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Abstract

Endophytes play an important role in plant development, survival, and establishment, but their temporal dynamics in young
conifer plants are still largely unknown. In this study, the bacterial community was determined by metabarcoding of the 16S
rRNA gene in the rhizoplane, roots, and aerial parts of 1- and 5-month-old seedlings of natural populations of Abies religiosa
(Kunth) Schltdl. & Cham. In 1-month-old seedlings, Pseudomonas dominated aerial parts (relative abundance 71.6%) and
roots (37.9%). However, the roots exhibited significantly higher bacterial species richness than the aerial parts, with the
dissimilarity between these plant sections mostly explained by the loss of bacterial amplification sequence variants. After
5 months, Mucilaginibacter dominated in the rhizoplane (9.0%), Streptomyces in the roots (12.2%), and Pseudomonas in
the aerial parts (18.1%). The bacterial richness and community structure differed significantly between the plant sections,
and these variations were explained mostly by 1-for-1 substitution. The relative abundance of putative metabolic pathways
significantly differed between the plant sections at both 1 and 5 months. All the dominant bacterial genera (e.g., Pseudomonas
and Burkholderia-Caballeronia-Paraburkholderia) have been reported to have plant growth-promoting capacities and/or
antagonism against pathogens, but what defines their role for plant development has still to be determined. This investigation
improves our understanding of the early plant-bacteria interactions essential for natural regeneration of A. religiosa forest.

Keywords High mountain ecosystems - Tree microbiome - Forest conservation - Plant-microbe interaction - Plant
microbiome

Introduction

Plants create internally an environment or ecosystem with very
specific characteristics. This environment contains many micro-
organisms with a genetic diversity that is often larger than that
of their host [1, 2]. These microorganisms, also called endo-
phytes, are essential for the well-being of their host although
some of them can become pathogens [3]. Plant tissue, host type
and age, and environmental factors determine the endophytic
microbial structure and their metabolic functions [4].
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The largest proportion of plant endophytic microorgan-
isms are bacteria, mostly members of Pseudomonadota
(formerly Proteobacteria [5]) and Actinomycetota (formerly
Actinobacteriota [5]) [2]. These endophytic bacteria can fix
nitrogen for the plants, e.g., Rhizobium, liberate nutrients,
such as potassium and minor elements, mineralize organic
nitrogen and phosphorus, be antagonistic against pathogens,
or produce metabolites that stimulate plant growth [6]. As
such, they mitigate stress and promote plant growth.

Bacteria in plants come initially from the seeds, while
bacterial colonization usually starts at the root surface.
After successful entry, bacteria can move to the aerial
parts by the transpiration stream and with the support of
bacterial flagella [7]. Root exudates, e.g., organic acids,
amino acids, and proteins, can participate in the recruit-
ment of bacterial endophytes from the soil or substrate
in which they grow [8]. Root exudates probably contain
substrates that initiate early communication between host
plants and bacterial endophytes and consequently drive
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the colonization process. The composition of these exu-
dates changes at different life stages of the host plant, and
the composition and diversity of endophytic bacteria also
change [9]. The bacterial composition of the native soil is
also important for the recruitment of bacterial endophytes
by the host plant. For example, the root endophyte commu-
nity composition of Arabidopsis Heynh. in Holl & Heynh.
plants grown in different soils was different, which may
indicate that the soil represents an important source of
environmental inoculum for plants [10]. Overall, much of
our understanding of plant-microbe interactions originates
from studies on model or agricultural plants, while inves-
tigation into tree microbiomes remains unexplored [11].

High mountain temperate forests are important ecosys-
tems as they prevent erosion, maintain soil quality, seques-
ter C, and are home to highly diverse life forms [12].
These valuable ecosystems are under threat due to land-
use change and the increase in the frequency and severity
of drought and heat stress associated with climate change
[13, 14]. In Mexico, more than 50% of temperate forest
coverage has been lost, fragmented, or degraded. Abies
religiosa (Kunth) Schltdl. & Cham. (fir) is an important
species in the coniferous ecosystem of the high mountains
of Mexico, and it is the overwintering host of the Monarch
butterfly (Danaus plexippus L.) [15]. However, A. religi-
osa is one of the most affected forest trees due to habitat
loss and overexploitation [16]. It is used as an ornamental
tree at Christmas and for its wood [17]. If adequate actions
are not implemented soon to promote the conservation of
A. religiosa, there is a risk of local extinction in some
parts of Mexico.

Seedling recruitment is important to the survival of A.
religiosa, as well as all conifers, given their susceptibility
to environmental stressors and pathogens. The seedling
microbiome might play an important role in their survival.
Understanding endophyte community assembly during seed-
ling establishment and survival of seedlings may be key to
designing effective conservation strategies. Insights into
temporal changes in the microbiome could guide manage-
ment practices to maximize the survival and growth rates
of A. religiosa. What changes occur when the A. religiosa
plantlets grow is still largely unknown. In this study, we
investigated the bacterial endophytes of A. religiosa 1- and
5-month-old seedlings growing on the flanks of the volcano
in “La Malinche” national park. The objectives were (i) to
compare the bacterial community and their putative meta-
bolic functions in the aerial parts of A. religiosa seedlings
with that in the roots after 1 month; (ii) to compare the bac-
terial community and their putative metabolic functions in
the aerial parts, roots, and rhizoplane after 5 months; and
(iii) to compare the bacterial community and their putative
metabolic functions in the roots and aerial parts after 1 and
5 months (i.e., changes over time).
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Materials and Methods
Sampling Site and Soil Characterization

The sampling area was in the “La Malinche” National
Park bordering the states of Tlaxcala and Puebla (Mex-
ico). Abies religiosa patches in La Malinche mountain are
confined within intricate ravines where the microclimate
favors the growth of the tree. The seedlings were collected
from locations at 3750 and 3900 m above sea level (a.s.l.)
(Fig. S1). Abies religiosa seedlings were taken from six 4-m?
quadrants (N 19°14'3.4" W 98°01'17.1"; N 19°14.4'2.8"
W 98°01'18.3"; N 19°14'43.5" W 98°01'15.7" at 3700
and (N 19°14'24.9" W 98°01'27.5"; N 19°1427.11" W
98°01'36.66"; N 19°14'25.66" W 98°01'28.91" at 3900 m
a.s.l.) after approximately 1 (November 17, 2015) and
5 months (March 30, 2016) after emergence. One-month-old
seedlings (< 10 cm) had not yet reached the mineral soil and
grew in the thick layer of moss, so the bacterial community
was only studied in the roots and aerial part of the seedlings.
After 5 months, the seedlings (ca. 15 cm) had reached the
mineral soil, but they were still too small to form a well-
developed rhizosphere, so the bacteria adhered to them (i.e.,
the rhizoplane) were collected.

The seedlings were carefully removed from the sub-
strate with disinfected forceps, placed in sterile containers
on ice, and transported to the laboratory for extraction
of DNA. In the same quadrants, the organic layer was
removed, and the soil was sampled and characterized.
More details on the sampling design can be found in the
Supplementary Figure S1. A total of 54 seedlings were
sampled, 27 at each time point.

The pH was measured by mixing a soil sample with dis-
tilled water in a 1:2.5 ratio, and pH was determined with
a potentiometer Mettler Toledo® Model S220 (New York,
USA) [18], while a saturated soil sample was prepared with
distilled water to determine the electrolytic conductivity
(EC) with a conductometer Mettler Toledo® Model S220
(New York, USA) [19]. The soil particle size distribution
was determined by the hydrometer method [20], while total
C was determined with a Thermo Scientific™ FlashSmart™
Elemental Analyzer (Waltham, MA, USA) following the
standard protocol given by the manufacturer. The inorganic
C in soil was determined by adding 20 ml 1 M HCI solu-
tion to 2 g air-dried soil and trapping CO, evolved in 20 ml
1 M NaOH, and the organic C was defined as the difference
between the total and inorganic C. Total N was measured by
the Kjeldahl method using concentrated H,SO,, K,SO,, and
HgO to digest the sample [21]. The water holding capacity
(WHC) was measured on water-saturated soil samples in a
funnel and left to stand overnight. The weight of the water
retained by the soil was considered the WHC.



