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Featured Application: Endophytic bacteria identified in this research may find potential applica-
tions as biofertilizers to improve nutrient utilization in plants.

Abstract: Endophytic bacteria, especially those that participate in nitrogen fixation, play critical roles
in supplying essential nutrients for legume plant growth. Despite that there have been numerous
investigations targeting bacterial microbiomes in legume roots and nodules, little is known about
embryonic bacteria that facilitate plant nutrient utilization after seed germination. Here, we collected
and investigated endophytic bacterial microbiome in edible pea (Pisum sativum) embryos using five
representative cultivars and a pea sprout (shoot of pea [SHP]) control. Twenty-six nitrogen-fixing
bacteria (NFB) were isolated from pea embryos, with three strains found in fresh grain pea (FGP)
and snow pea (SP) exhibiting the strongest nitrogenase activity of above 85 nmol C2H4/mL/h. Some
NFB isolates are also potassium-solubilizing bacteria (KSB) or phosphorus-solubilizing bacteria
(PSB) utilizing inorganic and/or organic phosphorus. All 26 NFB showed variable levels (0.41 to
7.10 µg/mL) of indole-3-acetic acid (IAA) secretion. The nutrient-solubilizing NFB identified in
our research are potential targets for biofertilizer development. They could be useful in converting
nitrogen, potassium, and/or phosphorus into usable forms for the plants. At the microbiome level,
high-throughput 16S ribosomal RNA (rRNA) sequencing of 40 bacterial collections from pea embryos
generated 4234 operational taxonomic units (OTUs) using 97% identity as the threshold for clustering
high-quality effective reads (valid tags). Analysis of OTU annotation results revealed similar species
community structures, abundance, and diversity in most samples. Our embryo-derived endophytic
bacterial pool provides a microbiome platform for seed dormancy and germination research of edible
peas, as well as for digging new biofertilizer resources in general.

Keywords: bacterial diversity; edible peas; plant embryo microbiome; endophytic bacteria;
nitrogen-fixing bacteria; plant growth-promoting bacteria

1. Introduction

The edible pea (Pisum sativum) is a major grain legume crop with about 7.5 million
hectares of planting area worldwide [1]. Major edible pea cultivars in the market include
dry grain pea (DGP), fresh grain pea (FGP), snow pea (SP), sweet crispy pea (SCP), and pea
tip (seedling of pea [SEP]). On an average, the pea grain consists of 55–60% starch, 20–25%
protein, and 6–10% crude fiber, making it a healthy food resource of plant proteins, dietary
fiber, vitamins, and essential minerals [2]. Like soybeans [3] and peanut [4,5], pea growth
and nutrient uptake require growth-promoting endophytic bacteria [6], especially those
involved in nitrogen fixation [7].
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Endophytic bacteria thrive inside plant tissues and organs with no immediate impact
on normal plant growth [8]. Over time, they may either cause damage to plants or promote
plant growth under normal and/or stressful conditions [9]. Growth-promoting endophytic
bacteria can enhance plant nutrient utilization, growth, and health via multiple approaches,
including but not limited to enhancing plant resistance against phytopathogens, production
of enzymes for nutrition solubilization, uptake and absorption, canonical phytohormone
biosynthesis and modulation of their homeostasis, production and secretions of volatile
organic acids and secondary metabolites, and heavy metal phytoremediation [3,10,11].
Endophytic bacteria-assisted acquisitions of macro- and micronutrients in plants espe-
cially involve nitrogen (N), phosphorus (P), and potassium (K) [3]. Legume-symbiotic
nitrogen-fixing bacteria (NFB) have nitrogenase activity capable of transforming atmo-
spheric nitrogen into plant-usable inorganic compounds [12]. Phosphorus-solubilizing
bacteria (PSB) [13] and potassium-solubilizing bacteria (KSB) [14] can solubilize soil in-
organic/organic phosphorus and potassium, respectively. These nutrients can be easily
utilized by plants in their soluble forms. Endophytic bacteria may also produce auxins [15],
cytokinins [16], and/or gibberellins [17] to modulate plant hormonal homeostasis, which
may have significant impacts on plant growth and development. Nitrogen fixation, nutri-
ent solubilization, and phytohormone production activities are not mutually exclusive in
growth-promoting endophytic bacteria, with some strains playing two or more roles in
promoting plant nutrient uptake and utilization [9].

Cultivable endophytic bacteria only account for 0.01–10% of the total bacterial species.
Their species/genera can be determined by morphology observation, Gram staining, bio-
chemical/physiological assays, and 16S ribosomal RNA (rRNA) sequencing [18–20]. High-
throughput 16S rRNA sequencing enables an accurate and complete investigation of endo-
phytic bacterial community structures, species diversity, and abundance at the microbiome
level, with no need for individual strain isolation and culture [21–23].

