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Abstract: In this study, we investigated the interplay between the spermosphere inoculum, host plant
physiology, and endophytic compartment (EC) microbial community. Using 16S ribosomal RNA gene
sequencing of root, stem, and leaf endophytic compartment communities, we established a baseline
microbiome for Nicotiana sp. Phenotypic differences were observed due to the addition of some
bacterial inoculants, correlated with endogenous auxin loads using transgenic plants expressing the
auxin reporter pB-GFP::P87. When applied as spermosphere inoculants, select bacteria were found to
create reproducible variation within the root EC microbiome and, more systematically, the host plant
physiology. Our findings support the assertion that the spermosphere of plants is a zone that can
influence the EC microbiome when applied in a greenhouse setting.
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1. Introduction

The organization of microbial communities associated with a eukaryotic host is a
common feature in terrestrial life [1] and is of particular importance in soil and agricultural
settings [2,3]. Higher plants predominantly occupy a soil environment and are reliant
on microbial functions to survive. This reliance for survival makes the study of their
interactions an important research area. Plant–microbial associations have been deeply
studied from multiple angles, categorizing them based on (A) bacterial communities that
occur in the rhizosphere (soil root interface) [4,5], (B) bacterial communities that occur
within the root itself [6–9], and (C) bacterial communities present within and outside of the
phyllosphere (plant aerial tissue) [10–13]. These relationships can be considered endophytic,
epiphytic, or closely associated. Each relationship can lead to different responses.

Endophytic microbial communities reside inside of plant tissues known as the endo-
phytic compartment (EC) [7,9,14]. EC microbial communities have a significantly higher
impact on the health, development, evolution, and chemical production of the plant when
compared to microbial communities present only in the exterior tissue of the plant [15,16].
Microbial EC studies using culture-dependent techniques [10] have been shown to be
limited in interpretation when trying to understand the composition of the microbiome.
These studies were helpful in the isolation of some strains of bacteria due to their ability
to alter normal plant physiology. Culture-independent sequencing techniques [8] were
developed as a way to better define the existence and structure of the core root microbiome
of whole plants [7,9,17] and individual organs in the plant. Amplification of a portion of
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the small-subunit ribosomal RNA gene (16S) sequencing has been adapted to exclude the
abundant 16S sequences existing in the plant mitochondria and chloroplast [7]. This allows
for a better representation of the phyla, family, and genera composition of bacteria and
fungi inhabiting the plant.

Higher plants reside in a single location for their lifetime and utilize expansion-driven
growth. Plant tissue expansion is regulated by the complex interplay of hormones that
regulate specific features of the plant cell wall’s extensibility [18]. The controlled expansion
of the plant cell wall constrains the internal cellular turgor pressure and facilities directional
cellular expansion and plant morphogenesis. Particular microbes within the microbial
community can have a direct or indirect functional association with a host plant to promote
growth [19,20]. This occurrence poses several questions that remain underexplored. For
instance, does the microbiome of a host plant remain constant or does the microbiome of
the host plant respond to plant growth status, plant traits, or plant life history?

Deploying microbial inoculants as spermosphere adjuncts in agricultural settings [2]
has been increasingly used for yield optimization [21], the suppression of pests [22,23],
and the maintenance of fertility [24,25]. The introduction of an organism not familiar
to the seed coat may result in numerous scenarios: for instance, (1) that organism may
becomes dominant within the community, (2) the introduction of the new organism may
cause a change or shock in the microbial community and further induce changes in the
plants response, or (3) a combination of the two. Indeed, in prior domestication efforts,
breeders have not focused on the microbial inoculation field, which is now emerging as an
agricultural tool. Herein, we explored how adding a non-native bacterial inoculum to the
sterilized Nicotiana spermosphere alters plant physiology and the plant EC microbiome.
We paid attention to examining a highly domesticated versus a wild species in the Nicotiana
genus. Phenotypic plant differences were observed due to the addition of the bacterial
inoculum and linked to endogenous auxin loads. These results exemplify the importance
of bacterial community composition near the spermosphere and how changes in that
community can have effects on plant morphogenesis

2. Materials and Methods
2.1. Soil Collection, Microbial Inoculum, Seed Selection, and Incubation Methods

Topsoil from the University of Kentucky North Farm, Lexington, Kentucky Spindletop
Farm, (GPS coordinates: 38◦07.555′ N, 84◦30.901′ W) was collected, homogenized and
mixed with perlite prior to use. Nutrient profiling of the soil was performed by core
University of Kentucky Soil Regulatory Services (Table S1). N. benthamiana, N. glutinosa,
N. rustica, and N. tabacum (two commercial lines were used, KY14 and TN90, as well as
the Nicotiana tabacum L. cv. Samsun-NN, which is a well-described transgenic tobacco line
to study abiotic stress [26–28]) seed was sourced from University of Kentucky Tobacco
Research and Development Center (KTRDC). A germination cutoff of 90–100% was used.
Surface sterilization of seeds was achieved via a 30% bleach rinse for 20 min followed
by 70% ethanol rinse for one minute. These rinses were followed by three additional
rinse cycles with sterile water. The sterilized material was tested by culturing on YPDA
plates to ensure that no bacterial growth occurred. Bacterial library strains were sourced
from the Switchgrass and Giant Burpee tomato library [29]. We screened 24 bacterial
strains (Table S2) applied directly to seeds for growth promotion, growth suppression,
or no influence. Strains were grown in YPD broth in medium flasks overnight (11 ± 2 h)
at 28 ◦C on a rotary shaker. For inoculations, strains were grown at 28 ◦C on a rotary
shaker until OD600 = 0.6. A total of 20 seeds were placed in each bacterial culture for
spermosphere inoculation. Seeds were incubated in the culture for 12 h and kept in the
rotary shaker/incubator.