Spatial and Temporal Shifts of Endophytic Bacteria in Conifer Seedlings of Abies religiosa.. .

Page3of14 90

DNA Extraction, Amplification, and Sequencing

Endophytic bacterial DNA was isolated separately from
the roots and aerial parts of each sampled seedling. First,
seedlings were washed with tap water and then with sterile
distilled water. Tissues were surface disinfected by seri-
ally immersing in commercial bleach 2.5% (v/v) for 5 min
(roots for 15 min) and ethanol 70% (v/v) for 5 min and rinsed
four times with sterile distilled water. The disinfection and
elimination of epiphytic bacteria were confirmed with the
absence of amplification of the 16S rRNA using water for
the final wash as a template. After disinfection, the plants
were separated into roots and aerial parts using sterile scis-
sors and placed in 15-mL propylene tubes. Liquid nitrogen
was applied to ~50 mg of plant tissue and ground with sterile
beads on a FastPrep-24 (MP-Biomedicals, Santa Ana, CA).
The ground tissues were added with 2 mL 10 mM Tris-HCI
(pH 8) plus 160 puL 10 mg mL~" lysozyme. The mixture was
kept at 37°C for 1 h. The cells were lysed with 2 mL sodium
dodecyl sulfate (SDS) 10% (w/v) [22]. Sterile glass beads
were added and mixed on a vortex for 10 min. Proteins, SDS,
and RNA were removed from the supernatant with EDTA
(100 mM, pH 8.0) and 1/10 volume potassium acetate (5
M, pH 5.5) [23]. Samples were incubated on ice for 20 min
and centrifuged at 10,000 g at 4 °C for 5 min to remove the
precipitate. DNA was purified by extracting twice with 500
pL chloroform-isoamyl alcohol (24:1) and finally precipi-
tated with ethanol.

The separated roots were placed in 15-mL propylene
tubes to collect samples from the rhizoplane of 5-month-old
seedlings. They were then rinsed twice with 5 mL of sterile
distilled water, and the rhizoplane cells were obtained by
shaking the roots at 300 rpm with 5 mL of sterile phosphate-
buffered saline (PBS) pH 7.4 for 30 min. Subsequently, the
roots were carefully removed from the tube using sterile
forceps and disinfected following the previously described
method. The rhizoplane cells were concentrated by centri-
fuging the PBS at 150 g for 15 min [24]. The pellet of cells
was extracted for DNA as described before.

The DNA integrity was verified by agarose gel electropho-
resis and its concentration was quantified using the Quant-iT
PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA) on
a NanoDrop™ 3300 Fluorometer (Thermo Fisher Scientific,
Waltham, MA). The primers 341F (5'-CCTACGGGNGGC
WGCAG-3") and 805R (5'-ACHVGGGTATCTAATCC-3’)
were used to amplify the V3-V4 region of the 16S rRNA
gene using the Mastercycler Nexus Gradient (Eppendorf,
Germany) [25]. The PCR amplification steps included a
denaturation step at 95 °C for 10 min followed by 25 cycles
at 95 °C for 45 s, at 53 °C for 45 s, at 72 °C for 60 s, and
a final step at 72 °C for 10 min. The PCR products were
purified using the commercial FastGene™ columns (Nip-
pon Genetics Co, Ltd) and quantified using the NanoDrop™

3300 and PicoGreen. Quantification readings can be found in
the Supplementary Table S1. Sequencing was done by Mac-
rogen, Inc. (Seoul, South Korea) using the Illumina Miseq
platform 2 X 300 bp.

Bioinformatics Analyses: Taxonomic
Annotation and Functional Prediction

The bioinformatics analyses of sequences were done using
the “Quantitative insight into microbial ecology” v2020.8
(QIIME2) [26]. Denoising, dereplication, and chimera
removal were done using the DADA2 [27]. This process
resulted in a table of frequencies of amplicon sequence vari-
ants (ASVs) and a set of representative sequences of each
ASV. Taxonomic annotation of ASVs was done with the rep-
resentative sequences using the classify-sklearn plugin and a
trained model with the Silva database v138 [28]. The Silva
database training process was done with the fit-classifier-
naive-bayes algorithm. All ASVs assigned to chloroplast and
mitochondria were filtered out with the plugin taxa filter-
table before statistical analyses. Putative metabolic functions
were predicted using the “Phylogenetic investigation of com-
munities by reconstruction of unobserved states” (PICRUSt
v2.0) [29]. The abundance of metabolic routes was based
on enzyme classification (EC) numbers, and the metabolic
pathways were annotated with MetaCyc at levels 2 and 3
[30]. Bacterial taxonomic information was assigned into
putative functional groups with the “Functional annotation
of prokaryotic taxa” (FAPROTAX v1.2.6) software [31].

Statistical Analysis

All statistical analyses were done in R [32]. Alpha diversity
of bacterial taxa (ASVs) and putative metabolic pathways
at level 3 of MetaCyc were determined using Hill numbers
at different g orders (at ¢=0, 1, and 2) [33]. Hill numbers
were calculated using the hillR package (v0.5.1) [34]. Non-
parametric analyses were used to determine the effect of
plant part (rhizoplane, roots, and aerial parts) and time (1
and 5 months) on alpha diversity (Hill numbers at the order
g=0, 1, and 2). These analyses were conducted using the
WRS2 package (v1.1-0) [35].

Beta diversity was investigated through ordination (prin-
cipal component analysis (PCA)) and multivariate compar-
ison (perMANOVA) using centered log-ratio transformed
frequency tables (i.e., clr-transformation) of bacterial phyla
and genera (taxonomic structure) and putative metabolic
pathways at level 3 and putative functional groups (func-
tional structure). The clr-transformation is necessary to
analyze compositional high-throughput sequencing data
[36]. The clr-transformation was done using the “aldex.clr”
function within the ALDEx2 R package (v1.21.1) [36]. The
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effect of plant part (rhizoplane, roots, and aerial parts) and
time (1 and 5 months) on bacterial taxonomic and func-
tional structures were visualized with a PCA as given by
the FactoMineR package (v2.3) [37], and their significance
was determined with a permutational multivariate analysis
of variance (perMANOVA; n=999) with the vegan pack-
age (v2.5-7) [38]. Permutation multivariate analysis of
dispersion (PERMDISP; n=999) was computed using the
“betadisper” function from the vegan package to determine
differences in dispersion within treatments when the per-
MANOVA test indicated significant effects.

Taxonomic and functional beta diversity was partitioned
into nestedness and turnover components to determine the
extent of species replacement (turnover) or species loss
(nestedness) explaining the Jaccard dissimilarity (beta diver-
sity at order g =0) between endophytic communities using
the betapart R package (v1.5.6) [39]. Beta diversity of ASVs
and putative metabolic pathways was partitioned for plants
after one (roots and aerial parts) using the function “beta.
pair” and after 5 months (rhizoplane, roots and aerial parts)
using the “beta.multi” function of the betapart R package.
Additionally, temporal partition (1 versus 5 months) was
determined using the “beta.temp” function.

A compositional differential abundance analysis was used
to determine the effect of plant part and time on bacterial
phyla, genera, ASVs, putative metabolic pathways, and func-
tional groups. ANOVA-like differential expression analysis
(ALDEX) with Wilcoxon-test (function “aldex.ttest”) was
used to compare taxa and functions between plant parts in
one-month plants (roots vs aerial parts) and over time (1 vs
5 months), while a Kruskal-Wallis test (function “aldex.
kw”) was used to compare plant parts (rhizoplane, roots, and
aerial parts) in 5-month plants within ALDEx2 R package.
Effect size, i.e., the difference between relative abundance of
the bacterial groups divided by maximum dispersion within
the plant parts and over time, was determined with R Pack-
age ALDEX2. The effect size was plotted versus the expected
p-value for each feature in a volcano plot.

