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Plant microbiomes play an important role in agricultural productivity, but there is still
much to learn about their provenance, diversity, and organization. In order to study the
role of vertical transmission in establishing the bacterial and fungal populations of juvenile
plants, we used high-throughput sequencing to survey the microbiomes of seeds,
spermospheres, rhizospheres, roots, and shoots of the monocot crops maize (B73), rice
(Nipponbare), switchgrass (Alamo), Brachiaria decumbens, wheat, sugarcane, barley,
and sorghum; the dicot crops tomato (Heinz 1706), coffee (Geisha), common bean
(G19833), cassava, soybean, pea, and sunflower; and the model plants Arabidopsis
thaliana (Columbia-0) and Brachypodium distachyon (Bd21). Unsterilized seeds were
planted in either sterile sand or farm soil inside hermetically sealed jars, and after as
much as 60 days of growth, DNA was extracted to allow for amplicon sequence-based
profiling of the bacterial and fungal populations that developed. Seeds of most plants
were dominated by Proteobacteria and Ascomycetes, with all containing operational
taxonomic units (OTUs) belonging to Pantoea and Enterobacter. All spermospheres also
contained DNA belonging to Pseudomonas, Bacillus, and Fusarium. Despite having
only seeds as a source of inoculum, all plants grown on sterile sand in sealed jars
nevertheless developed rhizospheres, endospheres, and phyllospheres dominated by
shared Proteobacteria and diverse fungi. Compared to sterile sand-grown seedlings,
growth on soil added new microbial diversity to the plant, especially to rhizospheres;
however, all 63 seed-transmitted bacterial OTUs were still present, and the most
abundant bacteria (Pantoea, Enterobacter, Pseudomonas, Klebsiella, and Massilia) were
the same dominant seed-transmitted microbes observed in sterile sand-grown plants.
While most plant mycobiome diversity was observed to come from soil, judging by
read abundance, the dominant fungi (Fusarium and Alternaria) were also vertically
transmitted. Seed-transmitted fungi and bacteria appear to make up the majority of
juvenile crop plant microbial populations by abundance, and based on occupancy, there
seems to be a pan-angiosperm seed-transmitted core bacterial microbiome. Further
study of these seed-transmitted microbes will be important to understand their role in
plant growth and health, as well as their fate during the plant life cycle and may lead to
innovations for agricultural inoculant development.

Keywords: plant microbiome, plant mycobiome, spermosphere, rhizosphere, endophyte, phyllosphere, core
microbiome, seed microbiome
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INTRODUCTION

Over hundreds of millions of years, angiosperms have coevolved
with microbes that helped them acquire nutrients, resist
stress, and combat pathogens. Today, plants are considered
to be holobionts, a community of microbes cooperating
and coevolving with their host to stimulate its anatomy,
physiology, development, immunity, behavior, and genetic
variation (Rosenberg and Zilber-Rosenberg, 2016). Agricultural
science began to appreciate the importance of these plant–
microbe interactions with the discovery of soil-inhabiting
arbuscular mycorrhizal fungi, which colonize about 90% of
land plant species and aid in nutrient acquisition, and also by
the realization that nodules on the roots of leguminous plants
are powered by nitrogen-fixing bacteria (Johnston-Monje et al.,
2021). Besides mycorrhizae and rhizobia, agriculture in some
parts of the world has for many decades appreciated that other
microbes may also play important roles in plant growth and
productivity; for example in the 1970s, stem-inhabiting bacterial
endophytes were discovered in Brazil (principally coordinated
by EMBRAPA Agrobiologia scientist Johanna Döbereiner) to
be important in the nitrogen economy of graminaceous grasses
(Baldani and Baldani, 2005). It was not until the advent of
high-throughput sequencing technologies at the beginning of
this new millennium, however, that the immense diversity of
plant-associated microbes began to be understood by the broader
scientific community, highlighting the potential to discover
many new beneficial plant-associated bacteria and fungi. As
this exciting frontier of agricultural science continues to unfold,
rational microbiome engineering to improve crop resilience and
productivity will only become possible if the rules of microbiome
function, provenance, transmission, assembly, and inheritance
are elucidated (Vandenkoornhuyse et al., 2015; Busby et al., 2017;
Arif et al., 2020).

Plant-inhabiting microbial populations may vary between host
species or cultivar; organs or tissues or surfaces; developmental
stage; geographic location; plant health; and even year sampled
(Berg et al., 2016; Müller et al., 2016; Compant et al., 2019).
Microbes in the soil immediately around roots (rhizosphere) are
studied for their importance in breaking down organic materials
and producing nutrients for plant absorption, while microbes
inside the plant (endosphere) influence plant physiology and
help control pathogens. Microbes in aboveground parts of the
plants inhabit what is known as the phyllosphere, where again
they mostly help their host by influencing physiology and
controlling pathogens. Less studied, seeds and the area around
the germinating seed (spermospheres) are increasingly being
appreciated as microbial habitats contributing microbiota that
can protect seeds against rotting in the soil, aid in germination,
and increase seedling vigor (Nelson, 2018). Probably because of
the legacy effects relating to the agricultural importance of soil-
transmitted mycorrhizae and rhizobia, even today, agricultural
science still largely believes the majority of plant-inhabiting
microbes in phyllospheres, endospheres, and rhizospheres are
acquired by horizontal transmission from soil (Bakker et al., 2013;
Vandenkoornhuyse et al., 2015). For example, a foundational
study describing the core root microbiome of Arabidopsis

concluded that all of the plant’s rhizosphere and endosphere
comes from the soil, although it should be noted that the
seeds used were surface sterilized and no microbe-free substrate
was included as a negative control (Lundberg et al., 2012).
Besides soil, microbes are also believed to horizontally colonize
plant surfaces and endospheres through contact with insects
(Allard et al., 2018), dust, rain, and other plant surfaces
(Bulgarelli et al., 2013). Unlike phyllospheres or rhizospheres,
the inside of the host plant (endosphere) is a controlled habitat,
requiring horizontally transmitted endophytes to find ways to
enter through cracks, wounds, stomata, or complex signal-based
mechanisms (Ibáñez et al., 2017).

In the last few decades, various publications began
documenting the presence of non-pathogenic bacteria and
fungi in and on seeds of many plant species (Truyens et al.,
2015; Nelson, 2018). Evidence has also begun accumulating
that vertical or seed transmission also significantly contributes
to the plant microbiome (Li et al., 2019). As an example,
our previous studies on the juvenile maize microbiome have
found that bacterial seed endophytes can colonize other plant
tissues, travel throughout the endosphere, and exit the roots to
colonize the rhizosphere (Johnston-Monje and Raizada, 2011).
We have also found that bacterial populations in maize seeds
are a more important source of inoculum for juvenile root
endobiomes, than is soil (Johnston-Monje et al., 2014), and that
the most abundant bacteria in juvenile maize rhizospheres are
vertically rather than horizontally transmitted (Johnston-Monje
et al., 2016). A variety of other plant species, including rice,
Arabidopsis thaliana, wheat, and tomato, have been shown to
acquire at least some of their microbiome from their seeds
(Nelson, 2018). If plants are truly holobionts that have survived
and coevolved with microbes for hundreds of millions of years
(Vandenkoornhuyse et al., 2015), it makes sense that their most
important symbionts would be vertically transmitted through
seed rather than gambling that all of the correct soil-dwelling
microbes might be available at the germination site (Nelson,
2018). Vertical transmission may also give beneficial microbes
the chance to establish founder populations and claim priority
effects, helping define the microbiome of the plant from early
on (Toju et al., 2018). Although much work needs to be done
to better understand the importance of seed endophytes, it has
been shown that they can aid in germination, provide protection
from pathogens, and improve mineral nutrition and vigor of
the seedling (Puente et al., 2009; Nelson, 2018; Li et al., 2019).
It is troubling to think that because of the use of vegetative
propagation in plants like cassava, potatoes, and strawberries, in
addition to the phytosanitary standards requiring the physical
and chemical disinfestation of botanical or vegetative seeds in
order to have pathogen-free crops, the normal transmission of
microbes from seeds to seedlings may have been interrupted by
modern agriculture (Berg and Raaijmakers, 2018).

Regardless of provenance, with thousands of different species
of microbe in the plant biome, how does one determine which
are the most important to the plant’s well-being and productivity?
In ecology, a positive relationship between a specie’s abundance
and occupancy is considered a robust indication of its ecological
importance (Gaston et al., 2000). These principles also function
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well in the study of plant microbial ecology, where microbial
abundance and occupancy are important for the identification of
core microbiomes (Shade and Stopnisek, 2019). The ecological
importance of abundance is intuitively easy to understand.
Sequence the bacterial populations in soybean root nodules, and
by far the most abundant members observed are Bradyrhizobium,
which are the preferred nitrogen-fixing endosymbionts of those
plants (Sharaf et al., 2019). Watermelon cultivars which are
susceptible to fusarium wilt, will accumulate much higher levels
of Fusarium in their roots than will resistant cultivars (Xu
et al., 2020). Identify soils with high levels of plant pathogens
(such as Fusarium solani, Verticillium dahliae, Rhizoctonia solani,
and Colletotrichum truncatum), and it is possible to identify
the part of the field the sickest strawberry plants will develop
(Mirmajlessi et al., 2018).

When trying to identify a core microbiome, occupancy (how
often a microbe is observed in a sample) is most often considered
the defining characteristic. For example, one definition of a
core microbiome are those bacteria and fungi that are closely
associated with a particular species or genotype of plant (i.e., high
occupancy), independent of environmental conditions (Toju
et al., 2018). Core microbiomes are thought to contain key
microbial taxa that have been important for plant survival and
reproduction over evolutionary time (Shade and Handelsman,
2012; Lemanceau et al., 2017). Such microbes, must have over
millions of years, developed a robust and efficient transmission
strategy and retained the ability to colonize the plants and also
to provide beneficial functions that contribute to plant growth,
survival, and/or reproduction; traits which could be under
positive selection in the holobiont (Wassermann et al., 2019a).
Because of the theoretical importance for agriculture, searches for
core microbiomes have been attempted in Arabidopsis (Lundberg
et al., 2012; Brachi et al., 2017), potato (Pfeiffer et al., 2017),
grape (Zarraonaindia et al., 2015), sugarcane (Hamonts et al.,
2018), tomato (Lee et al., 2019), wheat (Schlatter et al., 2020),
switchgrass (Bowsher et al., 2020), and rice (Edwards et al., 2015)
among others. Beyond being important in the microbiome of
a single plant species, microbes that are core to multiple plant
species may be evidence of a larger pattern of transmission,
environmental inoculation, or host evolution. It is interesting to
speculate that the holobiont common ancestor of angiosperm
plants, which split into monocots and dicots about 150 MYA
(Chaw et al., 2004), would have also possessed a core microbiome
that may have been passed on to all of its descendants. A few
searches for core microbiomes across plant species have already
been conducted, for example among the germinating seeds of
28 different species of agricultural plant including A. thaliana,
Solanum lycopersicum, and Phaseolus vulgaris (Barret et al.,
2015), among soil-grown roots of three A. thaliana ecotypes
and wild relatives (Schlaeppi et al., 2014), among the roots and
rhizospheres of 30 different crop plants grown from surface-
sterilized seed in soil (Fitzpatrick et al., 2018), and inside
the roots of 31 taxonomically diverse plant species growing
on sand dunes in an Australian nature reserve (Yeoh et al.,
2017). From a technological point of view, microbes with high
occupancy and beneficial bioactivity across a spectrum of plant
species are very attractive, theoretically allowing one strain to

become an inoculant for diverse crop species. For example,
Burkholderia phytofirmans is an endophytic bacteria that can
colonize and promote the growth of a wide range of angiosperms
including A. thaliana, grape, maize, potato, switchgrass, tomato,
and wheat (Afzal et al., 2019). Another bacterial endophyte,
Gluconacetobacter diazotrophicus, is claimed by the company
Azotic Technologies to be able to both colonize and fix substantial
amounts of nitrogen in a wide variety of plants including
rice, wheat, maize, tomato, potato, tobacco, cotton, sunflower,
lettuce, cassava, soybean, pea, beans, and even A. thaliana (Dent
et al., 2017). The fungal endophyte Piriformospora indica has
been tested on over 150 different species of plants, where it
has consistently been shown to promote plant growth and
enhance yield, increase seed germination and vigor, increase
flowering/fruiting, augment nutrient uptake, and aid in abiotic
and biotic stress resistance (Singhal et al., 2017).