Considered to originate from the external environment, endophytic bacteria can be
found in plant seeds, leaves, flowers, roots, and root nodules [24]. Seed endophytic bacteria
can be horizontally transferred through multiple generations of plants and help to keep
seed dormancy status, protect the seed from pathogen infection, promote seed germination
in the soil, and improve seedling tolerance to abiotic stress [25–30]. Leaf endophytic
bacterial microbiomes have high variation associated with plant species, leaf sub-locations,
and growth stages. They can suppress pathogen attachment on leaves and enhance plant
growth and biomass accumulation [31–34]. Flower endophytic bacteria reside in stigmas,
pollens, petals, and nectars to function in pollination [35]. Roots harbor far more endophytic
bacterial species and abundance than any other organs. These bacteria are highly diverse in
both community structure and functions [36]. Both rhizobia and nonrhizobial endophytic
bacteria in root nodules are critical for legume growth and resilience [37].

Most plant endophytic bacterial studies, especially those that target peas, focus on
roots and root nodules due to their legume and symbiotic nitrogen fixation nature [38–41].
In contrast, little is known about endophytic bacteria in plant embryos, which may har-
bor bacteria transmitted from flowers and seeds and facilitate plant nutrient utilization
after seed germination. The embryo bacterial microbiome also shapes the blueprint of
bacterial communities in the next generation of plants. For example, the high bacterial
diversity in watermelon embryos mainly includes spore-forming Firmicutes, Proteobacte-
ria, Bacteroidetes, Actinobacteria, and other minor phyla that are vertically transmittable
to seedlings [42]. In addition, embryonic microbiota may be involved in plant disease
resistance. For example, bacterial communities in maize embryos are associated with their
susceptibility to fusarium ear rot [43].

We previously reported the community structure and associated networks of endo-
phytic bacteria in pea roots throughout the plant life cycle [44]. Here, we collected and
investigated the endophytic bacterial microbiomes in edible pea embryos using five rep-
resentative cultivars and a pea sprout control. Twenty-six NFB were isolated from pea
embryos. Some of the NFB isolates are also KSB or PSB. All 26 NFB showed variable



Appl. Sci. 2024, 14, 788 3 of 17

levels of indole-3-acetic acid (IAA) secretion. High-throughput 16S RNA sequencing of
40 bacterial collections from pea embryos revealed similar community structures, species
abundance, and diversity in most samples. Our work identified nutrient-solubilizing NFB
with biofertilizer potential and established an embryo-derived endophytic bacterial pool
for seed dormancy and germination research of edible peas.

2. Materials and Methods
2.1. Plant Materials and Sampling

Edible pea seeds were stocks kept at Qingdao Academy of Agricultural Sciences. Five
pea cultivars with different fiber and sugar contents were used in this research, including
dry grain pea (DGP), fresh grain pea (FGP), snow pea (SP), sweet crispy pea (SCP), and
pea tip (seedling of pea [SEP]). These five cultivars are the most common edible peas
found in the market, representing wide ranges of nutritional and chemical compositions
(proteins, dietary fibers, starch/sugar/carbohydrates, vitamins, polyphenolic compounds,
antioxidants/bioactive compounds, etc.) [45–47]. Bacterial microbiome analysis on these
cultivars would generate a comprehensive blueprint of endophytic bacteria distributions in
pea embryos. Twenty pea accessions were sown with three to four accessions included in
each cultivar and a pea sprout (shoot of pea [SHP]) accession used as the control. Pea plants
were grown from March to June 2018. Samples were collected in the seedling, flowering,
grain-filling, and seed maturity stages. All collected samples were stored at −20 ◦C.

2.2. Isolation and Purification of Cultivable Endophytic Bacteria

Pea embryos were isolated from de-coated seeds, sterilized with 70% ethanol for
3 min, and then rinsed/washed with sterilized water. Adequate sterilization was tested
by spreading 100 µL water from the last rinse to Trypticase Soy Agar (TSA) plates (15 g/L
tryptone, 5.0 g/L soybean peptone, 30 g/L NaCl, 15 g/L agar). Embryo sterilization was
considered successful if no microbe grew after 72 h incubation of the TSA plates at 28 ◦C.
Plastic-wrapped sterilized embryos were crushed and transferred to 1.5 mL Eppendorf
tubes. After adding 1 mL saline solution to each tube, embryo samples were sonicated
for 1 min. After 10-fold dilution, 100 µL suspension was spread on either TSA or Ashby’s
nitrogen-free (20 g/L mannitol, 0.2 g/L K2HPO4, 0.2 g/L MgSO4, 0.2 g/L NaCl, 0.1 g/L
K2SO4, 5.0 g/L CaCO3, 15 g/L agar, pH 7.4 ± 0.2) plate. After incubation at 28 ◦C for 72 h,
single bacterial colonies were picked for multiple rounds of streak cultivation. Purified
isolates were cultured and stored at −80 ◦C. Bacteria strains isolated from the last round of
streak were classified based on colony sizes, colors, transparency, and morphology.

