [5] isolated B. aryabhattai and
B. nakamurai from tomato seeds in successive generations
suggesting their vertical transmission. The frequent isolation
of Bacillus and Paenibacillus spp. in cultivation-based studies
of surface-sterilized seeds could be attributable to the hardy
spores that possibly escape the surface disinfection as

observed with the seeds directly cultured on NA. It would
warrant the use of substantial amounts of tissue homogenates
from seeds to capture such low abundant organisms.

One limitation in the studies on seed endophytes is the
difficulty in separating the seed coat from the embryo to assess
the true vertical transmission as is the case with maze, brassi-
ca, Miscanthus sp. etc. The seed coat constituted an integral
component in such cultivation-based studies with Bacillus
spp. forming the major isolates [7, 10, 18, 24, 29, 30]. In some
instances where the seed external tissues were removed asep-
tically, the spore-formers formed a small or less common con-
stituent [16, 53]. Even the cultivation-independent approach
on merely surface-washed seeds showed mainly
Proteobacteria with very low shares of Bacillus spp. [1]. The
present study does not exclude spore-forming bacteria as a
vertically transmissible organism but identifies it as a relative-
ly minor constituent among the wide range of seed endophytic
bacterial flora. Alternatively, the spore-formers may be pres-
ent in a form which is recalcitrant to DNA recovery. Spore-
formation is a possible mechanism by which the organisms
remain dormant and survive within the desiccated seeds under
nutrient-limiting conditions. This may also explain the failure
to culture the organisms from dry seeds as also observed with
Miscanthus sp. [10] and tomato [41]. Both the cultivation-
independent approach and the cultivation-based observations
on in vitro seedlings showed Proteobacteria as the dominant
phylum inside the seeds. Although Firmicutes formed a sig-
nificant phylum in the 16S rRNA profiling, this was contrib-
uted by the non-spore formers such as Planococcus and
Planomicrobium.

Molecular profiling approach has shown Psychrobacter
(Moraxellaceae) as the commonest seed internal bacterial ge-
nus in both tomato cultivars with the maximum homology to
P. pulmonis which was first isolated from the lungs of lambs
associated with respiratory distress [51]. This suggests the
ability of an organism to be in different ecosystems with pos-
sible strain differences. Psychrobacter is a genus of Gram-
negative bacteria found in a variety of marine and terrestrial
environments besides a common food spoilage organism [6].
The genus also comprises of psychrophilic or psychrotolerant
organisms with the ability to grow between − 10 and 42 °C
[25]. The three seed lots employed in the 16S rRNA gene
amplicon profiling were refrigeration stored (4 °C) for 6–
24 months. It is not clear whether this formed a contributing
factor for the high abundance of this genus. Psychrobacter has
been documented as a dominant operational phylogenetic unit
in cultivation-independent study covering roots, stems, and
the rhizosphere in the halophyte Arthrocnemum [34].
Psychrobacter has also been documented as a common root
endophyte of Pennisetum sinese in cultivation-independent
studies [11]. The other dominant genera as per 16S rRNA
profiling included unclassified Moraxellaceae and
Planococcus sp. (Bacilli). Planococcus sp. also constitutes
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psychrophilic organisms such as P. maitriensis from
Antarctica [2]. The endophytic bacterial population could be
dynamic over the lifetime of the plant, seed stages, or depend-
ing on the environmental condition [10].

For the organisms to be transmitted vertically from one
generation to the next, colonization of embryo, or the endo-
sperm is a requisite. Considering that the NGS approach in
this study involved the microflora from both the embryo and
the seed coat, it was not feasible to make a clear assessment of
the embryo-transmissible organisms. Observations employing
in vitro grown seedlings of tomato here and in the earlier study
[41] where the seed coat part could be segregated post-seed
germination indicated embryo colonization and vertical trans-
mission of different bacterial genera. Preliminary observations
with watermelon seeds, where the embryo could be studied
distinctly from the seed-coat tissues, endorse the observations
of Bacillus as a dominant external organism and the high
diversity of embryo-colonizing organisms as CREB
(Thomas, unpublished data). Currently, the knowledge about
the transmission of endophytes and seed microbiome assem-
bly remains incomplete [38]. Association of diverse bacteria
with the pollen of different plant species [31] and bacterial
introduction inside seeds through stigmatic bacterial applica-
tion [33] have been demonstrated. Microscopic documenta-
tion of bacterial colonization in the seed embryos and the
aseptically germinated seeds [8, 10, 15] suggest vertical trans-
mission of bacterial endophytes. It is not clear as of now
whether the seed bacteria are transmitted continuously from
generation to generation without exiting the plant [5, 12].