Beneficial microbes are usually discovered in the lab and then
screened in small-scale assays within labs or greenhouses. After
isolation and screening, the strain then needs to be properly
formulated for delivery into a farmer’s field if it ever hopes to
impact agriculture, and this bottleneck can dramatically reduce
the number of candidates that find commercial success. The most
efficient and practical method of agricultural microbe delivery is
through the seed, where a relatively small amount of inoculum
is needed (compared to soil) and microbes are well positioned
to colonize the emerging seedling and potentially the whole
plant for its entire life (O’Callaghan, 2016). B. phytofirmans for
example, was originally isolated from onion roots (Sessitsch et al.,
2005), and despite consistently being able to promote growth
of a wide variety of plants under controlled conditions, without
development of an effective, practical, and scalable way to coat it
onto crop seeds, this bacteria has not been able to directly impact
agriculture as a commercial product. Rather than attempting to
develop inoculant formulations to help root, shoot, rhizosphere,
or soil microbes survive on the seed surface, the study of seed
microbiomes from a variety of crop species may yield insights
into which microbes are already best suited/preadapted to be seed
inoculants (von-Maltzahn et al., 2015, 2017). The ideal situation
for a company would be to find core microbes, adapted to life on
the dry surface of a seed and with the ability to survive there for
weeks or months until germination in farm soil, whereupon it can
colonize the developing roots and shoots of any crop plant and
begin to influence plant growth and health in a beneficial manner.

Our experiment attempts to document the common
(appearing in over 60% of samples) and core (appearing in
100% of samples) microbes inhabiting seed interiors and seed
surfaces (spermospheres) of a panel of 17 academically and
economically important plant species, many of which have had
their genomes sequenced and serve as model organisms. These
plants include the monocot crops maize (Zea mays ssp. mays
var. B73), rice (Oryza sativa ssp. japonica var. Nipponbare),
switchgrass or Panicum (Panicum virgatum var. Alamo),
Brachiaria decumbens, wheat (Triticum aestivum), sugarcane
(Saccharum officinarum), barley (Hordeum vulgare ssp. vulgare),
and sorghum (Sorghum bicolor ssp. bicolor); the dicot crops
tomato (S. lycopersicum Heinz 1706), coffee (Coffea arabica var.
Geisha), common bean (P. vulgaris G19833), cassava (Manihot
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esculenta), soybean (Glycine max), pea (Pisum sativum), and
sunflower (Helianthus annuus); and the model plants A. thaliana
(Columbia-0) and Brachypodium distachyon (Bd21). In order to
try to see how much of the seed microbiome goes on to make
up the microbial populations of developing plants, these were
planted in sealed jars filled with sterile sand and water, then left
to develop up to 2 months until harvesting their rhizospheres,
root endospheres, and phyllospheres for DNA extraction. As soil
is classically considered to be the most important source of a
plant’s microbiome, the sealed jar experiment was also carried
out using soil from a cassava field at the International Tropical
Agriculture Research Institute in Colombia. Microbiomes of all
sample types of plant species growing on sterile or non-sterile
soil were compared bioinformatically based on sequencing of
the bacterial 16S and fungal internal transcribed spacer (ITS).
The primary purpose of this study was to demonstrate the
importance of seed transmission to the establishment of plant
microbiomes, which have traditionally been assumed to acquire
all their microbes from soil. Showing that seeds are dominant
players in establishing plant microbiomes could lead to a
paradigm shift in our understanding (and ability to manipulate)
of plant microbiome assembly, which has been assumed to
depend largely on soil. A secondary purpose of this study was to
establish whether core seed-transmitted microbiomes might exist
across these economically important plant species. Core seed-
transmitted microbes are evidence of evolutionary conservation
and may point to important physiological functions these
microbes perform for angiosperm seeds, as well as suggesting the
existence of microbes that could function as broad host range
inoculants in agriculture.

MATERIALS AND METHODS

Sources of Seed
Seventeen different seed accessions were obtained for this
experiment. From the U.S. National Plant Germplasm System
of the U.S. Department of Agriculture were obtained (with
accession numbers in brackets) the following: H. annuus var.
Arrowhead (PI 650649), H. vulgare ssp. vulgare var. Beaver (CIho
1915), O. sativa ssp. japonica var. Nipponbare (GSOR 100),
P. virgatum var. Alamo (PI 422006 01 SD), P. sativum var. Aa134
(PI 269818), S. bicolor ssp. bicolor var. BTx623 (PI 564163 02 SD),
T. aestivum var. Prospect (PI 491568 TR04ID), and Z. mays ssp.
mays var. B73 (PI 550473).

Brachiaria decumbens var. Basilisk (CIAT606), M. esculenta
var. 19 (DI-2015), and P. vulgaris var. G19833 were obtained from
the CIAT Genebank (Palmira, Valle del Cauca, Colombia).

Solanum lycopersicum var. Heinz 1706 (LA4345) was
graciously provided by the C.M. Rick Tomato Genetics Resource
Center (Davis, CA, United States).

Arabidopsis thaliana var. Columbia-0 and B. distachyon var.
Bd21 were donated by the Hazen lab at the University of
Massachusetts (Amherst, MA, United States).

Saccharum officinarum var. CS#725 (CC93-4112 x CC91-
1987) was obtained from Cenicaña (Florida, Valle del
Cauca, Colombia).

Glycine max var. Paramo 29 was purchased from Semillas del
Pacifico (Cartago, Valle del Cauca, Colombia).

Coffea arabica var. Geisha was purchased from Agro Ingenio
(El Chantaduro, Valle del Cauca, Colombia).

Sources of Soil
Sterile Sand
River sand was purchased in bulk from a hardware store in
Palmira, Colombia, and manually sieved to a uniform consistency
using a 500-µm metal sieve. Sand was then sterilized by
autoclaving twice for 20 min at 121◦C, and after transfer to glass
jars, it was autoclaved a third time for 20 min at 121◦C.

Field Soil
An agricultural mollisol was excavated from a fallow cassava field
at a CIAT property near Palmira, Colombia, at GPS coordinates
3.498434, –76.354959 (Figure 1A). Large clods were broken into
smaller fragments by crushing and then manually sieving to a
uniform consistency using a 500-µm metal sieve (Figure 1B).

Sieved sand and soil were both submitted for physio-chemical
analysis by the “Suelos y Paisajes para la Sostenibilidad” group
at CIAT Headquarters (Supplementary Table 1: Physiochemical
Soil Properties).

Experimental Setup and Plant Growth
Conditions
Twenty large seeds or 0.5 g of small seeds of each accession
were put in sterile 15- or 2-ml tubes and soaked for 6 h in
double-distilled sterile water (Figure 1C). Half of these were then
transferred to a sterile Petri dish containing a sterile Whatman
#1 filter paper (GE HealthCare: United States) and irrigated with
3 ml of sterile water, while the other half received 3 ml of sterile
water mixed with 1 g of field soil. These were incubated at 32◦C
in the dark for several days until germination.

From each dish, two seedlings were transplanted to
corresponding jars as they germinated. Autoclaved glass
jars were 13-cm tall, 7-cm wide in diameter, and filled with
100 ml of sterile sand (then autoclaved again) or with 100 ml
of 1:1 soil/sterile sand, then watered once with 10 ml of sterile
distilled water and sealed with a plastic lid. Jars were incubated
(and never opened) in a single Panasonic MLR-352H Plant
Growth Chamber set at 28◦C for 12 h with 5 lm of fluorescent
light and for 12 h of darkness at 22◦C. Plants were grown between
2 weeks and 2 months, until they were of a significant size or
until they hit the lid of the jar. Before harvesting, jar lids were
removed inside a laminar flow hood, and shoots were allowed to
dry off for 24 h (Figures 1D,E).

Harvesting Seed and Root Endospheres,
Spermospheres, Phyllospheres, and
Rhizospheres
To collect spermospheres and seed endospheres, 2 (maize,
Phaseolus, and sunflower), 5, or 0.1 g (Arabidopsis, Brachiaria,
and sugarcane) seeds of each species were placed in a 15-ml
conical tube and soaked in 5 ml of double-distilled autoclaved
water, in darkness for 48 h at 32◦C. Tubes were then shaken

Frontiers in Microbiology | www.frontiersin.org 4 October 2021 | Volume 12 | Article 737616

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-737616 October 19, 2021 Time: 17:17 # 5

Johnston-Monje et al. Seed Microbes Dominate Plant Microbiomes

FIGURE 1 | Soil, seeds, and examples of the gnotobiotic terrariums used to grow plants in this study. (A) Fallow cassava field at CIAT where soil was harvested.
(B) Cassava field soil after sieving. (C) Soaking in sterile water prior to extraction of seed endosphere and spermosphere DNA (yucca = cassava; maracuya and
apple were later replaced with pea and barley). (D) Coffee at harvest after growth in sterile sand on the left and field soil mixed with sand on the right. (E) Barley at
harvest after growth in sterile sand on the left and field soil mixed with sand on the right.

vigorously by hand and vortexed to dislodge microbes from
seed surfaces, and then, supernatant liquid was decanted off
into sterile conical tubes as spermosphere samples that were
immediately frozen at –80◦C. The remaining seeds were then
surface sterilized/cleaned of DNA by soaking with agitation for
30 min in full-strength Chlorox bleach (6% Na2HPO4); rinsed
three times in sterile, double-distilled water; and frozen at –80◦C.

To collect shoot/phyllosphere material using sterile forceps
and scissors, each plant was clipped just above where it emerged
from the sand or soil, any remaining seed coat removed,
transferred whole to a sterile 50-ml conical tube, cut into smaller
pieces within the tube using sterile scissors, and then frozen
at –80◦C. To collect rhizosphere material, unwashed roots that
had been excavated and separated with scissors from the shoot
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were shaken free of any attached soil and placed into sterile 50-
ml conical tubes. To these, 10 ml of sterile distilled water was
added and shaken, with the resulting “muddy wash” collected
in a separate 15-ml conical tube as the rhizosphere, which was
immediately frozen at –80◦C. The roots continued to be rinsed
several more times with sterile distilled water until both the wash
and root surfaces were completely clean and clear, cut into smaller
pieces within the tube using sterile scissors, and then frozen at
–80◦C in fresh 50-ml conical tubes for later processing (Johnston-
Monje et al., 2017). No surface sterilization with aggressive
chemicals was attempted on either root or shoot material, just
vigorous washing with distilled water.

For each of the 17 species, three repetitions/jars per substrate
were sampled (pooling the two plants inside each jar) for root,
shoot, and rhizosphere (306 samples). Two repetitions of seed
endospheres and spermospheres from each species were also
harvested (68 samples).

Sample Preparation and DNA Extraction
After thawing, rhizosphere and spermosphere washes were
concentrated by centrifugation at 15,000 g for 15 min, generating
a pellet. The supernatant was removed, and the process repeated
until 3 ml of sample had been processed. The pellet was re-
suspended in an additional 1 ml of spermosphere or rhizosphere
wash, before proceeding with DNA extraction. In contrast, after
thawing, 50-ml conical tubes containing roots, shoots, or seeds
received five 6.35-mm carbon steel ball bearings and 1 ml of
sterile distilled water and were then vigorously shaken by hand
until the supernatant obtained the consistency of a thick soup.