Results
Soil Characteristics

The loamy sand soil with a clay content of 45+28 g kg™!,
sand 784 +75 gkg™!, and loam 171 +67 g kg™! had an aver-
age water content of 325+ 107 g kg~' and water holding
capacity of 793 +201 g kg~". The slightly acidic soil with a
pH of 5.8 +0.4 and EC 0.35+0.18 dS m™" was rich in organic
material with an organic C content of 65.5+45.1 g kg™!,
an inorganic C content of 0.79+0.11 g kg™!, total N of
3.35+1.99 gkg~!, and total P of 5.66+2.50 mg kg~ .
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Bacterial Community Richness and Composition

A total of 487,609 high-quality filtered sequences were
obtained from the roots (50 samples), aerial parts (53 sam-
ples), and rhizoplane (27 samples) of A. religiosa. Overall,
26 different bacterial phyla, 54 classes, 150 orders, 270 fami-
lies, 486 genera, and 3887 ASVs were detected.

The Bacterial Community and Putative Metabolic
Functions in the Aerial Parts and Roots after 1
Month

After 1 month, the bacterial species richness (Hill number at
q=0), was significantly higher in the roots than in the aerial
parts of A. religiosa, but not the number of frequent (Hill
number at g=1) and dominant ASVs (Hill number at g=2)
(p<0.05; Fig. 1a).

After 1 month, similar bacterial groups dominated in the
aerial parts and roots of A. religiosa although their rela-
tive abundance was often different (Table S2; Fig. S2a, b).
Nearly all bacteria in the aerial parts and roots belonged
to the Pseudomonadota with Bacteroidota the second most
abundant bacterial phyla in both plant parts (Fig. 2a). Pseu-
domonas, a member of the Pseudomonadaceae (Gammapro-
teobacteria), dominated in the aerial parts (71.6%) and the
roots (37.9%), with members of Luteibacter (2.3%) the sec-
ond most abundant bacterial genus in the aerial parts and
Rhizobium in the roots (9.0%) (Fig. 2b, c).

After 1 month, the bacterial community structure was
highly significantly different between the roots and the
aerial parts (p <0.001) and the PCA separated both clearly
(Table S3; Fig. 3a, b). Differences in the taxonomic structure
at the phylum level between plant parts explained 17% of
the variation and 8% at the genus level (Table S3). Loss of
bacterial ASVs explained 71% of the differences in bacte-
rial composition (Jaccard pairwise dissimilarity nestedness,
0.586; Table S4) between the roots and aerial parts, while
the remaining 28% was explained by species replacement
(turnover, 0.234).

The Hill numbers at ¢ =0 and g=1 considering the puta-
tive metabolic pathways at level 3 of MetaCyc, as predicted
with PICRUSt2, were significantly higher in the roots than
in the aerial parts of A. religiosa after 1 month, but not at
q=2 (p<0.05; Fig. 1b).

After 1 month, the most abundant putative metabolic
pathway at level 2 was “Cofactor prosthetic group electron
carrier and vitamin biosynthesis” (15.5%), while “Aerobic
respiration I cytochrome c¢” (1.3%) at level 3 (Fig. 2d, e).
Bacterial taxa were also assigned to putative functional
groups with FAPROTAX, and “Chemoheterotrophy” and
“Aerobic chemoheterotrophy” accounted for 87.4% of these
groups (Fig. 2f). Significant differences were observed in
most putative metabolic pathways and functional groups
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Fig. 1 Boxplots with the Hill numbers based on a the bacterial ampli-
con sequence variants (ASVs) at g=0, g=1, and g=2 and b the met-
abolic pathways at level 3 of MetaCyc as predicted with PICRUSt2
at ¢g=0, g=1, and ¢=2 in the aerial parts and roots after 1 month
and aerial parts, rhizoplane, and roots of the conifer Abies religiosa
(Kunth) Schitdl. & Cham. (oyamel) after 5 months. Different capital
letters in italic (A, B) indicate a significant difference in Hill numbers

between the roots and the aerial parts after 1 month
(p<0.05; Fig. S2c, d, e). The PCA separated the functional
structure of both plant parts based on metabolic pathways
and functional groups, and the differences were significant
(p<0.001; Table S3 and Fig. 3c). The plant compartment
explained 37% of the variation of the putative metabolic
pathways. However, the analysis of the homogeneity of dis-
persion of the aerial parts and roots also indicated a sig-
nificant difference when considering the putative metabolic
pathways at level 3 (p=0.017), as the functional structure
varied more in the aerial parts (Fig. 3c). The Jaccard pair-
wise dissimilarity between the roots and aerial parts based
on the putative metabolic pathways was low and explained
solely by loss of metabolic pathways (Table S4).

The Bacterial Community and Putative Metabolic
Functions in the Different Plant Parts After 5 Months

After 5 months, Hill numbers at g=0 and g=1 based on the
bacterial ASVs were significantly higher in the roots than

Five months One month Five months

between the aerial parts and the roots after one month, while differ-
ent capital letters indicate a significant difference between the aerial
parts, roots, and rhizoplane after 5 months (A, B, C) (p <0.05). Dif-
ferent italic letters indicate a significant difference in Hill numbers
between the aerial parts after 1 month compared to after 5 months (a,
b) and different letters between the roots after 1 month compared to
after 5 months (a, b)

in aerial parts, but significantly lower than in the rhizoplane
(p <0.05; Fig. 1a).

The relative abundance of the bacterial groups in the
roots, aerial parts, and rhizoplane showed large significant
differences (p <0.05; Table S2; Fig. S3a). After 5 months,
Pseudomonadota still dominated in the aerial parts, roots,
and rhizoplane of A. religiosa (Fig. 2a). The bacterial genus
that was the most abundant, however, was different as Muci-
laginibacter dominated in the rhizoplane (9.0%), Strepto-
myces in the roots (12.2%), and Pseudomonas in the aerial
parts (18.1%) (Fig. 2c). Consequently, the bacterial com-
munity structure was highly significantly different between
the different plant parts (p <0.001) and the PCA separated
both clearly (Table S3; Fig. 4a, b). The plant compartment
explained 39% of the variation in the bacterial structure at
the phylum level, 20% at the genus level, and 5% at the ASV
level (Table S3). The dispersion analysis indicated a sig-
nificant effect when the aerial plant parts were compared
with the roots considering the bacterial genera (p=0.019),
being more dispersed in the roots. The Jaccard multiple-site
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dissimilarities between the rhizoplane, roots, and aerial parts
were explained mostly by substitution and less by a loss of
bacterial ASVs (Table S4).

After 5 months, Hill numbers at g =0 based on the puta-
tive metabolic pathways at level 3 were significantly higher
in the roots than in aerial parts, but significantly lower than
in the rhizoplane (p <0.05; Fig. 1).

After 5 months, “Amino acid biosynthesis” (16.1%) was
the most abundant putative metabolic pathway at level 2,
while “Aerobic respiration I cytochrome ¢” (1.6%) was at
level 3 (Fig. 2c, d). “Chemoheterotrophy” and “Aerobic
chemoheterotrophy” continued to dominate the putative
functional groups (Fig. 2f). Most putative metabolic path-
ways and functional groups significantly differed between
the rhizoplane or roots and the aerial parts (p <0.05;
Fig. S3b). The functional structures of the rhizoplane, roots,
and aerial remained separated, and the differences between
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the plant parts were highly significant (p <0.001; Table S3;
Fig. 4c, d). The plant compartment explained 40% of the
variation of the putative metabolic pathways. The Jaccard
multiple-site dissimilarities between the rhizoplane, roots,
and aerial parts considering the putative metabolic path-
ways at level 3 were explained mostly by loss of and less by
replacement of metabolic pathways (Table S4).

Changes Over Time in the Bacterial Community
and Putative Metabolic Functions in Aerial Parts
and Roots

The Hill numbers at g=0, 1, and 2 were significantly higher
in the aerial parts of A. religiosa after 5 months than after
1 month, but not in the roots (p <0.05; Fig. 1a).