2.3. Nitrogenase Activity and Nutrient Solubilization Assays of Plant Growth-Promoting Bacteria

Nitrogenase activity was measured by acetylene reduction assay (ARA). Ethylene
absorption in ARA was determined spectrophotometrically since the change in the ab-
sorbance over time is linear with nitrogenase activity [48–50]. A total of 1 mL of NFB
culture was added to a 13 mL glass vial with 1 mL of air replaced with the same volume
of acetylene (99.99% purity). After culturing at 28 ◦C for 24 h, the bacterial sample was
mixed with 2 mL of saturated NaCl solution. A total of 200 µL of the mixture (10% gas
concentration) was then extracted and added to the absorption buffer (5.0 g/L CuSO4,
5.3 g/L ammonia, 23 g/L NH2OH·HCl, 0.9 g/L gelatin, 31.6% ethanol). The optical density
(OD) was measured at 548 nm after shaking the mixture for 5 min. Blank medium without
NFB inoculation was used as the mock control.

To measure inorganic phosphorus solubilization, bacterial strains were inoculated to
inorganic phosphorus screening medium (10 g/L glucose, 0.5 g/L (NH4)2SO4, 0.2 g/L
NaCl, 0.2 g/L KCl, 0.03 g/L MgSO4·7H2O, 0.03 g/L MnSO4, 0.003 g/L FeSO4, 0.5 g/L
yeast extract, 5.0 g/L Ca3(PO4)2, 15 g/L agar, pH 6.8–7.0) and cultured at 30 ◦C for 3 d.
Inorganic phosphorus solubilization was indicated by the emergence of clear halos on the
plates, with halo sizes positively correlated to solubilization activity. Similarly, organic
phosphorus solubilization was tested by inoculating the bacterium to egg yolk medium
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(10 g/L tryptone, 3.0 g/L beef extract, 5.0 g/L NaCl, 15 g/L agar, pH 7.0–7.5; add 3 mL of
fresh egg yolk to a 50 mL medium plate before use) and checking the formation of turbid
halos after incubation at 30 ◦C for 3 d.

To measure potassium solubilization, bacterial strains were inoculated to silicate
medium (10 g/L sucrose, 0.5 g/L yeast extract, 1.0 g/L (NH4)2SO4, 2.0 g/L Na2HPO4,
0.5 g/L MgSO4·7H2O, 1.0 g/L CaCO3, 1.0 g/L potash feldspar powder, 15 g/L agar)
and incubated at 30 ◦C for 3 d. The emergence of clear halos on silicate plates indicated
successful solubilization of inorganic potassium, with halo sizes positively correlated to
bacterial potassium solubilization activity.

Bacterial IAA production was quantified by using the Salkowski reagent (a fresh
mixture solution of 0.5 M FeCl3 and 35% HClO4) to generate a standard curve [51]. A
total of 50 µL of bacterial culture at the logarithmic growth phase was inoculated to the
beef extract liquid medium containing 0.5 g/L tryptophan. After shaking at 140 rpm
and 28 ◦C for 36 h, 50 µL of activated bacterial culture at the logarithmic growth phase
were mixed with the Salkowski reagent and incubated (avoid light) at 25 ◦C for 30 min.
Bacterial IAA production was indicated by the emergence of pink color in the solution. IAA-
producing bacterial cultures were then centrifugated at 8000× g for 5 min. A total of 2 mL of
supernatant from each strain was mixed with 4 mL of the Salkowski reagent and incubated
(avoid light) at 25 ◦C for 30 min. IAA production was quantified by measuring ODs at
530 nm with three biological replicates performed for each sample. The standard curve was
generated by using a concentration gradient of eight IAA standards for Salkowski reactions
and subsequent OD measurements. In all inorganic/organic phosphorus and potassium
solubilization and IAA production assays, all the bacterial samples were tested in the same
batch to facilitate side-by-side activity comparisons.

2.4. Bacterial DNA Extraction and 16S Ribosomal DNA Sequencing

Genomic DNA samples were extracted from endophytic bacterial collections derived
from pea embryos. Their 16S rDNA V3/V4-specific fragments were amplified using
the high-fidelity TaKaRa Ex Taq DNA Polymerase (TakaRa, Dalian, China) and two spe-
cific barcoded PCR primers named 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-
AGGGTATCTAATCCT-3′). PCR products were sequenced by OE Biotech (Shanghai, China)
using the Illumina PE250 platform.