Then, 400 µl of these liquid samples was transferred to
a 2-ml Eppendorf tube containing five 2.3-mm zirconia/silica
beads (Cat#11079125z, Biospec Products, United States) along
with 500 µl of Qiagen Powerbead solution, RNAse A, Phenolics
Blocker, and Solution SL (Qiagen, United States). These were
shaken for 20 min in a Harbil 5G-HD 5 Gallon Shaker
(Part#32940, Fluid Management, United States) and then
centrifuged at 13,000 RCF for 2 min before up to 700 µl was
aspirated off with a pipette and added to buffer IL. The rest of the
protocol was followed as per Qiagen instructions with the DNeasy
PowerPlant Pro HTP 96 Kit (Qiagen, United States).

Metagenomic Sequencing Library
Preparation
In order to prepare 16S and ITS amplicons for sequencing
on the Illumina MiSeq platform, a two-step PCR strategy was
employed, first amplifying all 380 DNA extracts with bacterial
16S primers and fungal ITS primers (768 PCR reactions) before
dual labeling them with index sequences. The initial PCR was
performed with an equimolar mix of staggered universal bacterial
16S [515FB and 806RB (Lundberg et al., 2013)] or fungal ITS
[ITS1F and ITS2R (Smith et al., 2020)] primers that included
19 or 20-bp 5′ tail sequences complementary to Illumina MiSeq
indexing primers (Supplementary Table 2). Anti-chloroplast
(5′-GGCTCAACCCTGGACAG-3′) and anti-mitochondria (5′-
GGCAAGTGTTCTTCGGA-3′) peptide nucleic acid (PNA)
blockers were added to the bacterial 16S PCR reactions to block
amplification of chloroplast and mitochondria as previously

described (Lundberg et al., 2013). In a total volume of 25 µl,
reactions were setup with 18.3 µl of nuclease-free water, 4 µl of
5X Phusion HF buffer, 0.4 µl of 10 mM dNTPs, 0.4 µl of each
forward and reverse primer at 10 mM, 0.2 µl of BSA, 0.1 µl
of Phusion enzyme (NEB, United States), 0.4 µl of each PNA
blocker, and 0.5 µl of template DNA (concentration unknown).
Reaction conditions were 35X (denaturation at 98◦C for 10 s,
PNA annealing at 81◦C for 10 s, primer annealing at 50◦C for
10 s, and elongation at 72◦C for 20 s), final elongation at 72◦C for
5 min, and then a cooldown to 4◦C.

Without checking for amplification success, PCR product
from each of the first 768 PCR reactions was used in a second
PCR whose purpose was to dual-label amplicons and add flow
cell adapter sequences. These 768 different labeling reactions
were conducted using 24 different forward primers (TruSeq_F),
containing unique 6-bp index sequences, and 32 different
reverse primers (TruSeq_R), each containing unique 6-bp index
sequences (Supplementary Table 2). In a total volume of 25 µl,
step 2 reactions were setup with 19.2 µl of nuclease-free water,
4 µl of 5X Phusion HF buffer, 0.4 µl of 10 mM dNTPs, 0.4 µl of
each TSf and TSr primers at 10 mM, 0.1 µl of Phusion enzyme
(NEB, United States), and 0.5 µl of unpurified PCR product from
step 1 (concentration unknown). Reaction conditions were initial
denaturization at 98◦C for 30 s, 15X (denaturization at 98◦C for
10 s and primer annealing + elongation at 72◦C for 20 s), final
elongation at 72◦C for 5 min, and then a cooldown to 4◦C.

The products of these 768 labeling reactions were checked
visually for successful amplification (bacterial 16S of 428 bp and
fungal ITS of 470–525 bp) on 1% agarose gels and quantity
estimated using ImageJ (Schneider et al., 2012) (note: except
for negative controls of water and sterile sand, which did
not amplify, unsuccessful PCR reactions were repeated until
there was sufficient amplicon to allow approximately equimolar
amounts of all 96 labeling reactions/plate to be pooled). With this
software-assisted visual estimate of amplicon quantity for each
reaction within a 96-well plate, equimolar amounts of each PCR
product was mixed into eight pools. Pools were concentrated with
ethanol precipitation and resuspension in 10% their volume of
pure water. To purify target amplicons, 200 µl of each of the
eight concentrated pooled sets of PCR products were run on a
2% agarose gel, the appropriate bands excised with a scalpel, and
then gel fragments extracted with an Omega Bio-Tek E.Z.N.A.
gel extraction kit (Norcross, Georgia, United States). The eight
purified pools were again checked visually for purity on an
agarose gel, quantified using the Picogreen dsDNA quantitation
assay (ThermoFisher Scientific, United States), and sent for
super-pooling and sequencing on a single 2× 300-bp paired-end
run on the Illumina MiSeq platform at a commercial sequencing
facility (GENEWIZ, NJ, United States).

Bioinformatics
MiSeq data was demultiplexed by the commercial sequencing
facility and received as one FastQ file per sample, which have
been deposited at the NCBI Sequence Read Archive (SRA)
under BioProject PRJNA731997. Further sequence processing
was done using USEARCH 11 using the recommended settings1.

1www.drive5.com
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Briefly, paired-end reads were aligned and merged to form
full-length sequences called “Uniques,” while quality filtering
was performed to remove unmatched and low-quality reads.
Next, the program binned these full-length reads together at a
similarity threshold of 97% and formed a reference sequence for
each bin referred to as an operational taxonomic unit (OTU).
Only OTUs represented by two or more raw reads were used
for analysis. Bacterial 16S OTUs were assigned a taxonomic
identity by USEARCH trained on the RDP training set v16
(13,000 sequences), while fungal ITS OTUs were annotated by
RDP Classifier (Cole et al., 2014) trained on the RDP Warcup
training set v2 (18,000 sequences). Rarefaction of OTU counts
was also performed with USEARCH 11. OTU annotations, total
counts, and rarefied counts were exported to Excel (Microsoft,
United States) for further analysis and visualization, with
statistics done by XLSTAT (Addinsoft, France) and PAST 42.
Based on taxonomic annotation, OTUs with lower than 15%
identity to a target sequence were hand checked and excluded if
they were chloroplasts, mitochondria, plant ribosomes, protists,
or other non-target sequences. OTU counts were normalized by
transformation into proportional abundance as recommended
elsewhere (McKnight et al., 2019).

RESULTS

Plant Growth
After collecting and sieving sand and soil (Figures 1A,B),
then soaking seeds from many different sources (Figure 1C),
germinating seeds were planted in sealed jars with either sterile
sand or field soil and left to grow for up to 2 months until
they were harvested for DNA extraction. Figure 1D shows
coffee plants growing in sterile sand and field soil, while
Figure 1E shows barley.

Sequencing Summary
A total of 8,294,046 merged bacterial 16S sequence pairs were
obtained; however, after quality control, 5,370,471 high-quality
reads remained that were binned at 97% sequence identity into
1,178 OTUs. Manual inspection of OTU taxonomy revealed
102 non-target OTUs that were chloroplast or plant/fungi
mitochondria, so these were discarded, resulting in 4,945,887
remaining reads. A total of 377 bacterial samples with 16S
amplicons yielded read count data, ranging from 12 for maize soil
shoot #2 to 80,970 for Brachypodium spermosphere #2. Bacterial
16S read counts averaged about 13,015 per sample, compared to
the average of 3,119 non-target reads per sample, which were
bioinformatically removed. To compare the diversity in different
samples using Bray-Curtis dissimilarity, we rarefied the data to
3,500 reads per shoot, 3,000 reads per root, and 6,500 reads
per rhizosphere (although samples with low OTU counts were
included without rarefaction); OTU counts were transformed
to relative proportions, then averaged across repetitions. For all
other figures and tables, reads from different reps were summed
together, then transformed to relative proportion.

2https://folk.uio.no/ohammer/past/

For fungal ITS, a total of 10,269,421 merged sequence pairs
were obtained; however, after quality filtering, only 3,203,861
high-quality reads remained that were binned at 97% sequence
identity into 680 OTUs. Manual inspection of 127 suspicious
OTUs with low identity to fungal ITS revealed many sequences
of plant, protest, or bacterial ribosome DNA, so these were
excluded from analysis, leaving 2,116,837 reads. Of the 377 fungal
samples with ITS amplicons, only 375 ended up returning high-
quality data, with read counts ranging from just 1 for barley sand
root #1 to 67,329 for coffee seed #1. Fungal ITS read counts
averaged about 5,600 per sample; however, without a way to block
amplification of non-target reads such as plant ITS sequences
(which were bioinformatically removed), these averaged 8,058
per sample; many OTU counts for seed, spermosphere, and shoot
samples came out very low. To compare the diversity in different
samples using Bray-Curtis dissimilarity, we rarefied the data to
1,000 reads per shoot, 1,000 reads per root, and 2,000 reads
per rhizosphere (although samples with low OTU counts were
included without rarefaction); OTU counts were transformed
to relative proportions, then averaged across repetition. For all
other figures and tables, reads from different reps were summed
together, then transformed to relative proportion.

Operational taxonomic units sequences and their taxonomy
are included as Supplementary Table 3 (bacterial 16S OTU
counts/taxonomy) and Supplementary Table 4 (fungal ITS OTU
counts/taxonomy). Raw sequencing files were submitted to the
NCBI SRA under BioProject PRJNA731997.

Microbes in Seeds and Spermospheres
All 68 seed and spermosphere samples yielded bacterial
and fungal rDNA sequences, which were summed across
biological replicates and normalized to proportional abundance
(Supplementary Data Sheet 1). Seeds contained an average
of 56 bacterial OTUs each and an average Shannon H index
of 2.2. There was a lower fungal diversity with an average of
14.2 OTU per seeds, with an average Shannon H index of 1.4.
Spermospheres contained an average of 133 bacterial OTUs each
and had an average Shannon H index of 2.4. Again, fungal
diversity in spermospheres was lower than that for bacteria, with
an average of 22.8 OTUs per sample and an average Shannon
H index of 1.7.

A graphical overview of phylum-level microbial taxonomy
is displayed for seeds and spermospheres (Figure 2). Nearly
all seeds were dominated by OTUs belonging to Proteobacteria
and Ascomycetes, with the notable exceptions of coffee,
soy, and Brachypodium, whose microbiomes were dominated
by Firmicutes, while Panicum, tomato, and Phaseolus seed
mycobiomes were made up mostly of Basidiomycetes and other
unknown fungi. Bacterial diversity on seed surfaces was greater
than that on interiors, but there appeared to be some influence
of one to the other. The most obvious examples are bacteria
in coffee, soy, and Brachypodium spermospheres and seeds that
were both dominated by Firmicutes, while both the inside and
surface of cassava, sunflower, and sugarcane seeds were nearly
all Proteobacteria. The same trend did not appear to hold
true for fungal populations on and inside seeds; for example,
barley, sorghum, and Arabidopsis spermospheres contained
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FIGURE 2 | Phylum level classification of bacterial 16S rDNA (A) and fungal ITS DNA (B) amplified from seeds (pies) and spermospheres (donuts) of the 17 different
plant species used in this study. OTUs in each repetition were grouped by sample type and color classified by phylum to yield relative proportion by sample. Seeds
and spermospheres were added together and sorted by agglomerative hierarchical clustering using Bray–Curtis dissimilarity of phylum distribution.

zygomycete OTUs that were not detected inside seeds; coffee
spermospheres were rich in Basidiomycetes though none were
detected inside seeds; Chytridiomycete sequences were found in
cassava spermospheres but not inside seeds; and Panicum seeds
were dominated by Basidiomycetes unlike spermospheres where
none were observed.

In an attempt to discover common and core microbiomes
of angiosperm seeds and spermospheres, Figure 3 shows all
OTUs with an occupancy in more than 60% of plant species.