The relative abundance of a small number of bacterial
groups decreased or increased significantly in the aerial
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Fig. 3 Principal component
analysis (PCA) with all bacterial
a phyla and b groups assigned
up to the taxonomic level of
genus, ¢ putative metabolic
pathways at level 3 of MetaCyc
and d putative functional groups
in the aerial parts of the conifer
Abies religiosa (Kunth) Schitdl.
& Cham. (oyamel) () and in
the roots (@) after 1 month

Fig.4 Principal component
analysis (PCA) with all bacterial
a phyla and b groups assigned
up to the taxonomic level of
genus, ¢ putative metabolic
pathways at level 3 of MetaCyc
and d putative functional groups
in the aerial parts of the conifer
Abies religiosa (Kunth) Schitdl.
& Cham. (oyamel) (), rhizo-
plane (@), and in the roots (@)
after 5 months

parts over time (i.e., 5 months versus 1 month) (p <0.05;
Fig. S4a). In the roots, however, many more bacterial
genera showed large and significant changes over time
(p <0.05; Fig. S4b). The PCA separated the bacterial
taxonomic structure in the aerial parts and roots after

a)

PCA7.89%

PCA 2: 8.66%

a)

PCA7.37%

<)

PCA 2: 8.66%

Bacterial phyla

.-

L

o© ®
o b Co e 3
0 5’55:05 ® Og¢ *
00 ®° 0
00% oe® S
.

-10 0 10 20

PCA 1: 26.04%

Putative metabolic pathways at level 3 of

MetaCyc
50
8 L o
° o
25 O &
o ® ®*s
® o
0 r a O e oy
o ° %,
25 ® Q ® oo ‘
-50 J
-150 -100 -50 0 50 100
PCA 1: 62.32%
Bacterial phyla
20 E
o
10
0% ® o
°cj%6 d®o 0%’
0 ey o3 - .
%o b 8??‘)”.0
(]
-10 o
-20 o}
-24 -12 0 12 24

PCA 1: 34.28%

Putative metabolic pathways at level 3 of

MetaCyc
30 1
8, $4°
o o@ @8 9 ..~ ¢
0 %o no O "e® ®
! 3o > >
BRE 8
0?° qd 008D
-30 % ]
°
-60 ]
-160 -80 0 80

PCA 1: 62.32%

o
-

PCA 2: 3.22%

d)

PCA 2: 8.58%

b)

PCA 2: 3.22%

d)

PCA 2: 10.56%

Bacterial genera

o . o®
0® o o o
o ®
0 -—-—3933—-—0 ° —o—.—-—-.—-—‘ °
e
6% |eo
° o & . hd
o d
o °
°
-25 0 25 50

20

10

PCA 1: 10.45%

Putative functional groups

[ ]
o N * ..
S ° °
o o 9% Gee
'—'—OT@'—.—‘—-"—‘-—-—-
Q. o o % o
Q o °
O e e o
-15 0 15 30

PCA1:26.91%

Bacterial genera

PCA 1: 10.45%

Putative functional groups

PCA1:33.78%

5 months from that after 1 month, and the effect was sig-
nificant (p <0.05; Fig. 5a, b; Table S3). Time explained
low taxonomic structure variation (< 6%) at the different
levels. Dissimilarities in taxonomic composition between
the roots and aerial parts after 1 month compared to after
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«Fig.5 Principal component analysis (PCA) with all a bacterial phyla
in the aerial parts and b roots, ¢ bacterial groups assigned up to the
taxonomic level of genus in the aerial parts and d roots, e putative
metabolic pathways at level 3 of MetaCyc in the aerial parts and f
roots, and g putative functional groups in the aerial parts and h the
roots of the conifer Abies religiosa (Kunth) Schltdl. & Cham. (oya-
mel) after 1 month () and 5 months (@)

5 months were explained nearly completely by the replace-
ment of species (Table S4).

The Hill number at g =0 based on putative metabolic
pathways at level 3 was significantly higher in the aerial
parts A. religiosa after 5 months than after 1 month but
showed an opposite trend in the roots (p < 0.05; Fig. 1b).

Some putative metabolic pathways showed significant
changes in the roots and aerial parts over time (p <0.05;
Table S2; Fig. S4c, d). For example, the relative abundance
of “Chemoheterotrophy” and “Aerobic chemoheterotro-
phy” decreased significantly in both aerial parts and roots
(» <0.05; Table S2). The PCA separated the structure of the
putative metabolic functions in the aerial parts and roots
after 5 months from that after 1 month, and the effect was
significant (p <0.05; Fig. 5a, b; Table S3). The dissimilari-
ties in functional composition between the roots and aerial
parts after 1 month compared to after 5 months were low
and explained nearly completely by the replacement of the
putative metabolic pathways (Table S4).

Discussion

After 1 month, many of the initial endophytic colonizers
may originate from the seeds through vertical transmission,
with fewer bacteria sourced from the environment. For
instance, the roots may acquire them from the moss they
penetrated, while the aerial parts may get them from wind-
dispersed bacteria. Our observation of the limited degree
of species replacement explaining the differences in com-
munity composition between the roots and aerial parts indi-
cated that they likely originate from the same species pool,
potentially belonging to Pseudomonadaceae [40] (Table S4).
Additionally, we identified four bacterial genera unique to
aerial parts and 162, albeit in very low abundance, in the
roots, potentially representing recently acquired environ-
mental bacteria. Another interesting finding is that at this
early plant development stage, bacterial diversity tends to
be lower in aerial parts compared to roots, a pattern seen in
various plant species [e.g., 2, 22] (Fig. 1). The difference
in bacterial diversity and structure between aerial parts and
roots might relate to differences in environmental condi-
tions. Conditions within seeds possibly resemble those in
roots more closely than those in aerial parts. Our findings
also indicate a higher abundance of putative aerobic chemo-
heterotrophy and respiration in aerial parts than in roots,

suggesting oxidative conditions in the aerial parts that favor
aerobic bacteria, while roots potentially select for anaerobic
or facultative anaerobic bacteria (Table S5). Further inves-
tigations into the bacterial communities within the seeds
and the moss could provide additional insights into these
hypotheses.

After 5 months, the roots penetrated the mineral soil.
As a result, the soil bacteria adhered to them, forming the
rhizoplane (a bacterial community on the roots). This pro-
cess led to the establishment of a bacterial rhizospheric
community. Soil bacteria started colonizing the roots and
eventually replaced some of the bacteria that were already
present in the plant. This was evidenced by the partition of
the beta diversity analysis (Table S4). We hypothesized that
the bacterial diversity in the roots would be considerably
higher after 5 months, but instead, the bacteria in the roots
were predominantly replaced, maintaining the number of
bacterial species within a limited range. We still found a
high degree of nestedness between plant parts, confirming
our second hypothesis, which suggests that the main source
of endophytic bacteria was the soil bacteria, while in the
aerial parts of the seedlings, the wind-dispersed bacteria
may remain as a secondary source. The number of bacte-
rial genera exclusive to the rhizoplane was almost ten times
greater than those exclusively found in the roots. This indi-
cated that the rhizoplane harbored a wide range of bacteria
that did not colonize the roots or could be found in the aerial
parts. The roots, however, also contained 24 bacterial genera
that were not found in the aerial parts or the rhizoplane. This
indicates that while some bacteria entered the roots, they did
not migrate upwards to the shoots or originate from the rhiz-
oplane. Interestingly, the diversity of metabolic pathways
decreased in the roots over time, indicating that the plant
selects functional traits over taxonomic groups with time.

Shifts in Taxonomic Groups

Gonzélez-Escobedo et al. [41] studied bacterial endophytes
in roots, phloem and bark of healthy saplings of Pinus ari-
zonica (Arizona pine) and P. durangensis (Durango pine)
(<3 m tall, 10 cm diameter) and found Enterobacteriaceae
as the most abundant family in all samples, followed by Ace-
tobacteraceae and Acidobacteriaceae. Although these bacte-
rial families also dominated in needles of mature coniferous
trees [42], the sum of their relative abundance in A. religiosa
was only 2.3% in the roots and only 0.8% in the aerial parts
after 5 months (Fig. 2b). In this study, members of the Pseu-
domonadaceae family dominated in the roots (35.8%) and
aerial parts (70.1%) after 1 month, while Oxalobacteraceae
(23.2%) dominated in the aerial parts and Streptomyceta-
ceae (15.9%) in the roots after 5 months. Some bacterial
families that dominated in young lodgepole pine as reported
by Padda et al. [43] (i.e., Rhizobiaceae, Xanthobacteraceae,

@ Springer



90 Page 10 of 14

L. Dendooven et al.

and Comamonadaceae) had also large relative abundances
in A. religiosa. As such, the type and age of the plant, envi-
ronmental conditions, and soil characteristics will determine
which bacterial groups dominate the endophytic bacterial
community.