2.2. Sample Selection and Processing

Morphological analyses followed the methods of Kelemu et al. [30] with some mod-
ification. Specifically, at two weeks, seedlings were checked for differences in the root
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system. After three to four weeks of inoculation, measurements were taken and recorded
for traits including height, number of leaves (NL), leaf length (LL), leaf width (LW), and
number of flowers. Measurements were repeated once a week for 60 days. Plants from
both the treatment and control were harvested at approximately four to five weeks fol-
lowing the methodology developed by Lundberg et al. [9]. All plants were harvested,
surface-sterilized, and processed on the same day.

2.3. DNA Extractions and Library Preparation

DNA extraction was performed using FASTDNA™-96 Soil Microbe DNA Kit (MP
Biomedical, LLC, Santa Ana, CA, USA). Samples were previously separated based on
being from the roots, stem, leaves, the rhizosphere, and outside the rhizosphere. All
samples were placed in the freeze-dryer before being pulverized. Daisy bb gun beads
were used to pre-pulverize the samples allowing stem and root samples to homogenize for
optimal DNA isolation. After extraction, libraries were prepared following the protocol
established by Lundberg et al., [31], where peptide nucleic acid (PNA) for mitochondrial
(5′-GGCAAGTGTTCTTCGGA-3′) and plastid (5′-GGCTCAACCCTGGACAG-3′) rRNA
and plastid sequences were used as elongation arrest clamps to prevent amplification of
plant ribosomal 16S sequences.

2.4. PCR Quantification and Sequencing

The DNA concentrations of the final reactions obtained from the PCR step were
measured in a 96-well plate format using PicoGreen fluorescent dye (Invitrogen, Waltham,
MA, USA). This dye measures double-stranded DNA quantification and it was measured
in a fluorescent plate reader (475 nm to 530 nm). After quantifying the amounts of DNA
present, we analyzed a portion of the samples in an 1.5% agarose gel to ensure the presence
of bands with a size of approximately 448 bp. The pooling of all samples from the prepared
library was performed using equimolar ratios and samples were cleaned using AMPure
beads at a 0.7:1 ratio. These samples were later eluted in 20 µL of deionized water to be
denatured and loaded in the MiSeq machine by following the Illumina protocol and the
standards established previously [31].

2.5. Demultiplexing and Heatmap Generation

After sequencing, the reads obtained from the Illumina platform were demultiplexed
utilizing CASAVA software from Illumina (version1.8.2). A FASTA file was generated in
which all the consensus sequences obtained per sample were stored. The software utilized
was the Molecular Tag Toolbox 4.1.2. (MT-Toolbox, Google sites) [32]. R scripts were
generated based on Lundberg et al. [31] to generate a graphical display of the abundance of
different microbial organisms present in the samples. Rarefaction values varied based on
the type of heatmap that was generated and were sorted into family, phylum, or operational
taxonomic unit (OTU).

2.6. Phylum Analysis and Abundance for Genotype and Inoculation

Only the non-plant reads were classified at the phylum level. Reads from the same
phyla were pooled, normalized and converted to a ratio by dividing the reads from each
phylum by the total number of phylum-classifiable reads in that sample. For better visual-
ization, those phyla representing less than 5% of the total in any sample were reclassified
as “low abundance”. Data were plotted in R using the “Hist” function of ggplot2 (R Foun-
dation for statistical computing, Vienna, Austria).

2.7. CAPSCALE Analysis

A constrained ordination routine analysis was used to determine if samples could
be separated based on the treatment to which they were exposed. These analyses used a
distance matrix between samples, showing the coordinates of each sample determined by
the profile of OTU counts for that sample using the Bray–Curtis distance. The R packages
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used for the analysis were vegan, for capscale, ordination, and pscl (R foundation for
statistical computing, Vienna, Austria).

2.8. Poly(A) Tag Library Preparation and Sequencing

Total RNA was isolated from N. benthamiana plants of approximately four to five weeks
of age using the RNAeasy kit (Qiagen, Hilden, Germany). Nicotiana poly(A) tags (PATs)
were generated with 1 µg of total RNA using Method B1 described in [33]. The resulting
PATs were sequenced on an Illumina high-throughput sequencing DNA platform. In all
cases, three independent biological replicates were used. The sequenced PAT-seq reads
were processed using the pipeline as detailed in [33]. Briefly, sequences were demultiplexed
and trimmed to remove the oligo-dT tracts and sequencing adapters. The processed tags
were then mapped to the Nicotiana reference genome. The mapping output was saved in
bam file format and used with BEDTools to determine the total count of PATs that mapped
to individual annotated genes. The gene expression was determined using the empirical
analysis of EDGE tool in CLC Genomics Workbench. Genes were considered significantly
different using a p-value < 0.01 and a two-fold change. A total of three replicates were used
per treatment.

2.9. CARD-FISH in Root Tissue

Briefly, roots from plants of 10- and 21-day old seedlings were collected and used
for assessments. These were fixed and prepared as per Lebeis et al. [14]. Probes (EUB338
(59-GCTGCCTCCCGTAGGAGT-39, 35% formamide) were provided by the Lebeis lab
at the University of Tennessee, Knoxville, which were selected using probeBase38 (http:
//www.microbial-ecology.net/default.asp, accessed on 4 January 2015) and labelled with
enzyme horseradish peroxidase on the 5′ end (Invitrogen). Sample hybridization was
performed as per [14]. For samples belonging to the 21-day-old group, we analyzed
multiple panels from the transition zone to the tip and through the expansion zone. A
similar approach was used for 10-day-old samples, but a full mosaic was built out of
multiple sections of images.

2.10. Cold Treatment for Inoculants

All vials containing seeds and the inoculum that had reached OD600 = 0.6 were kept at
4 ◦C for 12 h in a rotary shaker. These were transferred to room temperature and shaken for
an additional two hours prior to being placed in soil. All plants were grown in a greenhouse
environment with the same set up mentioned in the prior method of inoculation.