There were 15 and 37 bacterial OTUs common to angiosperm
seeds and spermospheres, respectively (together totaling 38
OTUs), while fungi were much less common with only 4
OTUs appearing in more than 60% of samples (together
totaling 5 OTUs). The only core bacteria in seeds were
Pantoea (BactOTU1) and Enterobacter (BactOTU2), which also
appeared in all spermospheres. Pseudomonas (BactOTU3) and
Bacillus (BactOTU8) were also core to spermospheres, as was
Fusarium (FungOTU1).
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FIGURE 3 | Common bacterial 16S and fungal ITS OTUs of (A) seeds and (B) spermospheres. Common OTUs were defined as having an occupancy of more than
60% across seeds or spermospheres of the 17 different plant species. Bacterial OTUs are shown in the top blocks, fungal OTUs on the bottom blocks. Next to each
OTU ID# is the predicted genus of that sequence. OTU read proportion is represented by color as shown in the legend, with red squares also showing the proportion
as a number.

Vertically Transmitted Microbes in
Sterile-Grown Shoots, Roots, and
Rhizospheres
Seedlings growing on sterile sand inside sealed jars could only
receive their microbiomes from seeds. All 306 shoot, root, and
rhizosphere samples yielded sequences of bacterial and fungal
rDNA. To statistically compare plants by tissue and across species
and substrate, samples were rarefied (although samples with low
OTU counts were included without rarefaction), normalized to
proportional abundance, averaged across reps, and then ordered
horizontally by Bray–Curtis dissimilarity. The 40 bacterial 16S
and fungal ITS OTUs with highest occupancies are presented in
descending order in roots, shoots, and rhizospheres of all 17 plant
species grown on both sterile sand and field soil (Figure 4). As
evidence of seed transmission, many of the bacterial OTUs appear
in all samples regardless of substrate, while only a couple of the
highest occupancy fungal OTUs appear across the board. Further
evidence of seed transmission could be seen if both sterile sand

and soil-grown samples of a particular species group together. For
shoots, it is difficult to see whether seed or soil transmission was
more important; however, bacteria populations in rice, soy, and
pea samples clustered together, while fungal populations in coffee,
wheat, tomato, and sugarcane were grouped into the same clade.
Inside roots, seed transmission had a clear impact on endosphere
microbiomes relative to soil, with 6/17 bacterial samples and 8/17
fungal root samples clustering by plant species. Except for sand
and soil-grown fungal populations in sorghum rhizospheres that
were put in the same clade, there was no clustering of rhizosphere
samples by plant species.

To inventory the microbes in sterile sand-grown plants,
OTUs were summed together across the three biological
replicates and normalized (Supplementary Data Sheet 2).
Rhizospheres contained an average of 252 bacterial OTUs
each, roots contained an average of 177 bacterial OTUs each,
and shoots contained an average of 255 bacterial OTUs each.
There were much lower numbers of fungal OTUs observed in
plants growing in sterile sand, with rhizospheres containing an
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FIGURE 4 | Heatmaps of the 40 most common bacterial 16S rDNA and fungal ITS OTUs derived from Miseq analysis of rhizospheres, roots and shoots from 17
different plant species grown in sealed jars on either sterile sand or field soil. Reads were rarified for each sample (fungi—1000/roots and shoots, 2000/rhizospheres;
bacteria—3000/roots, 3500/shoots, 6500/rhizospheres), averaged across repetitions, transformed into relative percentages, then clustered by Bray–Curtis
dissimilarity. Samples from sand grown plants are labelled in white, samples from soil grown plants are labelled in brown. Cells are shaded by percentage value with
0% being dark blue, up to 0.1% being light blue, between 0.1–0.25% being green, 0.25–0.5% being light yellow, 0.5-1% being dark yellow, 1-5% being orange and
greater than 5% being red.

average of 25 fungal OTUs each, roots containing an average
of 24 fungal OTUs each, and shoots containing an average
of 16 fungal OTUs each. There were 41 core bacterial OTUs
that occurred in all rhizospheres of sterile sand-grown plants,
20 in roots, and 56 in shoots. Of these core bacteria, there
were 18 that were observed in all three sample types of all
plant species, most abundant of which were the previously
noted core seed OTUs Pantoea (BactOTU1), Enterobacter
(BactOTU2), and Pseudomonas (BactOTU3 or 4) (Table 1).
Several other OTUs of Pseudomonas (BactOTU9, 10, 20,
and 54) appeared in all tissues of all plants, as did Klebsiella
(BactOTU55 and 623), Massilia (BactOTU10), Acidovorax
(BactOTU19), Telluria (BactOTU24), Stenotrophomonas
(BactOTU18), Rhizobium (BactOTU30), Methylobacterium

(BactOTU28), Serratia (BactOTU314), and Pluralibacter
(BactOTU250). Unlike bacteria, there were no fungal OTUs
that were observed in all plant samples grown on sterile
sand, although as the most commonly observed, FungOTU1
(Fusarium proliferatum) was found in 16/17 of the rhizospheres,
15/17 of the roots, and 15/17 of the shoots. The next most
common fungus was FungOTU2 (Alternaria alternata), which
was observed in 16 rhizospheres, 15 roots, and 13 shoots
of sand-grown plants, and then came the basidiomycete
Pseudozyma (FungOTU56) appearing in 16 rhizospheres, 15
roots, and 14 shoots. The OTUs most commonly observed in
sterile-grown plants were also usually the most abundant—
BactOTU1, 2, 3, and 4 had average abundances of 22, 11, 13,
and 7% in sterile sand-grown plant tissues, respectively, while
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TABLE 1 | Twenty bacterial 16S and 10 fungal ITS with the highest occupancy in plants grown on sterile sand, with “common” observations shaded in green and
average read percentages above 5 shaded in red.
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Phylum Class Order Family Genus

BactOtu1 17 17 17 15.3 23.1 26.6 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Pantoea

BactOtu2 17 17 17 11.1 12.5 10.5 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Enterobacter

BactOtu3 17 17 17 10.1 5.5 23.8 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu4 17 17 17 6.9 8.8 6.5 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu7 17 17 17 7.1 5.4 0.6 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia

BactOtu10 17 17 17 6.3 3.1 4.4 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu19 17 17 17 2.8 2.3 1.1 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax

BactOtu24 17 17 17 2.1 3.5 0.5 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Telluria

BactOtu55 17 17 17 1.5 1.6 2.7 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella

BactOtu9 17 17 17 1.1 1.4 3.1 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu20 17 17 17 1.1 1.4 2.5 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu18 17 17 17 0.7 0.8 1.3 Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas

BactOtu30 17 17 17 1.4 1.3 0.1 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobium

BactOtu28 17 17 17 1.0 1.4 0.3 Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium

BactOtu314 17 17 17 0.4 0.6 0.8 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia

BactOtu54 17 17 17 0.3 0.8 0.6 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu250 17 17 17 0.3 0.3 0.2 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Pluralibacter

BactOtu623 17 17 17 0.2 0.5 0.2 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella

BactOtu34 17 16 17 0.1 0.2 0.3 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia

BactOtu25 16 17 17 0.1 0.2 0.4 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Azotobacter

FungOtu1 16 15 15 11.5 7.9 17.4 Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium

FungOtu2 16 15 13 14.0 13.3 14.9 Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria

FungOtu56 16 15 14 2.3 1.5 2.6 Basidiomycota Ustilaginomycetes Ustilaginales Ustilaginaceae Pseudozyma

FungOtu9 14 15 12 1.6 4.6 3.8 Ascomycota Sordariomycetes Hypocreales Sarocladiaceae Sarocladium

FungOtu5 11 15 9 6.2 7.6 7.9 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Penicillium

FungOtu7 12 13 10 6.1 6.3 9.9 Ascomycota Dothideomycetes Pleosporales Didymellaceae Phoma

FungOtu27 11 7 3 1.0 1.4 0.1 Ascomycota Sordariomycetes Incertae sedis Trichosphaeriales Nigrospora

FungOtu170 11 4 3 0.0 0.0 0.3 Ascomycota Sordariomycetes Hypocreales Hypocreaceae Incertae sedis

FungOtu10 9 10 5 6.5 6.5 1.4 Ascomycota Sordariomycetes Hypocreales Nectriaceae Nectria

FungOtu14 7 8 9 2.0 1.1 4.3 Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria

FungOTU1, 2, and 56 had an average abundances of 12, 14, and
2.1%, respectively.

Plants growing in sealed jars on sterile sand could only have
seeds as their source of microbial inoculum; thus, it was expected
that we would find evidence that 100% of all OTU diversity and
read abundance came from seeds or spermospheres (Figure 5).
By comparing seedling microbiomes to seed/spermosphere
microbiomes, vertically transmitted bacteria can only explain a
minority of the OTU diversity in shoots, roots, and rhizospheres,
representing on average 38, 46, and 39%, respectively. The
diversity of vertically transmitted bacterial OTUs in shoots,
roots, and rhizospheres of Brachypodium, coffee, and soy
plants was much lower than that in others, which might
be explained by the detection of almost only Firmicutes
in their seeds and spermospheres. Calculating average read
abundance of vertically transmitted bacteria in shoots, roots,

and rhizospheres returned 90, 84, and 81%, respectively,
suggesting they predominate over other bacteria from soil or
unknown provenance. Some plant samples (Brachiaria, barley,
and rice shoots; pea rhizospheres and roots) stood out for
having 98–100% of their 16S OTU reads deriving from seed-
transmitted bacteria.

In plants growing on sterile sand in sealed jars, vertically
transmitted fungi were expected to account for 100% of
the observable OTU diversity and reads. Surprisingly,
there was only evidence for seed transmission to explain
about half of the diversity of fungi in shoots, roots, and
rhizospheres, or on average 52, 44, and 43%, respectively.
This minority of vertically transmitted fungi dominated
sterile sand-grown shoot, root, and rhizosphere mycobiomes
however, with an average read abundance of 72, 59, and
66%, respectively. Some unusual samples, such as Brachiaria
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FIGURE 5 | Proportion of OTUs and reads in the shoots, roots, and rhizospheres of different plant species growing either on sterile sand (labeled in white) or field soil
(labeled in brown) that were also observed in that species’ corresponding seeds or spermospheres. Cells are shaded to reflect proportion, with 0–25% being blue,
26–50% being green, 51–75% being yellow, and 76–100% being red. An average across all the plant species is shown at the bottom of each column.

and tomato shoots; coffee roots; and Brachypodium and
coffee rhizospheres, had evidence for less than 6% of their
fungal reads coming from seed-transmitted fungi. These
anomalies appear to have been caused by disproportionately
large proportions of reads being attributed to OTUs that
were not detected in the matching seed; for example, 89%
of reads belonged to FungOTU45 (Cryptococcus sp.) in

tomato shoots or 99% of FungOTU10 (Aspergillus sp.) in
coffee rhizospheres.