In this study, Pseudomonas was the most abundant
bacterial group in the aerial parts and roots after 1 month
(Fig. 2c¢). Members of Pseudomonas are metabolically ver-
satile and often the most dominant endophytes in legumi-
nous and non-leguminous plants [44]. Some are beneficial
for their hosts [45] and are capable of N,-fixation [46], but
some are pathogens of plants such as P. syringae [47]. Their
high relative abundance, especially in the aerial parts after
1 month, would suggest that they were dominant in the seeds
or colonized early the young seedlings. Simonin et al. [40]
in a meta-analysis of 63 seed microbiota studies covering
50 plant species found that five ASVs affiliated with Pseu-
domonas (e.g., P. viridiflava and P. fluorescens) were part
of the core taxa. Which role Pseudomonas might play in the
emerging A. religiosa and why it was so dominant remains
to be investigated. Their N, fixing capacity suggests that
they might help the seedlings obtain nitrogen before the
roots reach the mineral soil. This would explain the sharp
drop in relative abundance of Pseudomonas when the roots
had reached the mineral soil after 5 months. However, other
characteristics of Pseudomonas might be important for the
developing seedlings as endophytes are known to act against
pathogens, produce plant growth-promoting molecules, and
solubilize phosphorus, potassium, and other micro-nutrients
[e.g., 48].

Although the relative abundance of Pseudomonas
dropped sharply, it was still the dominant bacterial genus in
the aerial parts of the conifer after 5 months, but in the roots,
Streptomyces was the most abundant genus, and Mucilagini-
bacter in the rhizoplane (Fig. 2¢). These changes might be
due to changes in the plant environment, a selective process
by the plant, or vertical transfer of some bacteria. Streptomy-
ces has been reported as an endophyte of banana (Musa spp.)
plantlets with plant growth-promoting capacities producing
indole acetic acid and siderophores, solubilizing P, and
with antagonistic activity against Fusarium oxysporum f.
sp. Cubense [49]. It has been found in the root of plants, such
as Arabidopsis thaliana [50] and wheat (Triticum aestivum)
[51]. Some members of Mucilaginibacter, the most domi-
nant bacterial genus in the rhizoplane, have been described
as chitinolytic, Gram-negative, capsule-forming [52], and
as root and/or shoot endophytes of fall dandelion (Scor-
zoneroides autumnalis) [53], grass “Kleine Fontane” (Mis-
canthus sinensis) [54], and Marama bean (Tylosema escu-
lentum) [55]. They were also abundantly found in the roots
of A. religiosa after 1 (2.7%) and 5 months (5.9%), but less
so in the aerial parts after 1 (0.04%) and 5 months (0.5%).
Other bacterial genera, e.g., Rhizobium, Streptomyces, and

@ Springer

Luteibacter, that were abundant in the aerial parts and roots
of A. religiosa have been reported as endophytes with the
capacity to aid plants in their development (Table S5). They
often combine plant growth-promoting capacities with
antagonism against pathogens.

Of the 24 bacterial genera found only in the roots, the
most abundant were Paracoccus and Rubrobacter. Nak-
keeran et al. [49] reported that Paracoccus as endophytes
promoting the growth of bananas. Members of Rubrobacter
tolerate extreme conditions, such as drought and radiation
stress (R. radiotolerans), some are salt tolerant [56], and
the genus was found to be more abundant in Fusarium wilt-
suppressive soils than in non-repressive ones [57]. Members
of Rubrobacter have been described as endophytes in the
roots of the orchid Phalaenopsis [58], and their tolerance to
extreme conditions might help them survive as endophytes.

Four genera (i.e., Frondihabitans, Staphylococcus, Lac-
tococcus, and Fusobacterium) were found only in the aerial
parts, but not in the roots or rhizoplane. Nakkeeran et al. [49]
reported that one of them (i.e., Staphylococcus) is an endo-
phyte that promotes the growth of banana plantlets. Of the
four genera found uniquely in the aerial parts, three genera
were not found in the plant after one month (i.e., Staphylo-
coccus, Lactococcus, and Fusobacterium), which raises the
question of how they were acquired. It remains to be deter-
mined whether they originated from epiphytes, migrated
from the rhizoplane through the plant, or were the product
of specific selection (i.e., initially present in the rhizoplane
and/or roots but later disappeared or undetected with the cur-
rent method). A more comprehensive investigation utilizing
shotgun metagenomics and increased sampling over time
may be necessary to address this question.

Shifts in Putative Metabolic Pathways
and Functional Groups

Acuiia et al. [59] reported that chemoheterotrophy and fer-
mentation were the most abundant putative microbial func-
tional groups within the endophytic bacterial community
in seeds of the commercial vegetables Apiaceae (parsley
and carrot), Asteraceae (lettuce), Brassicaceae (cabbage and
broccoli), and Solanaceae (tomato). In A. religiosa, chemo-
heterotrophy and aerobic chemoheterotrophy dominated in
both the aerial parts and roots after 1 and 5 months, but
fermentation was less abundant. It is possible that chemo-
heterotrophs, i.e., microorganisms dependent on external C
molecules rather than synthesizing their organic molecules
(https://bio.libretexts.org; Table S5), could potentially
be vertically transmitted and be the initial plant coloniz-
ers as they can use carbohydrates produced by the plant.
As emerging pine tree plants face complex physiological
trade-offs in resource allocation, including chemical defense
mechanisms [60], while chemoheterotrophy and aerobic
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chemoheterotrophy remained dominant in the seedlings,
their relative abundance decreased over time. This change
might indicate that the plant increased resource allocation
towards defense mechanisms after 5 months. Consequently,
these non-pathogenic yet opportunistic bacteria decreased in
parallel with the overall bacterial diversity. A brief descrip-
tion of some of the putative metabolic pathways that differed
between the plant parts, and over time is given in Table S6.

The differences in relative abundances of the putative
metabolic functions in the different plant parts and their
changes over time were much smaller than the variations
of the bacterial groups (Fig. 2). It is well known that dif-
ferent bacteria might participate in a specific metabolic
process. As such, the bacteria that participate in the spe-
cific metabolic process might change but not the metabolic
process (i.e., the relative abundance of the bacterial groups
that participate in the process might be more stochastic than
the metabolic process and defined by current and previous
environmental conditions). It should be remembered, how-
ever, that the detected changes in metabolic functions are
putative. Other advanced techniques as reviewed by Dudeja
et al. [61], such as metaproteomics, metatranscriptomics,
metaproteogenomic, microRNAs, and microarrays, might be
required to determine which endophytic bacteria participate
in a certain process and how they might help in the develop-
ment of the plantlets.

It is important to note that the metabolic functions
described in this study were predicted from taxonomic data,
which can sometimes underestimate gene frequencies [62]
or perform weakly with environmental microbiomes [63].
While this analysis provides a broad understanding of puta-
tive metabolic pathways and functions, additional investi-
gations into bacterial gene expression will be necessary to
validate and further explore the role of plant endophytes in
different plant parts over time. These roles might be related
to antagonisms against pathogens and production of plant
growth-promoting metabolites or providing the plants with
essential nutrients.

Conclusions

This study contributes to our understanding of bacterial
endophytes in developing pine trees. Using metabarcoding
of the 16S rRNA, we found that the bacterial community
structure showed clear differences between the aerial parts
and the roots after 1 month that became more accentuated
after 5 months. The most dominant bacterial genera in roots
and aerial parts of A. religiosa had plant growth-promoting
capacities and/or were antagonistic against plant pathogens.
Our findings showed that endophytes play an important role
in emerging plants although their contribution to plant devel-
opment might change over time.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-024-02398-9.