2.11. Statistics for Morphological Data Analyses

All data collected were analyzed with SAS using GLM to generate means for each
trait. We used Tukey’s test to separate means using a p-value of p < 0.05. Boxplots graphs
were generated using BoxPlotR: a web-tool for the generation of box plots, created by the
Tyers and Rappsilber labs (http://shiny.chemgrid.org/boxplotr/, accessed on 4 January
2015). Sample size was represented by the width of each box, and notches represented a
95% confidence between median differences. Tukey’s test was used to define the whiskers
for each group sample. The number of samples was thirty-six total per year/per trait/per
treatment (12 samples in each season per treatment).

2.12. Auxin Expression Related to Bacterial Treatments

Transgenic N. tobacum plants expressing a stable form of pB-GFP::P87 [34] obtained
from the Maiti lab at the Kentucky Tobacco Research and Development Center (KTRDC)
were PCR-verified for the presence of GFP. All seeds of N. tobacum pB-GFP::P87 were
inoculated with Bs, Bc, Ms, or a mock control (media only) using the same protocol as
described for N. benthamiana. IAA and 2,4-D treatment was performed by placing surface-
sterilized seeds in plates containing two concentrations of IAA (1 uM and 10 uM) and
2,4-D (100 nM) that were added to the Murashige and Skoog growth medium used. Seeds
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were plated in Murashige and Skoog medium, and after 3 days post germination, they
were visualized using a laser scanning confocal microscope (Olympus IX83). A total of
10 replicates per treatment were analyzed. The data obtained were analyzed using a
Dunnett’s multiple comparison test against the control with a p < 0.05.

2.13. Hormone Profile

Auxin (IAA Indole-3-acetic acid), IAA-Asp N-(Indole-3-yl-acetyl)-aspartic acid, IAA-
Glu N-(Indole-3-yl-acetyl)-glutamic acid, IAA-Ala N-(Indole-3-yl-acetyl)-alanine, IAA-Leu
N-(Indole-3-yl-acetyl)-leucine, and IBA (Indole-3-butyric acid) were measured by means of
HPLC-ESI-MS/MS following Zaharia et al., [35] and Lulsdorf et al. [36] as a fee-for-service
product by the National Research Council of Canada. Conjugated forms of IAA were
measured in addition to the free IAA because free IAA can represent around 25% of the
total pool and conjugated forms create sinks of available IAA in situ [37].

2.14. Biochemical Test for Indole Production from Bacteria

This method was followed as described in Peterson and McLaughlin [38].

3. Results
3.1. Bacterial Inoculation Screening and Studies

A library of 1000 EC microorganisms previously isolated from Switchgrass (Panicum
virgatum) and Giant Burpee tomato (Solanum lycopersicum L.) [29,39] were screened, reveal-
ing 24 bacterial strains which induced a reproducible activation or suppression of growth
(Table S2). From these 24 strains, we selected four bacterial inoculants that were used
in the following experiments. The microorganisms selected were Micrococcus sp. (Ms),
which induced growth suppression, and Lysinibacillus fusiformis (Lf), which had no growth
influence. Two growth-promoting strains were identified from the screen: (1) Bacilli, B.
sp. (Bs) and (2) B. cereus (Bc) (Figure 1A–C, Figures S1A,B, and S2). The N. benthamiana
response to the four target microorganisms was reproducible over several generations and
a range of conditions (3 years, 12 replicates per time point, changes in phenotypic traits
recorded at 3, 6, and 12 weeks) (Figure 1, n = 36/phenotype/year; Figure S1).

3.2. Selection Based on the Capacity for the Seed–Inoculum Mixture to Alter Endogenous
Auxin Levels

The four selected bacterial strains were assayed for their ability to break down trypto-
phan and produce indole derivatives in vitro (Figure 2A). Using a microbial biochemical
assay, we evaluated which strains produced indole breakdown products when exposed to
Elrich’s reagent. A positive test resulted in visual hue shifts in the reagent mixture. Cultures
corresponding to Lf, mock/control, and Bc were negative. Bs produced an intermediary
positive response, which means that an alternative indole cleavage product like skatol
could have been produced. The Ms bacterial cultures clearly revealed an ability to break
down tryptophan to produce indole (Figure 2A). Following this result, we then performed
HPLC-ESI-MS/MS on samples that distinctively had a phenotypic modification (Ms and
Bc) and measured changes in biologically active IAA and IAA-Asp, an IAA conjugate with
aspartic acid. The data showed that IAA was present in all samples, which was expected.
However, IAA-Asp was found in Ms and Bc samples and not in the control (Figure 2B).
As previously noted in the methods, the measurement of conjugated forms of auxin was
performed due to only up to 25% of IAA pools in plants being free IAA, with conjugated
forms comprising a sink of available IAA for physiological functions [37].
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Figure 1. Morphological differences between Nicotiana tabacum and Nicotiana benthamiana treated 
with spermosphere bacterial inoculants. (A) Nicotiana tabacum line KY14 and TN90 at four weeks of 
growth. Plants at eight weeks of growth (side by side comparison of all treatments per tobacco line). 
Dots represent different bacterial spermosphere inoculants: red: control; purple: Ms; blue: Bs; and 
green: Bc. Scale bar = 10 cm. Lf was excluded to better illustrate the phenotypes and was not different 
to the control. (B) N. benthamiana control, Ms-, Lf-, Bs-, and Bc-treated plants grown in a greenhouse 
after three weeks show differences in morphology and root architecture. Plants at six weeks display 
a more distinct phenotype. Bc and Bs plants display the most growth and Ms treatments display the 
smallest phenotype. At 12 weeks, plants still show a distinctive phenotype. (C) N. benthamiana con-
trol, Ms-, Lf-, Bs-, and Bc-treated plants grown in a greenhouse over a year (composite of Spring, 
late Summer, and Fall/Winter 2013 data). Measurements of height, leaf length (L.L), leaf width 
(L.W), number of leaves (N.L), and number of flowers (N.F) were taken at between 28 and 35 days 
post germination, synchronized between treatments for each measurement. Means were separated 
using Tukey’s test; notches represent a significant difference among treatments at p < 0.05. n = 36 per 
trait/per year. 