2.5. Bioinformatic Analysis of High-Throughput 16S rDNA Sequencing Data

The raw bacterial 16S rDNA V3/V4-specific fragment sequences in FASTQ format
were processed by Trimmomatic v0.22 [52] to remove low-quality reads. Optimized paired-
end reads were assembled using FLASH v1.2.11 [53]. Shorter-than-normal reads and reads
containing ambiguous or single repetitive bases were discarded to improve assembly ac-
curacy. At the same time, UCHIME v4.1 [54] was used to detect and remove chimeric
sequences. The high-quality 16S rDNA sequences generated afterwards were processed
by VSEARCH v2.14.2 [55] to define operational taxonomic units (OTUs), with sequences
sharing at least 97% identities being clustered into the same OTU. Representative 16S
OTU sequences were selected by QIIME v1.9.1 [56] and used for BLAST searches against
Greengenes v13.5 [57] and SILVA Release 138 [58] databases. BLAST results with confi-
dence intervals larger than 0.7 were used for phylum/genus/species annotation using the
Ribosomal Database Project (RDP) v11.4 Classifier [59].

3. Results
3.1. Morphological Identification of Cultivable Endophytic Bacteria in Pea Embryos with Putative
Nitrogen Fixation Activity

Twenty pea accessions were divided into six cultivar groups, including DGPS (dry
grain pea samples S18P01-04), FGPS (fresh grain pea samples S18P05-08), SPS (snow pea
samples S18P09-12), SCPS (sweet crispy pea samples S18P13-16), SEPS (pea tip [seedling of
pea] samples S18P17-19), and SHPS (pea sprout [shoot of pea] sample S18P20) which was
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used as a control. Twenty-seven putative NFB isolates were identified from pea embryos
based on their sizes, shapes, texture, and colors (Table S1; Figure 1a). These strains were
somewhat evenly distributed in DGPS (S18P01-1, S18P01-2, S18P02-1, S18P02-2, S18P02-3,
S18P03-1, S18P03-2, S18P04-1, S18P04-2, and S18P04-3), FGPS (S18P05-1, S18P05-2, S18P06-
1, S18P06-2, S18P06-3, S18P07-1, S18P07-2, S18P07-3, S18P08-1, S18P08-2, and S18P08-3),
and SPS (S18P09, S18P10, S18P11-1, S18P11-2, S18P12-1, and S18P12-2), with no putative
NFB isolates being identified from SCPS, SEPS, or SHPS.
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clear (top) and turbid (bottom) halos indicates bacterial solubilization of inorganic and organic 
phosphorus, respectively. (c) Among 13 isolated NFB that are also potassium-solubilizing bacteria 
(KSB), S18P02-2 (left) and S18P12-1 (right) have the highest potassium solubilization capacities. Bac-

Figure 1. Isolation of nitrogen-fixing bacteria (NFB) from pea embryos and their nutrient solubiliza-
tion activities. (a) Colonial morphology of two (S18P11-1 and S18P09) representative endophytic
bacterial strains. Twenty-seven culturable endophytic bacterial strains isolated in this research may
possess putative nitrogen fixation capability. (b) Two NFB isolates S18P05-2 and S18P08-3 are also
phosphorus-solubilizing bacteria (PSB) capable of solubilizing both inorganic and organic phospho-
rus. Inorganic phosphorus screen plates (top) and egg yolk plates (bottom) plates were used to test
bacterial abilities to solubilize inorganic and organic phosphorus, respectively. The emergence of clear
(top) and turbid (bottom) halos indicates bacterial solubilization of inorganic and organic phosphorus,
respectively. (c) Among 13 isolated NFB that are also potassium-solubilizing bacteria (KSB), S18P02-2
(left) and S18P12-1 (right) have the highest potassium solubilization capacities. Bacterial potassium
solubilization capability was measured by the emergence of clear halos on the silicate plates. Both
S18P02-2 and S18P12-1 generated clear halos with diameters as large as 2.2 cm. (d) Quantification
assays using the Salkowski reagent show that all isolated NFB secrete IAA, with the highest and the
lowest levels of IAA production observed in S18P05-2 and S18P11-1, respectively.

3.2. Nutrient Solubilization and Utilization Activities of Nitrogen-Fixing Bacteria (NFB) Isolated
from Pea Embryos

Nitrogenase activities of the 27 putative NFB cultures ranged from 10.67 to 89.45 and
averaged at 71.95 nmol C2H4/mL/h (Table 1). They were classified into four nitrogenase
activity categories of less than 40 (S18P02-1 [10.67]), 40–60 (S18P11-1 [54.37]), 60–80 (21 iso-
lates), and above 80 (S18P05-1 [85.02], S18P08-2 [89.45], and S18P12-1 [85.86]). The three
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strongest NFB were isolated from FGPS (S18P05-1 and S18P08-02) and SPS (S18P12-1).
Overall, 26 out of 27 isolates, excluding S18P02-1, were verified as NFB with considerable
nitrogen fixation capability.