Acknowledgements Part of the data analysis and writing of the manu-
script was done while L.D. was on sabbatical leave from Cinvestav at
the “Laboratorio de Interacciones Bidticas, Centro de Investigacién
en Ciencias Bioldgicas, Universidad Auténoma de Tlaxcala, México.”
The authors thank Dr. Susana Guillén-Rodriguez for providing the
sampling plots.

Author Contribution L. D. and Y.E. N.-N. did the field sampling. L. D.
analyzed the data and wrote the first draft of the manuscript. V. P.-H.
assisted in analyzing the data. G. N.-P. and J. T.-C. did the laboratory
work. Y.E. N.-N. conceived the experiment, analyzed the data. and
revised the final version of the manuscript.

Funding This work was funded by “Consejo Nacional de Humanidades
Ciencia y Tecnologia (CONAHCyT),” grant numbers: INFR-2015-01-
253217 and CB-2015- 256096. V. P.-H. received grant-aided support
from CONAHCYT as part of a post-doctoral project.

Data Availability All data analyzed are provided in the manuscript and
supplemental files. The raw datasets generated and analyzed during
the study are available from the corresponding author upon reasonable
request. Raw sequence data can be found under the bioproject acces-
sion number PRINA1024058. https://www.ncbi.nlm.nih.gov/biopr
oject/PRINA1024058.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Gouda S, Das G, Sen SK, Shin HS, Patra JK (2016) Endophytes: a
treasure house of bioactive compounds of medicinal importance.
Front Microbiol 7:1538-1538. https://doi.org/10.3389/FMICB.
2016.01538/BIBTEX

2. Kandel SL, Joubert PM, Doty SL (2017) Bacterial endophyte
colonization and distribution within plants. Microorganisms 5:77.
https://doi.org/10.3390/MICROORGANISMS5040077

3. Santoyo G, Moreno-Hagelsieb G, MdelC O-M, Glick BR (2016)
Plant growth-promoting bacterial endophytes. Microbiol Res
183:92-99. https://doi.org/10.1016/j.micres.2015.11.008

4. Mengistu AA (2020) Endophytes: Colonization, behaviour, and
their role in defense mechanism. Int J Microbiol 6927219. https://
doi.org/10.1155/2020/6927219

5. Oren A, Garrity GM (2021) Valid publication of the names of
forty-two phyla of prokaryotes. Int J Syst Evol Microbiol 71(10).
https://doi.org/10.1099/ijsem.0.005056

@ Springer


https://doi.org/10.1007/s00248-024-02398-9
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1024058
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1024058
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/FMICB.2016.01538/BIBTEX
https://doi.org/10.3389/FMICB.2016.01538/BIBTEX
https://doi.org/10.3390/MICROORGANISMS5040077
https://doi.org/10.1016/j.micres.2015.11.008
https://doi.org/10.1155/2020/6927219
https://doi.org/10.1155/2020/6927219
https://doi.org/10.1099/ijsem.0.005056

90 Page 12 of 14

L. Dendooven et al.

10.

11.

12.

13.

14.

15.

16.

17

18.

19.

20.

Afzal I, Shinwari ZK, Sikandar S, Shahzad S (2019) Plant ben-
eficial endophytic bacteria: mechanisms, diversity, host range
and genetic determinants. Microbiol Res 221:36—49. https://doi.
org/10.1016/j.micres.2019.02.001

James EK, Gyaneshwar P, Manthan N, Barraquio WL, Reddy
PM, Ianetta PPM, Olivares FL, Ladha JK (2002) Infection and
colonization of rice seedlings by the plant growth-promoting
bacterium Herbaspirillum seropedicae Z67. Mol Plant-Microbe
Inter 15:894-906. https://doi.org/10.1094/MPMI1.2002.15.9.894
Mark GL, Dow JM, Kiely PD, Higgins H, Haynes J, Baysse
C, Abbas A, Foley T, Franks A, Morrissey J, O’Gara F (2005)
Transcriptome profiling of bacterial responses to root exudates
identifies genes involved in microbe-plant interactions. Proc
Natl Acad Sci USA 102:17454-17459. https://doi.org/10.1073/
pnas.0506407102

Hereira-Pacheco SE, Navarro-Noya YE, Dendooven L (2021)
The root endophytic bacterial community of Ricinus communis
L. resembles the seeds community more than the rhizosphere
bacteria independent of soil water content. Sci Rep 11:2173.
https://doi.org/10.1038/s41598-021-81551-7

Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J,
Malfatti S, Tremblay J, Engelbrektson A, Kunin V, Rio TGD,
Edgar RC, Eickhorst T, Ley RE, Hugenholtz P, Tringe SG,
Dangl JL (2012) Defining the core Arabidopsis thaliana root
microbiome. Nature 488:86-90. https://doi.org/10.1038/natur
el1237

Padda KP, Puri A, Nguyen NK, Philpott TJ, Chanway CP (2022)
Evaluating the rhizospheric and endophytic bacterial microbi-
ome of pioneering pines in an aggregate mining ecosystem post-
disturbance. Plant Soil 474:213-232. https://doi.org/10.1007/
s11104-022-05327-2

Reichstein M, Carvalhais N (2019) Aspects of forest biomass in
the earth system: its role and major unknowns. Surv Geophys
40:693-707. https://doi.org/10.1007/S10712-019-09551-X
Séaenz-Romero C, Rehfeldt GE, Duval P, Lindig-Cisneros RA
(2012) Abies religiosa habitat prediction in climatic change sce-
narios and implications for monarch butterfly conservation in
Mexico. For Ecol Manag 275:98-106. https://doi.org/10.1016/j.
foreco.2012.03.004

Saenz-Romero C, Mendoza-Maya E, Gémez-Pineda E, Blanco-
Garcia A, Endara-Agramont AR, Lindig-Cisneros R, Lépez-Upton
J, Trejo-Ramirez O, Wehenkel C, Cibridn-Tovar D, Flores-Ldpez
C, Plascencia-Gonzilez A, Vargas-Hernandez JJ (2020) Recent
evidence of Mexican temperate forest decline and the need for ex
situ conservation, assisted migration, and translocation of spe-
cies ensembles as adaptive management to face projected climatic
change impacts in a megadiverse country. Can J For Res 50(9).
https://doi.org/10.1139/cjfr-2019-0329

Pérez-Miranda R, Arriola-Padilla VJ, Romero-Sanchez ME
(2020) Characterizing new wintering sites for monarch butterfly
colonies in Sierra Nevada, Mexico. Insects 11:384-384. https://
doi.org/10.3390/INSECTS11060384

Montoya E, Guzman-Plazola RA, Lopez-Mata L (2020) Fragmen-
tation dynamics in an Abies religiosa forest of central Mexico.
Can J For Res 50:680—688. https://doi.org/10.1139/cjfr-2019-0235
Araiza-Olivare GA (2020) Efectos del cambio climatico en la dis-
tribucion del bosque de Oyamel. Rev Geog Am Cent 2:263-282.
https://doi.org/10.15359/RGAC.65-2.11

Thomas GW (1996) Soil pH and Soil Acidity. In: Sparks DL (ed)
Methods of soil analysis: chemical methods. American Society of
Agronomy, Madison, WI, pp 475-490

Rhoades JD, Mantghi NA, Shause PJ, Alves W (1989) Estimating
soil salinity from saturate soil paste electrical conductivity. Soil
Sci Soc Am J 53:428-433

Gee GW, Bauder JW (1986) Particle size analysis. In: Klute A
(Ed), Methods of soil analysis. Vol. I Physical and mineralogical

Springer

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

methods. American Society of Agronomy. Madison, WI, pp
383-411

Bremner JM (1996) Nitrogen-Total. In: Sparks DL (ed) Methods
of soil analysis: chemical methods Part 3. Soil Science Society
of America Inc., American Society of Agronomy Inc, Madison,
Wisconsin, USA, pp 1085-1122

Sarria-Guzman Y, Chavez-Romero Y, Gomez-Acata S, Montes-
Molina JA, Morales-Salazar E, Dendooven L, Navarro-Noya YE
(2016) Bacterial communities associated with different Anthu-
rium andraeanum L. plant tissues. Microb Environ 31:321-328.
https://doi.org/10.1264/jsme2.ME16099