  

Figure 1. Morphological differences between Nicotiana tabacum and Nicotiana benthamiana treated
with spermosphere bacterial inoculants. (A) Nicotiana tabacum line KY14 and TN90 at four weeks
of growth. Plants at eight weeks of growth (side by side comparison of all treatments per tobacco
line). Dots represent different bacterial spermosphere inoculants: red: control; purple: Ms; blue:
Bs; and green: Bc. Scale bar = 10 cm. Lf was excluded to better illustrate the phenotypes and was
not different to the control. (B) N. benthamiana control, Ms-, Lf-, Bs-, and Bc-treated plants grown
in a greenhouse after three weeks show differences in morphology and root architecture. Plants at
six weeks display a more distinct phenotype. Bc and Bs plants display the most growth and Ms
treatments display the smallest phenotype. At 12 weeks, plants still show a distinctive phenotype.
(C) N. benthamiana control, Ms-, Lf-, Bs-, and Bc-treated plants grown in a greenhouse over a year
(composite of Spring, late Summer, and Fall/Winter 2013 data). Measurements of height, leaf length
(L.L), leaf width (L.W), number of leaves (N.L), and number of flowers (N.F) were taken at between
28 and 35 days post germination, synchronized between treatments for each measurement. Means
were separated using Tukey’s test; notches represent a significant difference among treatments at
p < 0.05. n = 36 per trait/per year.



Plants 2024, 13, 1677 7 of 15
Energies 2024, 17, x FOR PEER REVIEW 2 of 28 
 

 

 26 

Keywords: Carbon Neutrality; CCUS; Decarbonization; Energy Transition; Energy Exports; Hy- 27 
drogen; Qatar; Energy Policy; Western Asia: Blue Carbon; Mangrove. 28 
 29 

1. Introduction 30 

The world’s energy sector has been undergoing major transformations in recent 31 
years. After deep market changes caused in 2015 and 2016 by the fast increase in non- 32 
conventional oil and gas resources on the international market (O’Sullivan, 2017), and 33 
while these same markets have just had to adapt to the consequences of the 2022 invasion 34 
of Ukraine and subsequent European sanctions against Russia’s hydrocarbons industry 35 
(Lambert & al., 2022), profound changes have been under way between major Asian en- 36 
ergy importing economies and key Middle Eastern oil and gas exporting countries as this 37 
article will illustrate. 38 

Following recent energy policy changes in major Asian economies in favor of a gen- 39 
eral decarbonization of their national energy mixes, including net-zero targets, several 40 
leading Middle East oil and gas exporting countries, such as Saudi Arabia, the United 41 
Arab Emirates (UAE) and Qatar, have launched bold decarbonization policies for their 42 
energy industries and exports. This article will shed light on this poorly documented yet 43 
very important change in the Middle Eastern energy industry, highlighting the misunder- 44 
stood yet strong economic incentives for some specific energy transition in oil and gas 45 
exporting countries of the region. In the following sections, we will first explain the theo- 46 
retical framework of this research and methodology. Then we will review the literature 47 
and recent policies of energy transition worldwide, with an emphasis on the major energy 48 
importing countries of East and South Asia. Afterwards, we will map out and analyze the 49 
new and emerging energy policies of the Persian Gulf states. We will illustrate this via the 50 
case study of Qatar, a major exporter of hydrocarbons, focusing on its new policies and 51 
the industrial potential for decarbonized energy exports. In the last section, we will criti- 52 
cally review the potential of mangroves as natural carbon sinks in Qatar, a key element in 53 
its decarbonization efforts, to assess if this can play a significant role in the partial decar- 54 
bonization of LNG exports. 55 

2. Theoretical framework and methodology   56 

Figure 2. Auxin interaction between the microbial inoculum and host plant. (A) The indole test was
performed for four bacterial spermosphere inoculants. Control and Lf showed a negative response.
Bc and, to a greater degree, Bs had a modest positive response for an alternative indole product. Ms
was the only treatment that displayed a positive production of indole which was visible with a red to
orange hue. (B) Auxin metabolites were measured via gas chromatography in 10-day-old root tissue
of two positive samples from A. Here, IAA-Asp was identified in the treatments Bc and Ms, but not
the control (mock). (C) Laser scanning confocal micrographs of the fluorescence arising from GFP::P87
in N. tabacum seedling roots exposed to the control, Bc, Bs, and Ms treatments as the three samples
that showed any indole response. Lf was excluded from this panel because it reduced the size of the
micrographs and was not distinguishable from the control. A propidium iodide counter stain was
used to highlight cell periphery and the green represents GFP::P87 signal. A total of 10 replicates for
each treatment and the control were observed under a confocal microscope using a magnification of
200X. Scale bars represent 50 µm. (D) Fluorescence determination was performed for all treatments
based on the analysis of total fluorescence in the root cap arising from GFP::P87. The only significantly
increased P87 signal was observed for Ms treatment. Dunnett’s multiple comparison test against the
water-control for each one suggests significance for Ms (p < 0.05), which is represented by asterisks.

Based on the observed in vitro association between Ms, Bc, and auxin, we then evalu-
ated the effect that strains had on the stimulation of auxin using the in planta biochemical
auxin reporter P87 [34,40]. The results show differences in pB-GFP::P87 fluorescence in
Bs and Ms roots compared to the control (Figure 2C), but these trends were only signifi-
cantly different to the control for Ms. Quantitative assessment of pB-GFP::P87 fluorescence
showed a significant increase 10 days after Ms application (p < 0.05, Bonferroni test). In the
same timeframe, the Bs treatment induced a modest yet significant increase from the control
(p > 0.05, Bonferroni test), but was significantly lower than Ms (p < 0.05) (Figure 2D Dun-
nett’s multiple comparison test). These data suggest that the Ms inoculum induced both
in vitro and in vivo interactions with auxin biogenesis, which are functionally association
with the mediation of plant expansion [18,41].