Table 1. Nitrogen fixation (nitrogenase), nutrient (phosphorus and potassium) solubilization, and
IAA production activities of the 27 putative nitrogen-fixing bacterial (NFB) strains identified from
pea embryos. Solubilization of inorganic and organic phosphorus (P) and potassium (K) is indicated
by the diameters of halos produced on the respective nutrient plates.

Strain No. Nitrogenase
(nmol C2H4/mL/h)

Inorganic P
(cm)

Organic P
(cm)

K
(cm) IAA (µg/mL)

S18P01-1 73.89 0.00 0.00 0.00 3.956
S18P01-2 73.89 0.70 0.00 1.70 2.442
S18P02-1 10.67 0.00 0.00 0.00 2.975
S18P02-2 71.85 0.00 2.80 2.20 3.480
S18P02-3 62.27 1.30 0.00 0.00 2.961
S18P03-1 73.89 0.00 0.00 2.10 2.370
S18P03-2 67.06 0.00 0.00 0.00 4.259
S18P04-1 77.36 0.00 0.00 0.00 5.067
S18P04-2 68.38 0.00 0.00 0.00 2.168
S18P04-3 70.77 1.10 0.00 1.70 3.076
S18P05-1 85.02 0.00 0.00 1.70 2.615
S18P05-2 79.87 2.00 4.00 2.00 7.100
S18P06-1 60.24 1.20 0.00 2.10 2.240
S18P06-2 79.63 0.00 0.00 0.00 2.283
S18P06-3 74.01 0.00 0.00 0.00 3.740
S18P07-1 77.96 1.50 0.00 0.00 5.485
S18P07-2 0.00 0.00 0.00 0.00 2.600
S18P07-3 77.48 0.00 0.00 1.60 2.038
S18P08-1 78.32 0.00 0.00 2.00 3.769
S18P08-2 89.45 1.50 0.00 0.00 4.721
S18P08-3 79.15 1.30 2.80 1.80 5.399
S18P09 74.01 0.00 0.00 0.00 2.903
S18P10 77.24 0.00 0.00 0.00 2.658

S18P11-1 54.37 1.70 0.00 2.00 0.408
S18P11-2 72.09 0.70 0.00 2.20 2.081
S18P12-1 85.86 1.10 0.00 2.10 2.370
S18P12-2 75.92 0.00 0.00 0.00 1.966

PSB and KSB solubilize soil phosphorus and potassium, respectively, for their easier
absorption by plants [60,61]. We screened our NFB collection for PSB and KSB by measuring
the halos they generated on certain nutrient plates, which has been demonstrated to be a
convenient and reliable approach [62]. Eleven out of twenty-six NFB isolates generated
clear halos on inorganic phosphorus screen plates (Table 1), demonstrating their ability
to solubilize inorganic phosphorus. On the other hand, only 3 out of 26 isolates were
organic phosphorus solubilizers, as revealed by their ability to generate turbid halos on egg
yolk plates (Table 1). Of particular interest, S18P05-2 and S18P08-3 are the only two NFB
that are also dual-role PSB capable of solubilizing both inorganic and organic phosphorus
(Figure 1b).

KSB catabolize potash feldspar powder in the silicate medium. They can also degrade
apatite and aluminosilicate minerals in the soil [63]. These solubilized nutrients may then
be utilized by plants. Thirteen out of twenty-six NFB isolates generated clear halos on the
silicate plates (Table 1), demonstrating that they are also KSB. Among them, S18P02-2 and
S18P12-1 are the two strongest potassium solubilizers which generated clear halos as large
as 2.2 cm in diameter (Figure 1c).

Tests using the Salkowski reagent showed that all NFB isolates secreted IAA
(Figure 1d). They were classified into four categories based on their IAA production
capacity (µg/mL) [64], including “below 2” (S18P11-1 [0.41] and S18P12-2 [1.97]), “2–4”
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(18 isolates), “4–6” (5 isolates), and “above 6” (S18P05-2 [7.10]) (Table 1). Isolates with the
highest (S18P05-2) and the lowest (S18P11-1) IAA production levels were isolated from
FGPS and SPS, respectively.

3.3. Quality Control of Bacterial 16S rDNA Sequencing Data and Operational Taxonomic Unit
(OTU) Clustering

A range of 23449 to 37104 (33793 on average) effective DNA sequencing reads were
obtained from each replicate of the 20 pea embryo bacterial collections (two replicates per
collection, 40 samples total) after removing low-quality sequences (Table S2). Most of these
high-quality reads are 410–450 base pairs (bp) in lengths (Figure S1). A total of 4234 OTUs
were obtained using 97% identity as the threshold for clustering high-quality effective
reads (valid tags). Clustered OTUs per pea embryo sample varied from 271 (S18P02.1) to
690 (S18P01.1), with 396 OTUs being annotated on average.