Microbes in Shoots, Roots, and
Rhizospheres of Soil-Grown Plants
Seedlings growing on field soil inside sealed jars could receive
their microbiomes from either seeds or the substrate they
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TABLE 2 | Twenty bacterial 16S and 10 fungal ITS with the highest occupancy in plants grown on soil, with common observations shaded in green and average read
percentages above 5 shaded in red.
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Phylum Class Order Family Genus

BactOtu1 17 17 17 9.3 14.1 24.3 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Pantoea

BactOtu2 17 17 17 5.9 6.5 14.1 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Enterobacter

BactOtu3 17 17 17 13.4 2.5 11.2 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu4 17 17 17 6.1 9.7 6.3 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu10 17 17 17 4.6 6.1 4.6 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu55 17 17 17 2.8 2.4 5.4 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella

BactOtu7 17 17 17 3.9 1.3 1.1 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia

BactOtu9 17 17 17 1.5 2.1 1.2 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu442 17 17 17 1.0 0.7 2.1 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella

BactOtu283 17 17 17 0.2 0.3 0.4 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Pantoea

BactOtu20 17 17 16 2.7 3.2 4.0 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu19 17 17 16 3.3 1.2 1.3 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax

BactOtu18 17 17 16 1.3 2.8 1.3 Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas

BactOtu314 17 16 17 0.3 0.5 0.7 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia

BactOtu34 17 17 16 0.7 1.6 1.5 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia

BactOtu101 17 17 16 0.5 0.4 0.9 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Ramlibacter

BactOtu43 17 17 15 0.7 1.2 0.8 Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas

BactOtu210 17 17 15 0.5 0.7 0.4 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

BactOtu30 17 16 16 0.3 0.7 0.4 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobium

BactOtu28 17 15 16 0.1 0.1 0.2 Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium

FungOtu1 17 17 17 5.1 7.3 7.3 Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium

FungOtu4 17 16 17 5.7 11.9 11.9 Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium

FungOtu2 13 15 16 9.7 16.6 16.6 Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria

FungOtu56 14 17 12 0.1 1.3 1.3 Basidiomycota Ustilaginomycetes Ustilaginales Ustilaginaceae Pseudozyma

FungOtu7 16 13 12 3.8 3.4 3.4 Ascomycota Dothideomycetes Pleosporales Didymellaceae Phoma

FungOtu9 13 15 13 5.8 2.0 2.0 Ascomycota Sordariomycetes Hypocreales Sarocladiaceae Sarocladium

FungOtu5 14 11 13 0.1 4.4 4.4 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Penicillium

FungOtu10 15 13 10 1.2 1.6 1.6 Ascomycota Sordariomycetes Hypocreales Nectriaceae Nectria

FungOtu27 16 12 9 3.2 1.0 1.0 Ascomycota Sordariomycetes Incertae sedis Trichosphaeriales Nigrospora

FungOtu62 17 14 5 3.1 0.9 0.9 Ascomycota Dothideomycetes Pleosporales Didymellaceae Phoma

grew on. All 306 samples yielded microbial OTU sequences,
which were summed across biological replicates and normalized
to proportional abundance (Supplementary Data Sheet 2).
Rhizospheres contained an average of 594 bacterial OTUs each,
roots an average of 225 bacterial OTUs, and shoots contained
an average of 185 bacterial OTUs. Relative to bacteria, there was
a lower diversity of fungal OTUs observed in plants growing
in soil, with rhizospheres containing an average of 126 fungal
OTUs, roots containing an average of 37 fungal OTUs, and shoots
containing an average of 24 fungal OTUs.

A total of 10 bacterial OTUs were ubiquitous among all
sample types and species growing in soil, the most abundant
of which were the previously noted core seed bacteria Pantoea
(BactOTU1) and Enterobacter (BactOTU2) (Table 2). The other
8 OTUs found in all rhizospheres, roots, and shoots included
Pseudomonas (BactOTU3, 4, 9, and 10), Klebsiella (BactOTU55

and 442), Massilia (BactOTU7), and Pantoea (OTU283). In total,
there were 246 bacterial OTUs that occurred in all rhizospheres
of soil-grown plants, 18 in roots, and 15 in shoots. Compared
to bacteria, there were fewer ubiquitous fungi in soil-grown
plants, with only FungOTU1 (F. proliferatum) occurring in
all rhizospheres, roots, and shoots. F. solani (FungOTU4) was
observed in all rhizospheres and all shoots, but only 16/17
in roots, while A. alternata (FungOTU2) was observed in
13/17, 15/17, 16/17 rhizospheres, roots, and shoots, respectively.
FungOTU56 (Pseudozyma sp.) was observed in all root samples,
but only 14/17 in rhizospheres and 12/17 in shoots. In total,
there were 10 fungal OTUs that occurred in all rhizospheres
of soil-grown plants, 2 in roots, and 2 in shoots. The OTUs
most commonly observed in soil plants were again the most
abundant—BactOTU1, 2, 3, and 4 had average abundances of 16,
9, 9, and 7%, while FungOTU1, 4, and 2 had average abundances
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of 7, 10, and 14%. FungOTU56 was anomalous, having an average
abundance of only 1%, which was even lower than that in plants
grown on sterile sand.

To evaluate the impact of soil on microbiomes of these
plants, OTU counts were rarefied (although samples with low
OTU counts were included without rarefaction), normalized to
percentages, averaged across reps, and then ordered horizontally
by Bray–Curtis dissimilarity (Figure 4). Clustering of samples
by substrate rather than plant species would indicate soil has a
more important role in structuring the microbiome than vertical
transmission. Bacterial and fungal populations in rhizospheres
show very strong clustering by substrate, with all bacterial
samples grouping together into soil and sand clades (except for
sand grown rice rhizospheres), while nearly all fungal samples
from soil-grown plants (except for soil grown Arabidopsis and
sorghum) clustered together. Looking at OTU abundance across
rhizospheres, it is possible to see that 30 bacterial OTUs occur
in all plants on both substrates, but there is no clear trend in
abundance fluctuation due to growth on soil. In contrast, fungal
OTU rhizosphere abundance is dramatically increased by plant
growth on soil, with the majority of fungal OTUs going from
absent on sand to significantly abundant on soil. Inside roots,
the influence of soil on the diversity or abundance of either
bacteria or fungi was reduced in comparison to rhizosphere
with only 8/17 bacterial samples and 9/17 fungal samples weakly
clustering into various small clades. In shoots, 7/17 soil-grown
bacterial samples grouped by substrate in one major clade,
and 6/17 soil-grown fungal samples formed one major clade;
however, in the rest of the samples, there was no clear soil
influence on the diversity or abundance of microbes relative to
seed transmission.

Despite growing on non-sterile soil, plants could be acquiring
diverse and dominant microbes from their seeds (Figure 5).
Comparing OTUs in seeds/spermospheres to those in soil-grown
seedlings, vertical transmission of bacteria can only explain a
minority of OTU diversity in rhizospheres, roots, and shoots,
with an average 26, 42, and 44%, respectively. Again, the
diversity of bacterial OTUs in Brachypodium, coffee, and soy
seedlings was abnormally low, but this was because sequencing of
their seeds/spermospheres returned mostly Firmicutes. Vertically
transmitted bacteria were ecologically dominant in soil-grown
rhizospheres, roots, and shoots, however, with an average read
abundance of 72, 75, and 85%, respectively. Of note are some
plant samples that were observed to have 97–100% of their reads
deriving from seed-transmitted bacteria such as maize (all sample
types), barley/Brachiaria/Phaseolus/rice shoots, and rice roots.

Seed-transmitted fungi (compared to bacteria) appear to be
transmitted in similar patterns of diversity and abundance to
vegetative tissues of soil-grown plants (Figure 5). Vertically
transmitted fungi only explained a minority of the diversity of
rhizosphere, root, and shoot populations, representing on average
12, 32, and 46%, respectively. This minority was quite abundant
in rhizospheres, roots, and shoots, however, representing an
average read abundance of 42, 57, and 67%, respectively. Some
soil-grown samples had anomalous OTU read proportions; for
example, Brachypodium and rice shoots derived less than 5%
of their fungal reads from seed transmission, while 97–100% of

reads in coffee/maize/pea/sorghum/soy/wheat shoots came from
seed-transmitted fungi. The 98–100% of reads in sunflower and
wheat root samples come from seed-transmitted fungi, while
less than 4% of reads in Brachypodium and sugarcane roots do.
Fungal diversity inside soil-grown roots and shoots (average of
31 OTUs/sample) was much smaller than that in soil-grown
rhizospheres (average of 127 OTUs/sample) and often dominated
by one hyperabundant fungus.

Microbes in soil-grown plants, with no evidence for
provenance from seeds, presumably came instead from the
substrate. To find the proportion of microbes that might be
colonizing plants from the soil, we subtracted all OTUs observed
in samples of sterile sand-grown plants from matching sample
types of the matching plant species grown on soil (Figure 6).
Using this method, on average, 41, 41, and 24% of bacterial
OTUs in rhizospheres, roots, and shoots (respectively) could be
explained as coming from soil. These soil-transmitted bacteria do
not appear to heavily colonize plants, as they only represent on
average 13, 13, and 2% of bacterial reads in rhizospheres, roots,
and shoots. The influence of soil on fungal diversity is much
stronger, with, on average, 89, 68, and 68% of fungal OTUs in
rhizospheres, roots, and shoots (respectively) appearing to derive
from soil. Surprisingly, these soil-transmitted fungi do not seem
to be as dominant as seed-transmitted ones, as they only represent
on average 56, 39, and 40% of fungal reads in rhizospheres, roots,
and shoots, respectively. There was great variation of soil fungus
read abundance between the plant samples; for example, over
90% of all fungal reads in all Brachypodium tissues seem to derive
from soil, while less than 10% of any fungal reads in all maize
tissues seem to derive from soil.

Common and Core Microbes, Their
Abundance, and Their Provenance
To gain a global view of the microbial diversity in these plants,
all samples were averaged together by type, their Shannon H
diversity was calculated, and all core OTUs were categorized
by their phylum-level taxonomy and provenance (Figure 7).
Looking at both fungi (Figure 7A) and bacteria (Figure 7C),
it was possible to see that microbial diversity of shoots went
up slightly when grown on soil (fungi 3.0 to 3.1 and bacteria
2.7 to 3.0) but remained lower than that seen in either seeds
or spermospheres. Microbial diversity of roots also went up
modestly when grown on soil (fungi 3.4–3.5 and bacteria 3.3–
4.0), increasing past that observed in seeds or spermospheres. The
most dramatic effect of soil was observed in rhizospheres, where
the Shannon H diversity index went up by a full point in fungi
(3.1–4.1) and 0.9 in bacteria (3.5–4.4). Most of the changes in
diversity that were observed in these samples were caused by the
appearance or increase in proportion of OTUs from phyla other
than Ascomycetes or Proteobacteria.

Rhizospheres had the largest number of OTUs that could be
classified as common (occurring in more than 60% of samples)
with 61 fungi and 541 bacteria (Figures 7B,D). Not surprisingly,
in the rhizosphere, there was evidence that most of these common
microbes were transmitted by soil (45 fungi and 263 bacteria),
while only a minority had evidence of seed transmission (4 fungi
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FIGURE 6 | Proportion of OTUs and reads in the shoots, roots, and
rhizospheres of different plant species growing on field soil (labeled in brown)
that were not observed in that species’ corresponding shoots, roots, and
rhizospheres from plants grown on sterile sand. Cells are shaded to reflect
proportion, with 0–25% being blue, 26–50% being green, 51–75% being
yellow, and 76–100% being red. An average across all the plant species is
shown at the bottom of each column.

and 146 bacteria). Inside plant tissues, the situation was reversed,
as only two out of 91 common bacterial OTUs appeared to be
transmitted by soil inside roots, while 47 had evidence of seed
transmission. There was a total of 10 common fungal OTUs in
roots, none of which came from soil, while four had evidence of
seed provenance. In shoots, no common bacterial or fungal OTU
had evidence of provenance from soil, but 76 of 97 bacterial OTUs
had evidence of seed provenance, while three of seven fungal
OTUs appeared to come from seed. Because only seeds or soil
were expected to be the source of microbes in this experiment, it
was surprising that a substantial number of OTUs did not show
evidence of either seed or soil provenance.

Looking at the abundance of common seed and spermosphere
microbes in soil-grown plants (Supplementary Data Sheet 2),
the 38 common seed/spermosphere bacterial OTUs together were
found to represent on average 64% of rhizosphere reads (ranging
from 27% in barley to 79% in maize), 67% of root reads (ranging
from 14% in Arabidopsis to 97% in maize), and 85% of shoot
reads (ranging from 40% in sorghum to 100% in maize), while
the five common seed/spermosphere fungal OTUs were found to
represent on average 25% of rhizosphere reads (ranging from 1%
in pea to 88% in maize), 29% of root reads (ranging from 1% in
Brachypodium to 95% in wheat), and 40% of shoot reads (ranging
from 0.1% in Phaseolus to 99.9% in maize).