3.3. Functional Association between Inoculum and Transcript Abundance in the Host Plant

To complement the phenotypic responses between the host plant and the bacterial
inoculant, the transcriptome of plants treated with each inoculant using the draft genome
of N. benthamiana was cataloged [42]. These experiments compared transcriptional profile
changes linked to each treatment. The draft genome of N. benthamiana is partially complete
and patSeq tags were annotated against this incomplete genome. Firstly, experiments
showed that approximately 75% of differentially expressed transcripts were commonly
induced in plants treated with the growth-promoting Bs and Bc (fold change > 2, FDR
p-value < 0.05). In contrast, only 20% of the induced transcriptome was shared between the
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growth-promoting Bs and -suppressing Ms (Figure S3A,B, Supplemental Dataset 5). The
data broadly support a trend between the host phenotypic traits induced by an inoculum
and the transcriptional output of the host plant.

3.4. A Baseline Bacterial Microbiome of Nicotiana Species

Before inoculum experiments could be evaluated, we needed to generate the data
for a Nicotiana bacterial microbiome. Here, three genotypes were selected including a
domesticated commercial crop species, N. tabacum (KY14), as well as three wild varieties,
N. benthamiana, N. glutinosa and N. rustica. The community assessments for the rhizo-
sphere soil, root EC, stem EC, and leaf EC, were based on different tissues (Figure S4)
and geographical origins (Figure S5). Community sequencing generated 1,491,297 merged
paired-end consensus molecular-tagged reads across 92 samples (from which 36 belong to
the genotype related-study). Bioinformatics’ removal of low-quality, plant-derived, and
rare singleton sequences that did not cluster into operational taxonomic units (OTUs) of
at least two sequences resulted in 318,860 reads (1225 reads and 243 OTUs per sample;
Supplemental Dataset 1). The results reveal that the rhizosphere soil community was
different from that of the root/stem/leaf EC (Figure 3A). Rhizosphere samples from all five
genotypes showed similarities in abundance and the phyla present (Figure 3A), consistent
with a core community. With these data, it is important to interpret the OTU data as linked
to the methods of sequencing and identifying OTUs and may be an underrepresentation if
sequence variation limited our ability to distinguish between overlapping taxa.
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Figure 3. Establishment of the Nicotiana species microbiome using 16s rRNA sequencing. (A) Reads
grouped at the phylum level had abundance differences for each phylum (represented as percentage)
when compared between Nicotiana tabacum, Nicotiana benthamiana, Nicotiana rustica, and Nicotiana
glutinosa. Samples with reads belonging to the phylum level that were less than 5% present were
all classified under the “low abundance” category. Operation taxonomic unit (OTU) heatmaps
were created for Nicotiana tabacum and Nicotiana benthamiana representing aboveground (B) and
belowground (C) communities. Aboveground heat maps reveal a failure to separate by stem and leaf
tissue, whereas belowground communities separated by soil and root. The presence and absence of
selective OTU groups can be observed when comparing between aboveground and belowground
bacterial communities.

Bacterial communities of the stem and leaf EC (Figure 3A) differed from the root
EC. General trends included a lower diversity of phyla and an increased abundance of
Bacterioidetes in the stem and leaf EC compared with the root. A decreased abundance of
Proteobacteria, Plantomycetes, Firmicutes, and Actinobacteria was also measured in stem and
leaf EC compared with root. These phyla are abundant in soil [43–46] and were generally
decreased in the stem and leaf EC of the species evaluated (Supplemental Dataset 2). It
was found that Chlorobi and Acidobacteria were not widely distributed, found in one sample
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of N. glutinosa (Figure 3A). Planctomycetes and Firmicutes were more consistently present
in the rhizosphere samples of all species compared with EC communities (Figure 3A,
Supplemental Dataset 2). Collectively, these data showed a progression of community
complexity from the rhizosphere soil (highest) to the roots to the stem and leaves (lowest).

From these data, N. tabacum and N. benthamiana were isolated to take a closer look at
the OTU heat maps comparing aboveground tissues (Figure 3B) and belowground tissues
(Figure 3C). One can generally observe these trends in Figure 3A, where the stem and leaf
tissues of N. tabacum and N. benthamiana display different relative abundance between
species but have similar community composition and abundance in both stem and leaves.
It is to be expected that the rhizosphere (termed soil in Figure 3C) communities were nearly
identical in abundance and composition when comparing N. tabacum and N. benthamiana
because the same medium was used for growing both species. The only minor difference
was the presence of Acidobacteria and OP11 in the N. benthamiana rhizosphere (soil) com-
munity. Root communities were very similar and included Proteobacteria, Bacterioidetes,
Actinobacteria, Plactomycetes, Firmicutes, Gemmatimonadetes, Chloroflexi and Acidobacteria.

3.5. Plants That Were Grown after Being Inoculated with a Single Microbial Species Displayed
Specific Trends in the EC Community

A single-species inoculum was mixed with Nicotiana seeds (see methods for surfactant
and density) and then the seed was allowed to germinate and grow in the medium. To
understand how an inoculum changes the colonization process, we visualized the process
using catalyzed reporter deposition and fluorescence in situ hybridization (CARD–FISH).
CARD–FISH of whole root segments were imaged during two different time points, (1) after
10 days and (2) after 21 days. The reason for this timing is that we found that before 10 days
old, the newly germinated seedlings were too immature to reliably image. The second time
point provided a reliable gap for development and true leaf emergence. At the initial 10 day
timepoint, the only samples that displayed increased CARD–FISH fluorescence were the
inoculated plants (Figure S6). These were localized in the parenchymatic tissue, in the lateral
roots and hairs. At the second 21-day timepoint, both the control and inoculated treatment
routinely displayed CARD-FISH fluorescence, suggesting that colonization normalized
between 10 and 21 days. These data provided a visual estimation that seed inoculation
transiently affected the plant root EC community (Figure S6).