3.4. The Community Structure of Endophytic Bacteria in Pea Embryos

Based on OTU annotation results, endophytic bacteria isolated from the embryos of 20 pea
accessions were clustered into 28 phyla, with Bacteroidetes (27.82%), Firmicutes (26.60%), Proteobac-
teria (17.92%), and Actinobacteria (4.10) exhibiting the highest abundance on average (Figure 2a).
These OTUs were further clustered into 517 genera (Figure 2b). Overall, dominant genera
include Bacteroides, Enterococcus, Bacillus, Lactobacillus, Lachnospiraceae_NK4A136_group, Allo-
prevotella, Prevotellaceae_UCG_001, Streptococcus, Neisseria, and Fusobacterium. In contrast to
most pea embryo samples, S18P07.2 and S18P10.2/S18P20.2/S18P11.2 harbored the most
dominant bacterial genera of Streptococcus and Enterococcus, respectively. In the heat map
of bacterial genera abundance (Figure 3), OTUs were somewhat evenly distributed across
different genera in most samples except for S18P03.2 (low abundance of Lactobacillus and
Bacteroides and high abundance of Prevotella_7, Streptococcus, and Rothia), S18P01.1 (high
abundance of Bacillus, Blautia, Prevotellaceae_NK3B31_group, Neisseria, and Fusobacterium),
S18P011.2 (very high abundance of Enterococcus and low abundance of all other genera),
and S18P14.2 (high abundance of Bacteroides and Lachnospiraceae_NK4A136_group).
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3.5. Alpha Diversity Analysis of Endophytic Bacteria in Pea Embryos

Meaningful microbial community diversity and abundance analysis requires sufficient
sequencing depth to cover most bacterial species in the samples. Constructed from the
diversity indexes of different sequencing volumes, the Shannon–Wiener dilution curves [65]
all went flat (Figure 4) with sequencing depths above 99% (Table S3), indicating that
our sequencing data sizes are large enough to accurately reflect the endophytic bacterial
microbiome in pea embryos.

Chao1, Shannon, and Simpson indexes [66] were calculated (Table S3) to estimate the
Alpha (within-sample) diversity [67] of endophytic bacteria in pea embryos. The Chao1
index is the estimation of total OTUs in a sample by counting OTUs that appear only one
to two times. High Shannon index values indicate high diversity and a relatively even
distribution of bacterial species. The Simpson index represents the possibility that two
randomly selected bacterial isolates are different species. Simpson values are positively
correlated to species diversity in samples. To facilitate diversity comparison among samples,
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an OTU matrix was constructed by randomly retrieving sequences from all samples with
an identical sampling depth. This new matrix was used to normalize the deviation caused
by sequencing depth differences so that all diversity indexes of different samples can be
calculated with a uniform depth. Sample Chao1 values of our samples varied from 226.26
to 394.01 (Table S3), which are comparable to the actual annotated OTU numbers (Table S2).
Shannon and Simpson index values are also consistent in each sample (Table S3). Unlike
most samples, endophytic bacteria from S18P05.2, S18P11.1, and S18P11.2 exhibited much
lower Alpha diversity and uneven distributions (Shannon index < 5; Simpson index < 0.9),
with S18P11.2 showing the lowest values for both indexes (Table S3).
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3.6. Principal Component Analysis (PCA) of Endophytic Bacteria in Pea Embryos

Principal component analysis (PCA) was carried out on endophytic bacterial samples
from the embryos of all six pea cultivar groups, including DGPS, FGPS, SPS, SCPS, SEPS,
and SHPS. PCA is an unsupervised learning algorithm used to essentially cluster unlabeled
bacterial microbiome data through dimensionality reduction, which ends up with principal
components that explain as much variation as possible [68]. Principal components 1, 2,
and 3 (PC1, PC2, and PC3) contributed 51.9%, 29.7%, and 6.5% of the total variation,
respectively (Figure 5). S18P07.2 in the fresh grain pea sample (FGPS) group, as well
as S18P11.2 and S18P10.1 in the snow pea sample (SPS) group, showed relatively long
distances and low similarities to all the other samples in the PCA map (Figure 5). Except
for these two outliers, all bacterial collections, especially those from SEPS, exhibited short
distances, good sample parallelism, and similar components and community structures
(Figure 5). Most samples aggregated in both PC1 and PC2 (Figure 5), indicating that
there is no significant structural difference in endophytic bacterial communities from pea
embryos of different cultivars/accessions. In conclusion, the PCA results implicate that
most endophytic bacteria from all six pea embryo cultivar groups can all be clustered
together with relatively short distances (Figure 5).
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Figure 5. Principal component analysis (PCA) of endophytic bacteria in all six pea embryo cultivar
groups. DGPS: dry grain pea samples; FGPS: fresh grain pea samples; SPS; snow pea samples;
SCPS: sweet crispy pea samples; SEPS: pea tip (seedling of pea) samples; SHPS: pea sprout (shoot of
pea) samples.