Navarro-Noya YE, Suérez-Arriaga MC, Rojas-Valdes A, Mon-
toya-Ciriaco NM, Gémez-Acata S, Fernandez-Luqueio F, Den-
dooven L (2013) Pyrosequencing analysis of the bacterial com-
munity in drinking water wells. Microb Ecol 66:19-29. https://
doi.org/10.1007/s00248-013-0222-3

Barillot CD, Sarde CO, Bert V, Tarnaud E, Cochet N (2013) A
standardized method for the sampling of rhizosphere and rhizoplan
soil bacteria associated to a herbaceous root system. Ann Micro-
biol 63:471-476. https://doi.org/10.1007/s13213-012-0491-y
Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M,
Glockner FO (2013) Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res 41:el. https://doi.org/
10.1093/nar/gks808

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, Alexander H, Alm EJ, Arumugam M, Asnicar F,
Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown
CT, Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK,
Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM,
Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gaug-
litz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo
J, Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA,
Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe
CR, Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, Kreps
J, Langille MGI, Lee J, Ley R, Liu YX, Loftfield E, Lozupone
C, Maher M, Marotz C, Martin BD, McDonald D, Mclver LJ,
Melnik AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT,
Navas-Molina JA, Nothias LF, Orchanian SB, Pearson T, Peoples
SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A,
Robeson MS, Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha
R, Song SJ, Spear JR, Swafford AD, Thompson LR, Torres PJ,
Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der Hooft
J1J, Vargas F, Vazquez-Baeza Y, Vogtmann E, von Hippel M,
Walters W, Wan Y, Wang M, Warren J, Weber KC, Williamson
CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y, Zhu Q, Knight
R, Caporaso JG (2019) Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat Biotech-
nol 37:852-857. https://doi.org/10.1038/s41587-019-0209-9
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP (2016) DADAZ2: High-resolution sample inference
from Illumina amplicon data. Nat Methods 13:581-583. https://
doi.org/10.1038/nmeth.3869

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,
Peplies J, Glockner FO (2013) The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools.
Nucl Acids Res 41:D590-D596. https://doi.org/10.1093/nar/gks12
19

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR,
Taylor CM, Huttenhower C, Langille MGI (2020) PICRUSt2 for
prediction of metagenome functions. Nat Biotechnol 38:685-688.
https://doi.org/10.1038/s41587-020-0548-6

Caspi R, Billington R, Ferrer L, Foerster H, Fulcher CA, Keseler
IM, Kothari A, Krummenacker M, Latendresse M, Mueller LA,
Ong Q, Paley S, Subhraveti P, Weaver DS, Karp PD (2016) The
MetaCyc database of metabolic pathways and enzymes and the


https://doi.org/10.1016/j.micres.2019.02.001
https://doi.org/10.1016/j.micres.2019.02.001
https://doi.org/10.1094/MPMI.2002.15.9.894
https://doi.org/10.1073/pnas.0506407102
https://doi.org/10.1073/pnas.0506407102
https://doi.org/10.1038/s41598-021-81551-7
https://doi.org/10.1038/nature11237
https://doi.org/10.1038/nature11237
https://doi.org/10.1007/s11104-022-05327-2
https://doi.org/10.1007/s11104-022-05327-2
https://doi.org/10.1007/S10712-019-09551-X
https://doi.org/10.1016/j.foreco.2012.03.004
https://doi.org/10.1016/j.foreco.2012.03.004
https://doi.org/10.1139/cjfr-2019-0329
https://doi.org/10.3390/INSECTS11060384
https://doi.org/10.3390/INSECTS11060384
https://doi.org/10.1139/cjfr-2019-0235
https://doi.org/10.15359/RGAC.65-2.11
https://doi.org/10.1264/jsme2.ME16099
https://doi.org/10.1007/s00248-013-0222-3
https://doi.org/10.1007/s00248-013-0222-3
https://doi.org/10.1007/s13213-012-0491-y
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41587-020-0548-6

Spatial and Temporal Shifts of Endophytic Bacteria in Conifer Seedlings of Abies religiosa.. .

Page130f14 90

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

BioCyc collection of pathway/genome databases. Nucleic Acids
Res 44:D471-D480. https://doi.org/10.1093/nar/gkv1164
Louca S, Parfrey LW, Doebeli M (2016) Decoupling func-
tion and taxonomy in the global ocean microbiome. Science
353:1272-1277. https://doi.org/10.1126/science.aaf4507

R Core Team (2022) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna,
Austria. Version 4.2.2. https://www.r-project.org/. Accessed 3
Apr 2022

Chao A, Chiu CH, Jost L (2010) Phylogenetic diversity meas-
ures based on Hill numbers. Philos Trans R Soc Lond B Biol
Sci 27:3599-3609. https://doi.org/10.1098/rstb.2010.0272

Li D (2021) hillR package: diversity through Hill numbers. Ver-
sion 0.5.1. https://github.com/daijiang/hillR. Accessed 1 Mar
2021

Mair P, Wilcox R (2020) WRS2: A collection of robust statisti-
cal methods based on Wilcox” WRS functions. Version: 1.1-0.
https://r-forge.r-project.org/projects/psychor/. Accessed 16 June
2020

Gloor G, Fernandes A, Macklain J, Albert A, Links M, Quinn T,
Wu JR, Wong RG, Lieng B (2020) ALDEx2 package: analysis of
differential abundance taking sample variation into account. Ver-
sion: 1.21.1. https://github.com/ggloor/ALDEx_bioc. Accessed
20 Apr 2020

Husson F, Josse J, Le S, Mazet J (2020) FactoMineR package:
multivariate exploratory analysis and data mining. Version: 2.3.
http://factominer.free.fr. Accessed 29 Feb 2020

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McG-
linn D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Ste-
vens MHH, Szoecs E, Wagner H (2019) vegan: community ecol-
ogy package. Version: 2.5-7. https://CRAN.R-project.org/packa
ge=vegan. Accessed 20 Mar 2020

Baselga A, Orme D, Villeger S, De Bortoli J, Leprieur F, Logez
M, Henriques-Silva R, Martinez-Santalla S, Martin-Devasa R,
Gomez-Rodriguez C, Crujeiras R (2022) Package: betapart. Par-
titioning beta diversity into turnover and nestedness components.
Version: 1.5.6. https://cran.r-project.org/web/packages/betapart/
index.html. Accessed 3 Apr 2022

Simonin M, Briand M, Chesneau G, Rochefort A, Marais C,
Sarniguet A, Barret M (2022) Seed microbiota revealed by a
large-scale meta-analysis including 50 plant species. New Phytol
234:1448-1463. https://doi.org/10.1111/nph.18037
Gonzalez-Escobedo R, Briones-Roblero CI, Pineda-Mendoza RM,
Rivera-Orduiia FN, Zaniga G (2018) Bacteriome from Pinus ari-
zonica and P. durangensis: diversity, comparison of assemblages,
and overlapping degree with the gut bacterial community of a bark
beetle that kills pines. Front Microbiol 9:77. https://doi.org/10.
3389/fmicb.2018.00077

Ria MA, Wilson EC, Steele S, Munters AR, Hoeksema JD,
Frank AC (2016) Associations between ectomycorrhizal fungi
and bacterial needle endophytes in Pinus radiata: implications
for biotic selection of microbial communities. Front Microbiol
7:399. https://doi.org/10.3389/fmicb.2016.00399

Padda KP, Puri A, Nguyen NK, Philpott TJ, Chanway CP (2022)
Evaluating the rhizospheric and endophytic bacterial microbiome
of pioneering pines in an aggregate mining ecosystem post-dis-
turbance. Plant Soil 474(1-2):213-232. https://doi.org/10.1007/
s11104-022-05327-2

Rana KL, Kour D, Kaur T, Devi R, Yadav AN, Yadav N, Dhaliwal
HS, Saxena AK (2020) Endophytic microbes: biodiversity, plant
growth-promoting mechanisms and potential applications for agri-
cultural sustainability. Antonie Van Leeuwenhoek 113(8):1075—
1107. https://doi.org/10.1007/s10482-020-01429-y

Glick BR, Nascimento FX (2021) Pseudomonas 1-aminocyclo-
propane-1-carboxylate (ACC) deaminase and its role in beneficial

46.