To further evaluate the influence of the seed inoculum on the plant microbiome, we
adopted the same sequencing approach that we used for the microbiome/EC community
composition. In terms of diversity and abundance of the EC community, at least four
principal results were observed from the inoculation studies. Firstly, treatments and
tissue-specific EC communities shared a core microbiome very similar (Figure 4A,B) to
that which was observed in our genotype community description (Figure 3A). Secondly,
we observed variations in the abundance of certain bacteria in inoculated plants. For
example, Acidobacteria was present in low quantities in the control and Ms samples, but
the abundance of this phylum increased among the Bs and Bc samples. Further, OP11
was only found in control and Ms samples, and Chlorobi only in Bs samples (Figure 4A).
When all tissue EC data were combined (Figure 5A) and a constrained analysis of principal
coordinates was performed (Figure 5B), Bc and Ms accounted for the greatest proportion of
variance in the data. Bc was a growth promoter and Ms was a growth suppressor. A third
notable observation was that the Bc and Bs inoculations displayed an absence (Bc) or low
abundance (Bs) of Firmicutes (Figure 4), revealing a significant drift from the core community
in these treatments. A fourth result was that seed inoculants were seen to alter the root EC
community more than was observed for the stem and leaf EC (Figure 4A,B), which is in line
with the lower rarefaction used to generate the map comparisons (especially at OTU level)
(Figure 5A). In stem and leaf EC, all treatments displayed a similar phylum composition, but
the abundance of these classes differed. As in the reference microbiome, stem and leaf ECs
were more restrictive of their EC inhabitance than roots (Supplemental Datasets 2 and 5).
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Figure 4. Interaction between microbial inoculum and the Nicotiana microbiome. (A) Reads grouped
at the phyum level had abundance differences for each phylum (represented as percentage) when
comparing N. benthamiana plants that had been exposed to bacterial inoculants as seed treatments.
Samples with reads belonging to phylum level that were less than 5% present were all classified
under the “low abundance” category. (B) Heatmap of bacterial OTUs present in samples from roots
of treated and control plants. The treatments Bc and Ms were compared to control samples at the root
level to show if, at a deeper classification, samples separated in composition.
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root EC samples, but did not separate for aerial EC samples (stem and leaves). (B) Coordinates
analysis (CAPSCALE analysis) of OTUs present in each treatment. For this, all OTUs from all
treatments were used to build the comparison in which we were able to differentiate those treatments
that were more closely related and those that were the most different. Data showed that Lf was similar
to the control. In a similar manner, Bs was closely related to both the control and Bc, but different
from Ms and Lf. Treatments like Bc and Ms clustered the farthest apart from control, consistent with
microbial composition differences.
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3.6. Changing Temperatures during Spermosphere Association Was Important to the Host
Response to Inoculation

The primary reason for this experiment was not to overinterpret this in relation to a
complex ecological system but rather that a low temperature reduces metabolism and pro-
liferation rate in the microbial organism as well as in the host plant. Here, we used the same
inoculum described above, but before placing them in the soil, treatments (N. benthamiana
seeds + inoculum) were exposed to a single low temperature (4 ◦C) overnight (12 h) before
being brought back to room temperature for two hours and then placed into soil. The results
were as follows: plants treated with Bc and Bs no longer exhibited growth promotion and
were indistinguishable from control plants (Figure S7A). Ms-treated plants did not display a
growth-suppressor phenotype to a modest growth promoter compared to the control. This
trend was observed from the seedling stage to week seven (Figure S7B). To test whether
phenotypic changes in the host had any association with the endogenous plant auxin levels
that we previously observed, we inoculated pB-GFP::P87 N. benthamiana seeds with the
abovementioned 4 ◦C overnight spermosphere treatment and evaluated fluorescence after
10 days. The data (Figure S8) indicated that the differences between endogenous auxin lev-
els among treatments were no longer significant (n = 5, p > 0.05, Tukey–Kramer HSD test).
These data suggest that a low-temperature environment that suppressed activity of the
inoculum resulted in a loss of repeatability of the inoculum phenotypes.

4. Discussion

In order to begin to test the experimental concept of spermosphere associations, we
first needed to establish a core microbiome for Nicotiana (Figures S1, S2 and 3). The EC
community of Nicotiana was comparable to other known plant microbiomes [14] and was
based on a range of geographically diverse Nicotiana species. A notable result from these
analyses was that the microbiome was influenced by domestication compared to wild
relatives from South America and Australia (Supplemental Dataset 2), a result consistent
with intense breeding for leaf volume and metabolites for smoking tobacco production.
Interestingly, the general composition of our core microbiome displayed similarity to those
reported by Saleem et al. [47] and Law et al. [48], despite these studies only employ-
ing an endophyte amplification approach in their commercial fields of Nicotiana tabacum.
Our generated Nicotiana bacterial microbiome provided us with a baseline to compare
inoculum treatments.

The spermosphere is a zone around the seed which separates the germinating embryo
from the soil environment and is the first instance for exposure to the soil microbiome [49].
Since inoculants are applied to seeds, in situ imaging of the root EC community by CARD-
FISH was performed. The data suggest that spermosphere inoculation caused a short-term
increase in microbial signal in the root EC, which normalized between 10 and 21 days
(Figure S6). However, by 21 days post inoculation, the treatment and control CARD-FISH
signals normalized and became more spatially restricted around the stele tissue (Figure S6).
The data suggest that heavily overrepresenting the inoculum of the plants during germina-
tion resulted in a short-term increase in early EC establishment, a phenomenon observed
in microbiome associations with other complex eukaryotes [50,51].

In this study, the microbial associations in the spermosphere of greenhouse-grown
Nicotiana plants correlated with tissue-specific variations in the EC (Figures 1–3). As also
noted in Song et al. [52], we observed that correlations between a changing inoculum
and host traits are evident, but that the core microbiome remained largely intact. Herein,
bacteria, when applied exogenously to the Nicotiana spermosphere, altered host plant
morphogenesis and disrupted normal auxin physiology. Ms was the only treatment that
displayed a positive production of indole. This auxin maxima was also observed by
means of laser scanning confocal microscopy of the roots of transgenic N. tobacum plants
expressing a GFP::P87 reporter (Figure 2). A way to interpret these data is that the in situ
auxin maxima seen in the micrographs of Figure 2A caused a inhibition of expansion similar
to endogenous auxin effects [53]. The Bs and Bc treatments cannot be explained in the same
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way, and this may be because they do not present a true endogenous auxin maxima at the
site of root expansion. These are largely guilt by association pieces of evidence, and further
work is needed to understand the interplay between EC production and the regulation of
auxin in situ.