The composition and structure of seed microbiota of differ-
ent plant species are yet to be characterized [9, 38]. Very few
investigations have addressed the origins and routes of colo-
nization of seeds by bacteria. Bacterial endophytes can possi-
bly get into the seeds either from the vegetative parts through
the vascular connections, through gametes, through the apical
meristem getting converted to reproductive structures or the
direct transfer from mature fruits to seeds [37, 49]. Several
endophytic bacteria associated with flowers are considered
to colonize the developing ovules and ultimately end up in
fruits and seeds [37]. Bacillus and Pseudomonas spp. are par-
ticularly prevalent in cucurbit fruits, especially within the seed
cavity from where they could possibly enter the seeds [13, 14,
24]. Once established within the endophytic seedmicrobiome,
these bacteria can transfer naturally to seedlings during ger-
mination and promote the seedling growth [5, 33, 52]. The
seed external organisms like Bacillus spp. also have the po-
tential for easy colonization of seedlings at germination [22,
37] which applies to the normal farmers’ practice of sowing
seeds without surface sterilization.

A number of studies have shown substantial amounts of
variability existing in the seedmicrobiomewith different plant
species, geographical locations, and soils [3, 20, 26] and be-
tween genotypes within a species [19]. In contrast, a

conserved core seed microbiome within a plant species is
known to exist [10, 20, 56]. This study on two tomato culti-
vars which were grown in the same locality and soil condi-
tions displayed very identical taxonomic diversity and func-
tional profiles. Whether this is a reflection of the bacterial
population acquired from the soil cannot be discounted now
[10]. Both seed and soil apparently contribute to the endo-
phyte population of new seedling [21]. The population struc-
ture could vary depending on the seedling growth phase and
further plant development. It calls for more targeted research
on understanding the dynamics of seed-associated bacteria
and their integration to the developing plant versus the soil
community interactions. Further, studies specifically targeting
the embryo tissues are needed to make a clear assessment of
the vertical transmission of endophytic bacteria from one gen-
eration to the next which is envisaged in the future. The pres-
ence of diverse bacteria and their prevalence in an uncultiva-
ble form came in the way of deciphering the functional roles
of different organisms. As of now, the functional information
on the uncultivable bacterial community as a whole was only
feasible which indicated the role of the community in meta-
bolic pathways. There is also scope for exploiting the activat-
ed endophytic bacteria as seed inoculants in agriculture. It
warrants more research to reach a proper conclusion on such
useful organisms.

In summary, the cultivation-independent analysis on
surface-sterilized seeds with the rigid monitoring of the effi-
cacy of surface-disinfection treatments in this study helped in
unraveling the enormous endophytic bacterial diversity in to-
mato seeds. The bacterial community inhabits the seeds in a
cultivation-recalcitrant state with the chances of their activa-
tion to cultivable form with the seedling growth under in vitro
conditions which may also apply to the normal seedlings. The
seed integrally associated organisms bear the potential for
quick seedling colonization at germination with the prospects
of vertical transmission to the next generation. Bacillus spp.
and related genera of spore-forming bacteria appeared to be
dominant seed external colonizers with very limited share de-
tected in molecular analysis on surface sterilized seeds. The
high share of seed-associated Bacillus spp. documented in
different cultivation-based studies could be attributed to the
hardy spores that possibly escape the surface sterilization and
their rapid multiplication on enriched medium.
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