3.7. Linear Discriminant Analysis (LDA) Coupled with Effect Size Measurement (LEfSe) Analysis
of Endophytic Bacteria in Pea Embryos

Linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe)
analysis was carried out to analyze endophytic bacterial difference in pea embryos. LEfSe
is used for high-dimensional identification and characterization of two or more signif-
icant groups in bacterial microbiome data [69,70]. LEfSe scores represent the effective
sizes of abundant species and indicate species enriched in the groups. Relatively abun-
dant endophytic bacterial species (LDA score > 3, which is more stringent than the de-
fault LDA score threshold of 2) were identified from all six cultivar groups of DGPS
(Bifidobacterium, Bifidobacteriales, Bifidobacteriaceae, and Blautia), FGPS (Prevotella_7, Eubac-
terium_coprostanoligenes_group, Entomoplasmatales, Entomoplasmatales_Incertae_Sedis, Candida-
tus_Hepatoplasma, Spirochaetae, Spirochaetaceae, Spirochaetales, Spirochaetes, and Treponema_2),
SPS (Geodermatophilaceae), SCPS (Marvinbryantia), SEPS (Ruminococcus_2, Incertae_Sedis, and
Peptoclostridium), and SHPS (Peptostreptococcaceae, Romboutsia, Flavisolibacter, Ruminococ-
caceae_UCG_013, Deferribacteraceae, Deferribacteres, uncultured_bacterium, Deferribacterales,
Mucispirillum, BIrii41, Flammeovirgaceae, Ambiguous_taxa, Phaselicystidaceae, Phaselicystis,
Candidatus_Nitrosoarchaeum_limnia_SFB1, and SAR324_clade_Marine_group_B) (Figure 6).
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Figure 6. Linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe) analysis
of endophytic bacteria in all six pea embryo cultivar groups. DGPS: dry grain pea samples; FGPS:
fresh grain pea samples; SPS; snow pea samples; SCPS: sweet crispy pea samples; SEPS: pea tip
(seedling of pea) samples; SHPS: pea sprout (shoot of pea) samples.

3.8. The Species of Four NFB Strains of Interest Are Determined by Long 16S rDNA Sequencing

We then sequenced long (nearly full-length) 16S rDNA fragments of S18P02-2 (a strong
KSB), S18P08-2 (a strong NFB), S18P08-3 (a dual-role PSB), and S18P12-1 (a strong NFB
and KSB) to determine their species (Table 2). Detailed sequencing results can be found in
Table S4. Both S18P08-2 and S18P12-1 are Enterobacter roggenkampii with strong nitrogen
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fixation ability. However, S18P12-1 is a KSB but S18P08-2 cannot solubilize potassium,
which indicates that they are probably different strains.

Table 2. The species of four selected nitrogen-fixing bacterial (NFB) strains are determined by long
16S rDNA sequencing.

Strain No. 16S rDNA Fragment (bp) GenBank Accession No. Species

S18P02-2 1364 PP082614 Klebsiella oxytoca
S18P08-2 1430 PP082615 Enterobacter roggenkampii
S18P08-3 929 PP082616 Enterobacter soli
S18P12-1 1333 PP082617 Enterobacter roggenkampii

4. Discussion

Endophytic bacteria have previously been shown to benefit pea growth and health.
For example, Bacillus pumilus strain SE34 in pea root tissues can induce ultrastructural
modifications to enhance defense [71]. Enterobacter sp. MN17 in pea seeds enhances
plant health and tolerance to cadmium [72]. In our research, the three NFB isolates with
the strongest nitrogenase activity are obtained from FGPS (S18P05-1 and S18P08-02) and
SPS (S18P12-1). Although they are embryo-localized and may not actually participate
in nitrogen fixation at the current generation of peas, their transmission and subsequent
symbiosis with the root nodules of offspring pea plants can contribute to nitrogen fixation.
Pea lines with improved nitrogen fixation capacity can often be selected from nodulation
mutants [73]. Crossing of the selected mutant lines with popular pea cultivars generate
hybrid lines pertaining to the trait of higher nitrogen fixation potential [74]. Alternatively,
the strong NFB isolates isolated in this research can potentially be inoculated to pea root
nodules as biofertilizer. Their high nitrogenase activity is expected to improve the nitrogen
fixation ability of host pea plants. Notably, no NFB isolate in our collection is from SCPS,
SEPS, or SHPS (Table 1), indicating that the enrichment of NFB in pea embryos may be
associated with pea cultivars and genotypes [75–79].