By design, we aimed to identify spermosphere associations that displayed a gradient
of functional impact on the host (Figure 1). On one end of the scale, the inoculum Ms
was capable of breaking down tryptophan to indole derivatives in vitro and perform the
modulation of endogenous auxin levels in planta, resulting in consistently suppressed host
expansion. On the other hand, the Bacilli sp. (Bs) inoculum was capable of inducing growth
promotion in the host (Figure 1) consistent with other studies in specific Firmicutes [47].
Using a single genotype, we could then ask whether adding these spermosphere inoculum
changed the EC community. The results show that the root EC community was most
responsive to the spermosphere inoculum (Figure 3). As the site of the inoculum, this
is not completely surprising. The changes did not strongly alter the core, but rather the
distribution and abundance of members of the community. One exception to this was
observed in the case of Bc and Bs treatments. Spermosphere inoculation with these Bacilli
resulted in exclusion of the phylum Firmicutes from the root EC (Figure 4A). Given the
replicated trial design, we do believe this to be a random observation. However, it was
unclear to us what the mechanism for exclusion is. A possibility is that the alterations in
the EC community are a result of altering host immunity due to the overrepresentation of
one type of bacteria on the surface of the sterilized treated seeds [14]. Numerous Bs-specific
transcripts were identified through PATseq assessment (Figure S4). Thorough investigation
of these transcripts could yield gene targets that could be essential to establish healthy
bacterial root EC communities. Again, further work is needed to study these associations,
but one can envision numerous practical applications for harnessing plants’ immunity to
exclude unwanted species or promote others.

Based on prior studies into the consistent nature of the core microbiome [7,51,54]
and the response of the plant host [14,55–57], data supports the suggestion that plants
can influence the selection of the EC and that the external microbial community can
influence the plant. Our data are consistent with this postulation and suggest that the
forces are not mutually exclusive and form something of a dynamic balance. These data
are not unexpected given the wealth of information from multi-omics approaches [58].
Importantly, we simplified the experimental approaches by using a greenhouse medium
substrate, a partially characterized inoculum series [29], and molecular approaches to
examine associations. Using a visually obvious phenotype such as expansion (growth
promotion and dwarfism) was particularly useful for making inferences. Associations with
the hormone auxin were consistent with prior experiments [59], and while interesting, we
cannot say if they are direct or indirect associations. As a major driver of plant form and
function, these data could be useful. For instance, could an organism like Ms be applied to
major grains crops to reduce height without a strong yield drag and lower the incidence of
crop lodging?

The complications and environmental inconsistencies that have plagued efforts to
field-validate microbial seed treatments compared with the consistency of agrochemicals
are well documented [19–28]. An example that we observed was that varying the envi-
ronmental temperature employed during seed inoculation caused reproducible and quite
different phenotypic responses in the host plant (Figure S7). While agrochemicals also have
environmental restrictions on their application times and conditions, these data highlight
the need for additional experimentation before results can be taken from the relatively
homogenous greenhouse to agricultural deployment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13121677/s1.

https://www.mdpi.com/article/10.3390/plants13121677/s1
https://www.mdpi.com/article/10.3390/plants13121677/s1


Plants 2024, 13, 1677 13 of 15

Author Contributions: Conceptualization, S.D.; Methodology, A.S.B., L.d.L. and B.K.A.; Validation,
D.L.; Investigation, A.S.B., B.K.A. and M.N.; Resources, D.L. and B.K.A.; Data curation, A.S.B., D.L.
and S.D.; Writing—original draft, A.S.B. and S.D.; Supervision, A.H. All authors have read and agreed
to the published version of the manuscript.

Funding: The authors received partial funded by the USDA Hatch funding (SD), KY NSF EP-
SCoR Cooperative Agreement No. 1355438, 1826715 (SD), Altria and the University of Kentucky
Research Foundation.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Jeff Dangl (University of North Carolina UNC) is thanked for his critical reading
of the manuscript, Piotr Mieczkowski (UNC) and Jozsef Stork (University of Kentucky) for their
technical assistance, and Sarah Lebeis (University of Tennessee) for the molecular probe reagents.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fierer, N. Embracing the unknown: Disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 2017, 15, 579–590.

[CrossRef]
2. Bashan, Y. Inoculants of plant growth-promoting bacteria for use in agriculture. Biotechnol. Adv. 1998, 16, 729–770. [CrossRef]
3. Dimkpa, C.; Weinand, T.; Asch, F. Plant-rhizobacteria interactions alleviate abiotic stress conditions. Plant Cell Environ. 2009, 32,

1682–1694. [CrossRef]
4. Dumbrell, A.J.; Nelson, M.; Helgason, T.; Dytham, C.; Fitter, A.H. Relative roles of niche and neutral processes in structuring a

soil microbial community. Isme J. 2009, 4, 337. [CrossRef]
5. Lugtenberg, B.; Kamilova, F. Plant-Growth-Promoting Rhizobacteria. Annu. Rev. Microbiol. 2009, 63, 541–556. [CrossRef]
6. Coombs, J.T.; Franco, C.M.M. Isolation and Identification of Actinobacteria from Surface-Sterilized Wheat Roots. Appl. Environ.