In seeds or spermospheres, only Pantoea (BactOTU1),
Enterobacter (BactOTU2), Pseudomonas (BactOTU3), Bacillus
(BactOTU8), and Fusarium (FungOTU1) appeared to be part
of a core microbiome across the plant species. Because plants
grown in sealed jars on sterile sand and irrigated with sterile
water could only acquire their microbiomes from inside or on
the surface of the seed, we also consider that any of the microbes
seen in all rhizospheres, roots, or shoots were both core and
seed transmitted. Despite observing few core seed/spermosphere
microbes, we observed 41, 20, and 56 core (seed transmitted)
bacteria found in all sand-grown rhizospheres, roots, or shoots,
respectively, and zero core fungi. Pooling core OTUs from
different sample types together, there were thus 63 bacteria and
zero fungi that were both core and seed transmitted in sand-
grown plants. Of these core seed-transmitted bacteria, there was
a total of 18 OTUs that were found in all tissues of sand-
grown plants, the most abundant of which were BactOTU1
(Pantoea), 2 (Enterobacter), 3/4/10 (Pseudomonas), 7 (Massilia),
19 (Acidovorax), 24 (Telluria), and 55 (Klebsiella). While there
was no core fungus in sterile sand-grown plants, FungOTU1
(Fusarium) and FungOTU2 (Alternaria) were found in nearly all
plant tissues and species. When the plants were grown on soil,
there were 246, 18, and 15 core bacteria and 10, 2, and 2 core
fungi found in all rhizospheres, roots, and shoots, respectively. All
63 core seed-transmitted bacteria observed in sand-grown plants
continued to be observed in 100% of either rhizospheres, roots, or
shoots of soil-grown plants, and of these, BactOtu1, 2, 3, 4, 7, 10,
and 55 continued to be both the most abundant and ubiquitous,
found in all rhizosphere, root, and shoot samples. While there
had been no core fungus in sterile sand-grown plants, on soil,
FungOTU1 (Fusarium) was now found in all sample types, while
FungOTU56 (Pseudozyma) was core to roots and FungOTU4
(Fusarium) was found in all shoots.
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FIGURE 7 | Alpha diversity and phylum-level classification of total (A,C) and common (B,D) OTUs of fungal ITS DNA and bacterial 16S rDNA amplified from seeds,
spermospheres, rhizospheres, roots, and shoots. Alpha diversity was measured using Shannon H index and is reported on top of each bar. The proportion of each
sample type was calculated by averaging all the samples in each respective group (e.g., average of relative proportions from all seed OTUs). (B,D) Total common
OTUs were those that were observed in more than 60% of the shoots/roots/rhizospheres of soil-grown plants, while common soil OTUs were observed in more than
60% of soil-grown samples but not in sterile sand-grown samples. Common seed OTUs were those that were observed in both >60% of soil-grown tissues and in
>60% of sterile sand-grown tissues. OTUs are classified at the phylum level and shaded according to the legends at the right.

DISCUSSION

Seeds are the most direct vehicle that a parent plant might
use to transmit microbes to their offspring; however, until
recently, experimental science has focused on soil as the
major source of the plant microbiome, rarely including
sterile substrates as controls and often attempting to sterilize
seeds before planting. Within this context, we wanted to
characterize and compare the seed-associated microbiomes of
17 of the most important angiosperms including Arabidopsis,
Brachypodium, maize, tomato, rice, and coffee. Does something
resembling a core angiosperm seed microbiome exist? Equally
important, we wanted to evaluate which of these microbes from
natural/unsterilized seed, if any, are transferred to vegetative
parts (shoot, root, and rhizosphere) of the plant. Plants were
grown in hermetically sealed jars on sterile sand as a way
to observe microbiome development in the absence of any
other source of inoculum except seeds. Jar-grown plants were
also “challenged” with farm soil to see if competition from
soil microbes might displace any seed-associated microbes
that may have been transmitted to vegetative parts of the
plant. High-throughput sequencing was used to identify the
taxonomy and relative abundance of bacteria and fungi in
these samples, also allowing us to search for patterns of

microbiome variation between samples and for evidence of
core microbiomes shared between plants and microbial niches.
Defining the core microbiomes of model crop plants has
been posed as one of the world’s research priorities if we
hope to successfully integrate beneficial plant microbiomes into
agricultural production (Busby et al., 2017).

Seed and Spermosphere Microbiomes
Considering that seed surfaces could be an important source
of inoculum for vegetative surfaces, while seed endospheres
may contribute to the microbiomes of vegetative endospheres,
we elected to sample each separately. Every seed surface and
interior contained bacterial 16S and fungal ITS sequences
(Figures 2, 3); however, with heavy contamination from
mitochondria, chloroplast, and plant ribosome sequences and
presumably low microbial titers, some seed samples generated
very few bacterial or fungal reads (Supplementary Data Sheet 1).
Others have speculated that the difficulty in detecting seed-borne
microbes results because they are present in small numbers,
dormant, and in viable but non-culturable states that resist
DNA extraction (Rochefort et al., 2021). Bacteria that we
did detect were predominantly Proteobacteria; however, coffee,
Brachypodium, Arabidopsis, and soy seeds or spermospheres
were dominated by Firmicutes, which might have meant
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these would develop distinct Firmicutes-dominated microbiomes
when grown into plants (they did not). For fungi, nearly all seeds
and spermospheres were dominated by Ascomycetes, except
Panicum seeds and Brachiaria spermospheres, which were richer
in Basidiomycetes instead. Attempts to statistically ordinate seed
and spermosphere samples by their microbiome diversity and
abundance did not result in any apparent pattern, suggesting
either we needed more robust data sets or that there is no
phylogenetically meaningful structuring of seed microbiomes
(data not shown). At the level of OTU, there was substantial
commonality (found in >60% of samples) among samples, with
37 common spermosphere bacteria, compared to 15 inside seeds,
and four common fungal OTUs in both seeds and spermospheres
(Figure 3). Of these common microbes, BactOTU1 (Pantoea)
and BactOTU2 (Enterobacter) were the only ones core to every
surface-sterilized seed, but they also occurred in all spermosphere
samples, as did BactOTU3 (Pseudomonas), BactOTU8 (Bacillus),
and FungOTU1 (Fusarium). Other common and abundant
OTUs belonged to the genus Massilia, Klebsiella, Alternaria, and
Sarocladium.

Reviewed in just the last few years (Truyens et al., 2015),
seed microbiomes have been found to contain a diversity of
endophytic bacteria. Across 62 species of plants, reported in
more than 50 different publications, 155 different bacterial
genera primarily from the phyla Proteobacteria, Actinobacteria,
Firmicutes, and Bacteroidetes have been detected inside
seed tissues, but the dominant genera reported are Pantoea,
Enterobacter, Pseudomonas, Acinetobacter, and Sphingomonas
(Hardoim, 2019). Various publications have also reported
Pantoea, Enterobacter, and Pseudomonas as core to seeds
(Johnston-Monje and Raizada, 2011; Barret et al., 2015; Leff
et al., 2017; Yang et al., 2017; Rahman et al., 2018; Eyre et al.,
2019; Wassermann et al., 2019b), which coincides with what we
observed in this experiment. Fungi living inside seeds can be
classified as clavicipitaceous endophytes, which are strictly grass
seed-transmitted endosymbionts of the genera Atkinsonella,
Balansia, Balansiopsis, Dussiella, Epichloë, Myriogenospora,
Parepichloë, or as non-clavicipitaceous endophytes, which
are mostly Ascomycetes and Basidiomycetes occurring in
many different seed types, with the most common genera
reported being Alternaria, Fusarium, Cladosporium, Aspergillus,
Rhizoctonia, Undifilum, Chaetomium, Colletotrichum,
Epicoccum, Phialophora, Tricothecium, Cryptococcus, and
Filobasidium (Hardoim, 2019). Alternaria has been reported
as core to some species of plant seeds (Leff et al., 2017;
Eyre et al., 2019). Here again, the most common fungal
seed endophytes we observed coincided with the non-
clavicipitaceous seed endophytes most commonly reported
in the literature.

Angiosperm spermospheres are dominated by many of the
same microbes that we observed: Proteobacteria (Agrobacterium,
Burkholderia, Enterobacter, Klebsiella, Pantoea, Pseudomonas,
and Stenotrophomonas), Firmicutes (Bacillus and Paenibacillus),
Actinobacteria (Microbacterium), Ascomycetes (Fusarium,
Penicillium, Trichoderma, Gliocladium, Cylindrocarpon, and
Cephalosporium), Basidiomycota (Rhizoctonia), and Zygomycota
(Mucor) (Nelson, 2004, 2018). It has also been shown that lettuce

seeds can carry Olpidium virulentus (a Chytridiomycete) resting
spores externally on the seed coat where they can eventually
colonize the spermosphere and begin to infect the developing
root (Maccarone, 2013)—we observed Chytridiomycete
reads in cassava spermospheres. Similar to our results, some
published core spermospheres have been described to contain
Pantoea, Pseudomonas, Massilia, Fusarium, and/or Alternaria
(Links et al., 2014; Chen et al., 2016; Klaedtke et al., 2016; Eyre
et al., 2019; Chartrel et al., 2021; Moreira et al., 2021).

Bacteria and Fungi in Shoots
Microbes inside the shoot can influence movement of nutrients
and sugars, while on the leaf surface, they can influence gas
exchange and harvesting of light. A review of the literature shows
that phyllospheres are usually reported to contain Proteobacteria,
Firmicutes, Actinobacteria, and Bacteriodetes including the
genera Pseudomonas, Bacillus, Pantoea, Erwinia, Sphingomonas,
Acinetobacter, Xanthomonas, and Gluconobacter (Thapa and
Prasanna, 2018). Core phyllosphere bacteria in a variety of plants
have been observed to include Methylobacterium, Pseudomonas,
Bacillus, Massilia, Arthrobacter, Rhizobium, Pantoea, and
Sphingomonas (Delmotte et al., 2009; Rastogi et al., 2012; Horton
et al., 2014; Ortega et al., 2016; Wallace et al., 2018; Grady
et al., 2019). We observed all of these bacteria in soil-grown
shoots of our experiment; however, only Pantoea, Enterobacter,
Pseudomonas, Klebsiella, Massilia, and Serratia were part of
a core shoot microbiome across plant species. In literature,
the common fungal genera occurring in leaves are Alternaria,
Cladosporium, Penicillium, Acremonium, Mucor, Cryptococcus,
Sporobolomyces, Rhodotorula, and Aspergillus (Thapa and
Prasanna, 2018). Core phyllosphere fungi in a variety of plants
have been observed to include Epicoccum, Fusarium, Alternaria,
Cladosporium, Cryptococcus, Sporobolomyces, Udeniomyces,
Dioszegia, Mycosphaerella, Plectosphaerella, Aureobasideum,
Neoascochyta, and Tetracladium (Horton et al., 2014; Sapkota
et al., 2015; Bowsher et al., 2020). Seed-borne Fusarium has
been identified as one of the dominant members of the stem
endosphere mycobiome of maize (Nebert, 2018). The yeast
Pseudozyma has been reported as the dominant fungus in and
on sugarcane (Nasanit et al., 2015b) and rice leaves as well
(Nasanit et al., 2015a; Laur et al., 2018; Wang et al., 2021).
The only core fungi in soil-grown shoots in our experiment
were both of Fusarium (FungOTU1 and 4). We observed
Alternaria FungOTU2 in 16 of 17 soil-grown shoots and
Pseudozyma in only 12.