In legumes, endophytic bacteria are known to help plants directly and indirectly in
acquiring nutrients beyond nodulation and nitrogen fixation, such as phosphate solubiliza-
tion, iron chelation, phytohormone production, secreting antibacterial agents to prevent
pathogen infection, outcompeting pathogens for nutrients by siderophore production, and
facilitating the establishment of systemic resistance in plants [80]. For plants in general,
mineral solubilizing bacteria may directly or indirectly stimulate plant growth and devel-
opment by releasing plant growth regulators, solubilizing phosphorus, potassium, zinc,
selenium, and silicon, producing siderophores, ammonia, hydrogen cyanide, hydrolytic en-
zymes (e.g., cellulases, pectinases, xylanases, amylases, and gelatinases), and bioactive com-
pound/secondary metabolites [81,82]. At the microbiome level, nutrient-solubilizing endo-
phytic bacteria have been identified in diverse phyla such as Actinobacteria, Bacteroidetes,
Chlorobi, Cyanobacteria, Firmicutes, Gemmatimonadetes, Proteobacteria, and Tenericutes [81]. α-,
β-, γ-, and δ-Proteobacteria constitute a dominant bacterial group in many plants [82]. In
contrast, endophytic Bacteroidetes, Deinococcus-Thermus, and Acidobacteria exhibit the least
diversity [82]. Achromobacter, Burkholderia, Bacillus, Enterobacter, Herbaspirillum, Pseudomonas,
Pantoea, Rhizobium, and Streptomyces are dominant bacterial genera in most host plants [82].

In our NFB collection, the number of inorganic PSB isolates is almost three folds more
than that of organic PSB. This observation is consistent with the proposed soil origination of
most endophytic bacteria in embryos. The majority of soil PSB tend to solubilize and utilize
inorganic phosphorus [83,84]. Since organic PSB are scarce, they can be valuable biofertilizer
resources functionally supplementing with the more common inorganic PSB that have
already been possessed by plants. Particularly, we obtained two dual-role PSB isolates
(S18P05-2 and S18P08-3) capable of solubilizing both inorganic and organic phosphorus.
When used as biofertilizer, they may help plants utilize broader types of soil phosphorus.
Their potential to solubilize additional forms of inorganic and organic phosphorus should
be tested in the future.
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Most soil potassium exists in mineral forms such as aluminosilicate, which cannot be
directly utilized by plants. Endophytic KSB play a critical role in the generation of soluble
potassium for plant utilization [85]. Bacteria from the Klebsiella genus have been previously
reported to be KSB [86]. Consistently, one of the strongest KSB we obtained, S18P02-2, is
also a Klebsiella bacterium.

Members from the Pseudomonas genus are well known for their growth promotion and
IAA production activities [87,88]. It is no surprise that a Pseudomonas isolate (S18P05-2) is
the strongest IAA producer of all 26 NFB in our collection.

Data analysis of high-throughput 16S rDNA sequencing results found little variation
in endophytic bacterial abundance and diversity in most embryo samples, indicating that
bacterial community structures are not significantly affected by pea cultivars or accessions.
The abundant endophytic bacteria identified in this research will be the targets for further
biochemical, physiological, and functional investigations due to their strong presence in
the pea embryo bacterial microbiome.

Endophytic bacteria support their plant hosts through vegetative and embryonic/
reproductive growth promotion, pathogen reduction/protection, and abiotic stress allevia-
tion [89]. They often employ similar colonization strategies as their pathogenic counterparts,
but instead differentially and beneficially fine-tune host plant immune response, motility,
and metabolic crosstalk [89]. Overall, our endophytic bacterial collection from pea embryos
is a significant addition to known pea microbiomes, as endophytic bacteria in pea embryos
haven’t been systematically investigated previously. NFB/PSB/KSB isolates obtained
in our study can potentially be adopted as agri-environmental sustainable biofertilizers.
Their efficient application in agriculture practice requires detailed understanding of the
molecular mechanisms of nutrient solubilization and environmental conditions that facil-
itate in planta accommodation in peas and other crops [89]. In the future, their nitrogen
fixation and nutrient solubilization activities may be further tested after being applied to
the field. Additional challenges associated with developing these endophytic bacteria into
commercial biofertilizer products include successful product refinement, the passing of
toxicology analysis/evaluation, and prototype formulation [90].
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www.mdpi.com/article/10.3390/app14020788/s1, Figure S1: Length–density distribution diagram of
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description of the 27 putative nitrogen-fixing bacterial (NFB) strains identified from pea embryos;
Table S2: Summary of effective DNA sequencing reads from endophytic bacteria in pea embryos
and derived operational taxonomic units (OTUs); Table S3: Sequencing depths and diversity indexes
of endophytic bacterial samples in pea embryos; Table S4: The long 16S rDNA sequences of four
selected nitrogen-fixing bacterial (NFB) strains.
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