Microbiol. 2003, 69, 5603–5608. [CrossRef]
7. Bulgarelli, D.; Rott, M.; Schlaeppi, K.; van Themaat, E.V.L.; Ahmadinejad, N.; Assenza, F.; Rauf, P.; Huettel, B.; Reinhardt, R.;

Schmelzer, E.; et al. Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 2012, 488,
91–95. [CrossRef]

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

9. Lundberg, D.S.; Lebeis, S.L.; Paredes, S.H.; Yourstone, S.; Gehring, J.; Malfatti, S.; Tremblay, J.; Engelbrektson, A.; Kunin, V.; Del
Rio, T.G.; et al. Defining the core Arabidopsis thaliana root microbiome. Nature 2012, 488, 86–90. [CrossRef]

10. Coleman-Derr, D.; Desgarennes, D.; Fonseca-Garcia, C.; Gross, S.; Clingenpeel, S.; Woyke, T.; North, G.; Visel, A.; Partida-Martinez,
L.P.; Tringe, S.G. Plant compartment and biogeography affect microbiome composition in cultivated and native Agave species.
New Phytol. 2016, 209, 798–811. [CrossRef]

11. de Oliveira Costa, L.E.; de Queiroz, M.V.; Borges, A.C.; de Moraes, C.A.; de Araújo, E.F. Isolation and characterization of
endophytic bacteria isolated from the leaves of the common bean (Phaseolus vulgaris). Braz. J. Microbiol. 2012, 43, 1562–1575.
[CrossRef]

12. Gagne-Bourgue, F.; Aliferis, K.; Seguin, P.; Rani, M.; Samson, R.; Jabaji, S. Isolation and characterization of indigenous endophytic
bacteria associated with leaves of switchgrass (Panicum virgatum L.) cultivars. J. Appl. Microbiol. 2013, 114, 836–853. [CrossRef]

13. Kembel, S.W.; O’connor, T.K.; Arnold, H.K.; Hubbell, S.P.; Wright, S.J.; Green, J.L. Relationships between phyllosphere bacterial
communities and plant functional traits in a neotropical forest. Proc. Natl. Acad. Sci. USA 2014, 111, 13715–13720. [CrossRef]

14. Lebeis, S.L.; Paredes, S.H.; Lundberg, D.S.; Breakfield, N.; Gehring, J.; McDonald, M.; Malfatti, S.; Del Rio, T.G.; Jones, C.D.;
Tringe, S.G.; et al. Plant Microbiome. Salicylic acid modulates colonization of the root microbiome by specific bacterial taxa.
Science 2015, 349, 860–864. [CrossRef]

15. Yeoh, Y.K.; Dennis, P.G.; Paungfoo-Lonhienne, C.; Weber, L.; Brackin, R.; Ragan, M.A.; Schmidt, S.; Hugenholtz, P. Evolutionary
conservation of a core root microbiome across plant phyla along a tropical soil chronosequence. Nat. Commun. 2017, 8, 215.
[CrossRef]

16. Ortiz-Álvarez, R.; Fierer, N.; de los Ríos, A.; Casamayor, E.O.; Barberán, A. Consistent changes in the taxonomic structure and
functional attributes of bacterial communities during primary succession. ISME J. 2018, 12, 1658–1667. [CrossRef]

17. Yeoh, Y.K.; Paungfoo-Lonhienne, C.; Dennis, P.G.; Robinson, N.; Ragan, M.A.; Schmidt, S.; Hugenholtz, P. The core root
microbiome of sugarcanes cultivated under varying nitrogen fertilizer application. Environ. Microbiol. 2016, 18, 1338–1351.
[CrossRef]

18. Cosgrove, D.J. Loosening of plant cell walls by expansins. Nature 2000, 407, 321–326. [CrossRef]
19. Mantelin, S.; Touraine, B. Plant growth-promoting bacteria and nitrate availability: Impacts on root development and nitrate

uptake. J. Exp. Bot. 2004, 55, 27–34. [CrossRef]
20. Compant, S.; Duffy, B.; Nowak, J.; Clément, C.; Barka, E.A. Use of plant growth-promoting bacteria for biocontrol of plant

diseases: Principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 2005, 71, 4951–4959. [CrossRef]

https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1016/S0734-9750(98)00003-2
https://doi.org/10.1111/j.1365-3040.2009.02028.x
https://doi.org/10.1038/ismej.2009.122
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1128/AEM.69.9.5603-5608.2003
https://doi.org/10.1038/nature11336
https://doi.org/10.1038/srep17087
https://doi.org/10.1038/nature11237
https://doi.org/10.1111/nph.13697
https://doi.org/10.1590/S1517-83822012000400041
https://doi.org/10.1111/jam.12088
https://doi.org/10.1073/pnas.1216057111
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1038/s41396-018-0076-2
https://doi.org/10.1111/1462-2920.12925
https://doi.org/10.1038/35030000
https://doi.org/10.1093/jxb/erh010
https://doi.org/10.1128/AEM.71.9.4951-4959.2005


Plants 2024, 13, 1677 14 of 15

21. O’Callaghan, M. Microbial inoculation of seed for improved crop performance: Issues and opportunities. Appl. Microbiol.
Biotechnol. 2016, 100, 5729–5746. [CrossRef]

22. Beneduzi, A.; Ambrosini, A.; Passaglia, L.M.P. Plant growth-promoting rhizobacteria (PGPR): Their potential as antagonists and
biocontrol agents. Genet. Mol. Biol. 2012, 35, 1044–1051. [CrossRef]

23. Schuhegger, R.; Ihring, A.; Gantner, S.; Bahnweg, G.; Knappe, C.; Vogg, G.; Hutzler, P.; Schmid, M.; Van breusegem, F.; Eberl,
L.; et al. Induction of systemic resistance in tomato by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant Cell
Environ. 2006, 29, 909–918. [CrossRef]

24. Adesemoye, A.O.; Torbert, H.A.; Kloepper, J.W. Enhanced plant nutrient use efficiency with PGPR and AMF in an integrated
nutrient management system. Can. J. Microbiol. 2008, 54, 876–886. [CrossRef]

25. Vessey, J.K. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil. 2003, 255, 571–586. [CrossRef]
26. Heggie, L.; Jansen, M.A.; Burbridge, E.M.; Kavanagh, T.A.; Thorneley, R.N.; Dix, P.J. Transgenic tobacco (Nicotiana tabacum L. cv.

Samsun-NN) plants over-expressing a synthetic HRP-C gene are altered in growth, development, and susceptibility to abiotic
stress. Plant Physiol. Biochem. 2005, 43, 1067–1073. [CrossRef]
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