Although the origin of phyllosphere microbes is not well
established (Bulgarelli et al., 2013), it is believed that most are
environmentally derived from soil, rain, dust, and contact with
other organisms, with plant genotype and age playing a major role
in shaping and selecting microbes (Whipps et al., 2008; Horton
et al., 2014; Wagner et al., 2016). There is also evidence suggesting
vertical transmission from seeds to shoots is significant: rice seeds
have been shown to populate shoots with bacteria (Hardoim et al.,
2012), maize seeds transmit fungi to the leaves (Nebert, 2018),
and the growth of oak under axenic conditions suggests that
shoots are already heavily colonized by microbes while they exist
as embryos inside the seed (Abdelfattah et al., 2021). Observing
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microbiomes of axenically grown plants gave us another indirect
way to see which microbes might be inside seeds, since rare
and previously undetectable microbes might have a chance to
awaken during seedling germination, allowing them to multiply
to levels that are detectable by PCR and sequencing (Shade et al.,
2014). We did indeed observe in all plants that their seed can
transmit both bacteria and fungi to shoots. Compared to roots
and rhizospheres, shoot microbiomes in fact seem to possess the
highest level of seed-derived microbes in the plant: about half
of bacterial and fungal diversity in shoots seemed to come from
seeds, while the majority of reads belonged to these dominant
seed-derived microbes.

Ordination of shoot microbiome data did not clearly show
clustering by plant species or soil, suggesting neither is a more
important source of inoculum for either bacteria or fungi.
Comparing soil-grown to sand-grown plants, soil was a very
poor source of bacteria for shoots, although for some plants,
it did serve to inoculate leaves with diverse or dominant fungi
(Figure 6). Brachiaria, for example, got 91% of its fungal OTUs
from soil, which represented 99% of the reads. Meanwhile, less
than 1% of fungal reads in maize and pea shoots came from soil.
Because shoots are physically separated from soil (as opposed
to roots), perhaps plants have more of a chance to impose
tight controls on the number and diversity of microbes that
invade their stems and leaves. It may also be that different
plants have different ecological strategies, with some practicing
more stringent “biotic filtering” (the ability of a plant to restrict
which endophytes may enter) than others. Possible examples
of strong biotic filtering in shoots, Bromus tectorum or maize
grown on soils containing significantly different endophytic
fungal communities nevertheless develop leaf mycobiomes that
are similar (Nebert, 2018; Ricks and Koide, 2019). The lack of
clear clustering also leads us to speculate that our experimental
setup excluded some other important variables that are important
for populating shoot microbiomes, for example exposure to
rain (Mechan-Llontop et al., 2021), dust-fall, or surface contact
with insects, which have been observed to exert such strong
effects on bacterial phyllosphere diversity that tomato leaves
were practically identical to synthetic plastic surfaces nearby
(Ottesen et al., 2016). The diversity of fungal endophytes in
leaves of tropical forest grasses has been found to depend on
dispersal limitation (Higgins et al., 2014), but our use of a filtered
and homogenized soil as inoculum makes it unlikely that this
was a factor in our experiment. Another important variable to
consider is that hermetically sealing and growing these plants
within glass jars resulted in extremely high humidity and an
abnormal atmosphere, which may also have altered microbial
diversity and reduced microbial abundance in phyllospheres
as has been shown for laboratory- vs. field-grown lettuce
(Williams and Marco, 2014).

Microbial Populations in Roots
Functioning to absorb nutrients and water while secreting
biochemicals to manipulate the surrounding microbiology,
roots grow into the soil where they have typically been assumed
to acquire all their bacterial endophytes (Vandenkoornhuyse
et al., 2015). Studies of the root microbiome of Arabidopsis

(Lundberg et al., 2012), barley (Bulgarelli et al., 2015), rice
(Edwards et al., 2015), grape (Zarraonaindia et al., 2015), and
sugarcane (Yeoh et al., 2016) have shown that bacterial root
endophytes are predominantly Actinobacteria, Bacteroidetes, and
Proteobacteria (Bulgarelli et al., 2013). At the level of genus, these
bacterial root endophytes include Acidovorax, Agrobacterium,
Arthrobacter, Bacillus, Curtobacterium, Enterobacter, Erwinia,
Methylobacterium, Micrococcus, Phyllobacterium, Pantoea,
Pseudomonas, Rhizobium, Serratia, Stenotrophomonas,
Streptomyces, and Xanthomonas (Hallmann and Berg, 2006). We
observed that the dominant/core genera of bacteria in both sterile
sand- and soil-grown roots were (in descending order) Pantoea,
Enterobacter, Pseudomonas, Massilia, Acidovorax, Klebsiella, and
Stenotrophomonas. Many other bacteria such as Rhizobium and
Methylobacterium were common, but did not appear in 100%
of root samples. Pantoea, Enterobacter, and/or Pseudomonas
have been identified as part of a core root microbiome in barley
(Yang et al., 2017), coffee (Fulthorpe et al., 2020), tomato (Lee
et al., 2019), sugarcane (Yeoh et al., 2016), Arabidopsis (Bulgarelli
et al., 2012; Lundberg et al., 2012), and diverse seedlings (Barret
et al., 2015). Massilia was reported as a core sugarcane root
endophyte (Yeoh et al., 2016), while Acidovorax was identified as
part of a core root microbiome across 30 species of crop plants
(Fitzpatrick et al., 2018). Being legumes, pea, and soy roots were
expected to be heavily colonized by rhizobia (BactOTU30), they
however represented only less than 0.05% of the reads in either
plant, while surprisingly, this OTU made up 21% of the reads in
coffee roots growing on sterile sand.

Fungal endophytes of roots are also believed to be soil derived
and thus very sensitive to the biogeography of plant growth
(Bonito et al., 2014; Bokati et al., 2016; Durán et al., 2018).
These communities are usually dominated by Ascomycetes
(Dothideomycetes, Sordariomycetes, Leotiomycetes,
Eurotiomycetes, and Pezizomycetes), Basidiomycota (Agaricales,
Russulales, and Polyporales), and Zygomycota (Porras-Alfaro
and Bayman, 2011). Monocots growing in grassland ecosystems
have been observed to have root endospheres dominated by
Dothideomycetes and specifically Fusarium and Alternaria,
while in forest ecosystems, root endospheres are dominated by
Leotiomycetes (Bokati et al., 2016; Jumpponen et al., 2017). The
soil-dwelling Chrytidiomycete Olpidium has also been observed
to intensively infect roots of lettuce (Maccarone, 2013), tomato
(Johnston-Monje et al., 2017), melon (Stanghellini et al., 2010),
and Arabidopsis (Durán et al., 2018). In our experiment, the
dominant genera of seed-transmitted fungi in roots grown
on sterile sand were Fusarium, Alternaria, Pseudozyma,
Sarocladium, Penicillium, and Phoma, which also dominated
soil-grown roots, although only Fusarium and Pseudozyma
occurred in all samples. Both Fusarium and Alternaria have been
identified as core root fungi in comparisons of poplar, oak, and
pine (Bonito et al., 2014), when studying geographic influence
on the Microthlaspi root mycoobiome (Glynou et al., 2016); in
roots of mandarin orange trees (Sadeghi et al., 2019); and in
root endospheres of various wild and domesticated Brassicaceae
(Glynou et al., 2018). Fusarium has also been identified as a
dominant member of the coffee root mycobiome (Fulthorpe
et al., 2020), while Alternaria was part of a core mycobiome
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among 28 different germinating seeds (Barret et al., 2015).
Pseudozyma has been reported as the dominant fungus in and
on sugarcane (Nasanit et al., 2015b) and rice leaves where it
can protect the plant from pathogens by secretion of antibiotics
(Nasanit et al., 2015a; Laur et al., 2018; Wang et al., 2021);
however, to our knowledge, it has not been reported as a core
member of plant root mycobiomes before.

Many published studies on root microbiology, having
attempted to sterilize seeds and forgotten to include a sterile
substrate as a negative control, nevertheless conclude that most of
the root microbiome derives from soil (Vandenkoornhuyse et al.,
2015). For example, a study on the recruitment of Brassica napus
seedling microbiota, which included no sterile soil treatment and
obtained very little sequencing data from seeds as opposed to
soil, concluded that most of the seedling microbiome comes from
soil or other unknown sources (Rochefort et al., 2021). On the
contrary, our results show that seeds of all plants tested are able
to transmit microbes to their roots (a core set of seed-transmitted
Proteobacteria, Fusarium, and Pseudozyma), and in most cases,
these microbes go on to dominate the endosphere despite
being grown in microbe-rich soil. Other publications corroborate
the importance of vertical transmission in establishing root
microbiomes: we have shown twice before that seed-derived
bacteria are the dominant members of juvenile maize root
microbiomes (Johnston-Monje et al., 2014, 2016), with similar
observations having been made in wheat (Walsh et al., 2021),
rice (Hardoim et al., 2012), Arabidopsis (Truyens et al., 2016),
common bean (López-López et al., 2010), barley (Yang et al.,
2017; Rahman et al., 2018), sunflower (Leff et al., 2017), and
diverse crops (Barret et al., 2015). It has also been noted that these
seed-transmitted microbiomes may change in abundance over
time, first increasing during germination (Barret et al., 2015) and
later being displaced by soil-derived microbes as plants age (Yang
et al., 2017). Fungi can also be transmitted by seeds to roots; for
example, tomato roots grown in sterile sand contained Fusarium,
Alternaria, Penicillium, Phoma, and Cladosporium (Johnston-
Monje et al., 2017), and both sunflower seeds and young roots
were dominated by Pleosporaceae (Alternaria), although this
changed as plants aged (Leff et al., 2017).

On average, measuring by OTU diversity and abundance,
both bacteria and fungi populations in roots were largely seed
transmitted; however, there was a dramatic variation between
some plants. For example, maize roots grown on soil had 89%
of their bacterial OTUs coming from seed, while cassava had
only 20%. By read abundance, fungi in sunflower roots were
99% seed transmitted, while sugarcane roots were only 2%.
Plant genotype-dependent variations in root microbiomes have
been often observed (Bonito et al., 2014; Bouffaud et al., 2014;
Schlaeppi et al., 2014; Yeoh et al., 2017; Fitzpatrick et al., 2018;
Ricks and Koide, 2019; Wang and Sugiyama, 2020) and are
usually explained as variation in the plant’s ability to filter or
restrict entry of soil microbes, although they could also reflect
variation in seed-transmitted microbial inoculum. Likewise, it
has been noted that bacterial endophyte populations vary more
by plant compartment than they do by the soil they are grown on
(Coleman-Derr et al., 2016; Durán et al., 2018), which, rather than
invoking biotic filtering, may be explained if seeds are delivering a
consistent bacterial inoculum to the embryo, which then develops

differently as it colonizes different organs (Abdelfattah et al.,
2021). Indeed, rather than soil serving directly as a source of
bacterial inoculum, there is evidence that it is variation in soil
characteristics, and in particular pH, that induces the shifts in
endophyte population structure, which are often observed in
these studies (Hardoim et al., 2012; Barnes et al., 2016). Plant age
has been shown to be an important factor in structuring the root
microbiome (Wagner et al., 2016), which may also be responsible
for some of the variations observed in root microbiomes that
were not all sampled at the same age.

Rhizosphere Microbiomes
The first few millimeters of soil around a root is called the
rhizosphere, where robust populations of up to 1011 microbial
cells per gram live, including over 30,000 prokaryotic species,
which help mineralize nutrients or protect against invasion by
pathogens (Berendsen et al., 2012). Plants can influence the
microbiology of the soil around them through rhizodeposition,
where their roots secrete organic acids, phytosiderophores,
sugars, vitamins, amino acids, nucleosides, mucilage, and even
living root cap border cells (Bulgarelli et al., 2013). It has also
been discovered recently that plants can directly inoculate the
rhizosphere with bacteria (Johnston-Monje and Raizada, 2011),
by sloughing off endophyte-filled root cap border cells (Cope-
Selby et al., 2017) or by expulsing microbes out of the swollen
ends of root hairs (White et al., 2018). In contrast to these
recent discoveries, scientists have traditionally believed that all
the rhizosphere microbiome “is recruited from the main reservoir
of microorganisms present in soil” (Bakker et al., 2013), with
publications on Arabidopsis (Lundberg et al., 2012), soy (Liu
et al., 2019), rice (Edwards et al., 2015), and maize (Peiffer et al.,
2013) rhizospheres reflecting this assumption. A great many
publications survey the rhizosphere microbiomes of other plants,
including barley (Terrazas et al., 2020), sorghum (Schlemper
et al., 2017), coffee (Caldwell et al., 2015), common bean
(Pérez-Jaramillo et al., 2019), sunflower (Leff et al., 2017), and
pea (Turner et al., 2013). In our previous studies on bacteria
in maize (Johnston-Monje et al., 2016) and fungi in tomato
(Johnston-Monje et al., 2017), we have corroborated that soil adds
significant microbial diversity to the rhizosphere; however, we
also found that the most abundant members of the juvenile maize
rhizosphere are seed-transmitted bacteria. To our knowledge, no
published studies have ever directly addressed the importance
of seed transmission to the rhizosphere mycobiome. In this
experiment we confirmed that soil contributes to microbial
diversity in the rhizosphere, and we also found that the most
abundant bacteria and fungi in rhizospheres derive from seeds.

Across all plant rhizospheres grown in sterile sand, we
observed 41 different core seed-transmitted bacterial OTUs,
to which 205 more were added when grown in soil. Among
these core seed-transmitted bacteria, 11 were the most
abundant/dominant in soil-grown rhizospheres and included,
in descending order: Pantoea, Enterobacter, Pseudomonas,
Klebsiella, Massilia, Acidovorax, and Stenotrophomonas.
Pseudomonas is a very common rhizobacteria and, along
with Massilia, Acidovorax, and Rhizobium, is a dominant
member of core rhizospheres of potato (Pfeiffer et al., 2017),
tomato (Lee et al., 2019), lettuce (Schreiter et al., 2014), wheat
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(Schlatter et al., 2020; Simonin et al., 2020), and maize (Walters
et al., 2018). In wheat rhizospheres, it bioaccumulates over
years of continuous cropping in a way that is “remarkable in
view of the broad range of soil types, climates and agronomic
conditions under which wheat is cultivated throughout the
world” (Weller et al., 2002), building up to levels that eventually
suppress the fungus Gaeumannomyces tritici, which causes
take-all disease. It is interesting to speculate these biocontrol
rhizobacteria actually derive from seeds as we observed in
our experiment, rather than soil as has always been assumed.
Despite being the most abundant rhizosphere bacteria in our
experiment, Pantoea has only been reported as core in the wheat
rhizosphere (Simonin et al., 2020) and was the second most
abundant rhizobacteria we observed previously in juvenile maize
rhizospheres (Johnston-Monje et al., 2016). Enterobacter has
been reported as core for tomato rhizospheres (Lee et al., 2019)
and as the keystone species in microbial communities on maize
root surfaces (Niu et al., 2017), with the ability to travel through
the endosphere, exit the roots, and colonize the surrounding soil
(Johnston-Monje and Raizada, 2011).

There were no seed-transmitted fungi that colonized the
rhizospheres of all 17 plant species growing on sterile sand;
however, Fusarium, Alternaria, and Pseudozyma were present
in 16/17. On soil, Fusarium and Phoma were found in all 17
rhizospheres. Of these, Fusarium is the only fungus regularly
reported as a core rhizosphere inhabitant, being the dominant
fungus on root surfaces of tomato (Lee et al., 2019), wheat
(Schlatter et al., 2020; Simonin et al., 2020), maize (Cavaglieri
et al., 2009), Brachypodium (Kawasaki et al., 2016), and sugar
cane (Hamonts et al., 2018). Wheat rhizospheres have also
been described to variously have Phoma and unidentified
Chytridiomycetes as part of their core (Simonin et al., 2020),
while in another study, the core wheat rhizosphere had Alternaria
instead (Schlatter et al., 2020).

Soil significantly increased bacterial diversity in rhizospheres,
however, the highest read abundance was of seed-transmitted
bacteria (Figure 5). Only an average of 26% of bacterial OTUs
came from seeds, but these were responsible for an average of
72% of the reads. These OTUs were mostly Proteobacteria of
the genera Pantoea, Enterobacter, Pseudomonas, and Massilia,
which we observed in seeds or spermospheres and have
also been observed associated with a variety of plant seeds
(Mundt and Hinkle, 1976; Adams and Kloepper, 2002; Mano
et al., 2006; Ferreira et al., 2008; Kaga et al., 2009; Johnston-
Monje and Raizada, 2011; Truyens et al., 2013). We have
previously observed seeds transmitting dominant bacterial
strains (including Burkholderia, Pantoea, and Massilia) into
maize rhizospheres (Johnston-Monje et al., 2016). Bacterial
endophytes tagged with GFP such as Enterobacter from maize
seeds (Johnston-Monje and Raizada, 2011) and Pantoea from
eucalyptus seeds (Ferreira et al., 2008) have also been shown
to be able to colonize the endosphere, exit the root, and
colonize the rhizosphere. Rice and millet seed endophytes have
been later observed in rhizosphere soil (Hardoim et al., 2012;
Verma and White, 2018), and seed-transmitted bacteria have
been observed colonizing rhizospheres as they emerge from
inside sloughed off Miscanthus root border cells (Cope-Selby,
2013). Seed-transmitted microbes colonizing the rhizosphere

would be guaranteed first access to that habitat, perhaps creating
a founder effect, blocking later colonization by less-adapted
soil microbes or pathogens (Bacilio-Jiménez et al., 2001; Barka
et al., 2002). Seed-transmitted rhizosphere microbes might also
play an important role in plant nutrition, for example in the
cardon cactus, where they help to mineralize the surrounding
rock for nutrient absorption by roots (Puente et al., 2009), get
intracellularly taken up by the root, and digested by the plant
in a process called rhizophagy (White et al., 2018), or in grasses
where dying bacteria release organic nitrogen for absorption by
the plant (White et al., 2015).

Compared to bacteria, there was less seed-transmitted fungal
diversity in rhizospheres, with only an average of 12%; however,
these OTUs tended to become abundant, representing an average
of 42% of the reads. Abundance of seed-transmitted fungal
reads varied widely and unexplainably by plant, for example
with sugarcane having only 9% while maize had 92%. Of these
seed-transmitted rhizospheric fungi, FungOTU1 (Fusarium) was
the most abundant, occurring in all soil-grown rhizospheres,
as it did in all spermospheres. We have previously observed
that tomato rhizospheres are dominated by seed-transmitted
Fusarium (Johnston-Monje et al., 2017), but we are not aware of
other examples of seed transmitted rhizospheric fungi. Seeking
to protect against soil-transmitted seedling pathogens from the
genera Fusarium, Rhizoctonia, Colletotrichum, Cylindrocarpon,
Pyrenophora, and Cochliobolus, the plant agriculture industry
commonly coats seed with fungicides but has not explicitly paid
attention to the possibility of a seed-transmitted rhizosphere
mycobiome (Nelson, 2018), which might make this the first
publication explicitly documenting this phenomenon.

Some Caveats
Microbial detection in seeds while using PCR to amplify 16S
or ITS sequences, followed by Illumina sequencing has been
shown to miss as much as 50% of the sequence diversity in an
environmental sample (Hong et al., 2009). Shifting patterns of
microbiome diversity can be also be obscured when relying solely
on the sequencing of 16S or ITS rDNA (as we have) (O’Donnell
et al., 2015; Peay et al., 2016; Baltrus, 2020). For example, the
frequent crop pathogen Fusarium oxysporum comprises a large
complex of cryptic species with more than 120 different formae
speciales, but all sharing the same ITS sequence (Michielse and
Rep, 2009). Likewise, three different strains of Pantoea ananatis
isolated from maize seeds had small but significant differences
in their genomes and contrasting effects on plant growth despite
sharing identical 16S rDNA (Sheibani-Tezerji et al., 2015).

Microbiomes of axenically grown plants should be 100% seed
transmitted; however, this was not the case for any sample,
suggesting a problem with capturing the full diversity in seeds and
spermospheres. For example, soy seeds were detected to be 99%
Firmicutes by abundance containing no Pseudomonas, however,
when grown on sterile sand, they developed microbiomes similar
to most other plants with all the same dominant bacteria. It may
be that many seed-associated microbes are exceedingly rare and
difficult to detect when they enter viable but non-culturable states
such as resting spores that resist DNA extraction (Pollock et al.,
2018). PCR of target amplicons may also be a limitation, as it is
thought to be limited to detecting the top 99% most abundant
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sequences in a population (Smalla, 2003). Primer bias also makes
it impossible to amplify all the microbial sequence diversity in
an environmental sample (Hong et al., 2009), or perhaps some
microbial diversity was missed due to stochastic effects of seed
selection for sequencing vs. germination. Ironically, sequencing
microbiomes of axenically grown vegetative plants may be a
better way to observe seed microbes than directly sequencing
seeds, since “conditionally rare” and undetectable microbes may
get a chance to awaken to more favorable conditions as seeds
germinate and grow (Shade et al., 2014).

Another major caveat concerns the nature of the experimental
setup, in that growing plants in hermetically sealed jars for a
short period of time is not natural, though it did theoretically
allow us to control all possible sources of microbial inoculum.
These are juvenile plants, which may not yet have developed
microbiomes corresponding to mature plants. The abundance
of seed-transmitted bacteria we have observed in these young
roots, shoots, and rhizospheres may be exaggerated because
they have not yet had a chance to be more heavily colonized
during passage through soil (Inceoğlu et al., 2011) or exposure
to dust-fall or rain (Williams and Marco, 2014). Older and larger
plants growing under natural conditions would also have more
time to interact with other organisms such as nematodes and
insects, which may vector microbes onto the plant and reduce
the dominance of seed-transmitted bacteria as they are eaten
and killed or displaced. Without possibility for gas exchange,
air chemistry, and humidity in these jars was far from what
these plants would encounter growing in a farmer’s field, a fact
that has been shown to alter microbial diversity and reduce
microbial abundance in lettuce phyllospheres (Williams and
Marco, 2014).

CONCLUSION

This experiment aimed to document the bacterial and fungal
diversity in and on seeds of a panel of import plants and observe
in a microbially controlled environment, how much of the seed
microbiome goes on to form the plant microbiome. Seeds and
spermospheres of all 17 plant species contained microbes, mostly
Proteobacteria and Ascomycetes. Rhizospheres, roots, and shoots
of all 17 plants grown on sterile sand also developed bacterial
and fungal populations, showing that seeds are able to transmit
complex microbial populations to their seedlings. All of the 63
core seed-transmitted bacteria observed in sterile sand-grown
plants were also found in field soil-grown plants, and a subset
of seven of these (1 Pantoea, 1 Enterobacter, 3 Pseudomonas,
1 Klebsiella, and 1 Massilia) were the dominant microbiome
members on both types of substrate. There was no core seed-
transmitted fungus; however, by tracing the fate of vertically
transmitted fungi in individual plant species, it seems that
some mycobiomes are also dominated by seed-transmitted fungi,
especially Fusarium and Alternaria. Soil served as a minor source
of bacterial diversity to plants, but a major source of diversity for
fungi. The most abundant bacteria and fungi in these jar-grown
seedlings came from their seeds, not the soil. Future experiments
culturing these common and core microbes, cross inoculating
them among plant species, and comparing their genetics and

physiology may help us understand why they occur so frequently
in plant seeds and how they have benefited angiosperm plant
physiology over evolutionary time.
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