47.

48.

49

50.

51

52

53.

54.

55.

56.

57.

58.

59.

plant-microbe interactions. Microorganisms 9:2467. https://doi.
org/10.3390/microorganisms9122467

Padda KP, Puri A, Chanway C (2019) Endophytic nitrogen fixa-
tion - a possible ‘hidden’ source of nitrogen for lodgepole pine
trees growing at unreclaimed gravel mining sites. FEMS Micro-
biol Ecol 95:fiz172. https://doi.org/10.1093/femsec/fiz172

Xin XF, Kvitko B, He SY (2018) Pseudomonas syringae: what it
takes to be a pathogen. Nat Rev Microbiol 16:316-328. https://
doi.org/10.1038/nrmicro.2018.17

Volpiano CG, Lisboa BB, Sao José JFB, Beneduzi A, Granada CE,
Vargas LK (2022) Soil-plant-microbiota interactions to enhance
plant growth. Rev Bras Cienc Solo 46:¢0210098. https://doi.org/
10.36783/18069657rbcs20210098

Nakkeeran S, Rajamanickam S, Saravanan R, Vanthana M, Soo-
rianathasundaram K (2021) Bacterial endophytome-mediated
resistance in banana for the management of Fusarium wilt. 3
Biotech 11:267. https://doi.org/10.1007/s13205-021-02833-5
Worsley SF, Newitt J, Rassbach J, Batey SFD, Holmes NA, Mur-
rell JC, Wilkinson B, Hutchings MI (2020) Streptomyces endo-
phytes promote host health and enhance growth across plant
species. Appl Environ Microbiol 86(16):1-17. https://doi.org/
10.1128/AEM.01053-20/SUPPL_FILE/AEM.01053-20-SD002.
XLSX

Colombo EM, Kunova A, Pizzatti C, Saracchi M, Cortesi P, Pas-
quali M (2019) Selection of an endophytic Streptomyces sp. strain
DEF09 from wheat roots as a biocontrol agent against Fusarium
graminearum. Front Microbiol 10:2356. https://doi.org/10.3389/
fmicb.2019.02356

KimJ, Lee B, Chhetri G, Kim I, So Y, Jang W, Seo T (2022) Iden-
tification of Mucilaginibacter conchicola sp. nov, Mucilaginibac-
ter achroorhodeus sp. nov. and Mucilaginibacter pallidiroseus sp.
nov. and emended description of the genus Mucilaginibacter. Int J
Syst Evol Microbiol 72:005431. https://doi.org/10.1099/ijsem.0.
005431

Fan D, Smith DL (2022) Mucilaginibacter sp. K improves growth
and induces salt tolerance in nonhost plants via multilevel mecha-
nisms. Front Plant Sci 13:938697. https://doi.org/10.3389/fpls.
2022.938697

Zhang Z, Sun F, ChenY YL, Chen Z, Tian W (2019) Mucilagini-
bacter endophyticus sp. nov, an endophytic polysaccharide-pro-
ducing bacterium isolated from a stem of Miscanthus sinensis.
Antonie Van Leeuwenhoek 112:1087-1094. https://doi.org/10.
1007/510482-019-01242-2

Chimwamurombe PM, Gronemeyer JL, Reinhold-Hurek B (2016)
Isolation and characterization of culturable seed-associated bacte-
rial endophytes from gnotobiotically grown Marama bean seed-
lings. FEMS Microbiol Ecol 92:fiw083. https://doi.org/10.1093/
femsec/fiw083

Chen RW, He YQ, Cui LQ, Li C, Shi SB, Long LJ, Tian XP
(2021) Diversity and distribution of uncultured and cultured
Gaiellales and Rubrobacterales in South China sea sediments.
Front Microbiol 12:657072. https://doi.org/10.3389/fmicb.2021.
657072

Siegel-Hertz K, Edel-Hermann V, Chapelle E, Terrat S, Raaijmak-
ers JM, Steinberg C (2018) Comparative microbiome analysis of a
Fusarium wilt suppressive soil and a Fusarium wilt conducive soil
from the Chateaurenard region. Front Microbiol 9:568. https://doi.
org/10.3389/fmicb.2018.00568

Girija D, Rajeevan PK, Balakrishnan S, Panchami PS, Mohan
M (2018) 16S rRNA gene taxonomic profiling of endophytic
bacteria associated with phylaenopsis roots. J Horticultural Sci
13:103-107. https://doi.org/10.24154/JHS.2018.v13i01.012
Acuia JJ, Hu J, Inostroza NG, Valenzuela T, Perez P, Epstein
S, Sessitsch A, Zhang Q, Jorquera MA (2023) Endophytic bac-
terial communities in ungerminated and germinated seeds of

@ Springer


https://doi.org/10.1093/nar/gkv1164
https://doi.org/10.1126/science.aaf4507
https://www.r-project.org/
https://doi.org/10.1098/rstb.2010.0272
https://github.com/daijiang/hillR
https://r-forge.r-project.org/projects/psychor/
https://github.com/ggloor/ALDEx_bioc
http://factominer.free.fr
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://cran.r-project.org/web/packages/betapart/index.html
https://cran.r-project.org/web/packages/betapart/index.html
https://doi.org/10.1111/nph.18037
https://doi.org/10.3389/fmicb.2018.00077
https://doi.org/10.3389/fmicb.2018.00077
https://doi.org/10.3389/fmicb.2016.00399
https://doi.org/10.1007/s11104-022-05327-2
https://doi.org/10.1007/s11104-022-05327-2
https://doi.org/10.1007/s10482-020-01429-y
https://doi.org/10.3390/microorganisms9122467
https://doi.org/10.3390/microorganisms9122467
https://doi.org/10.1093/femsec/fiz172
https://doi.org/10.1038/nrmicro.2018.17
https://doi.org/10.1038/nrmicro.2018.17
https://doi.org/10.36783/18069657rbcs20210098
https://doi.org/10.36783/18069657rbcs20210098
https://doi.org/10.1007/s13205-021-02833-5
https://doi.org/10.1128/AEM.01053-20/SUPPL_FILE/AEM.01053-20-SD002.XLSX
https://doi.org/10.1128/AEM.01053-20/SUPPL_FILE/AEM.01053-20-SD002.XLSX
https://doi.org/10.1128/AEM.01053-20/SUPPL_FILE/AEM.01053-20-SD002.XLSX
https://doi.org/10.3389/fmicb.2019.02356
https://doi.org/10.3389/fmicb.2019.02356
https://doi.org/10.1099/ijsem.0.005431
https://doi.org/10.1099/ijsem.0.005431
https://doi.org/10.3389/fpls.2022.938697
https://doi.org/10.3389/fpls.2022.938697
https://doi.org/10.1007/s10482-019-01242-2
https://doi.org/10.1007/s10482-019-01242-2
https://doi.org/10.1093/femsec/fiw083
https://doi.org/10.1093/femsec/fiw083
https://doi.org/10.3389/fmicb.2021.657072
https://doi.org/10.3389/fmicb.2021.657072
https://doi.org/10.3389/fmicb.2018.00568
https://doi.org/10.3389/fmicb.2018.00568
https://doi.org/10.24154/JHS.2018.v13i01.012

90

Page 14 of 14

L. Dendooven et al.

60.

61.

commercial vegetables. Sci Rep 13:19829. https://doi.org/10.
1038/s41598-023-47099-4

Sampedro L (2014) Physiological trade-offs in the complexity of
pine tree defensive chemistry. Tree Physiol 34:915-918. https://
doi.org/10.1093/treephys/tpu082

Dudeja SS, Suneja-Madan P, Paul M, Maheswari R, Kothe E
(2021) Bacterial endophytes: molecular interactions with their
hosts. J Basic Microbiol 61:475-505. https://doi.org/10.1002/
jobm.202000657

@ Springer

62.

63.

Toole DR, Zhao J, Martens-Habbena W, Strauss SL (2021) Bacte-
rial functional prediction tools detect but underestimate metabolic
diversity compared to shotgun metagenomics in southwest Florida
soils. Appl Soil Ecol 168:104129. https://doi.org/10.1016/j.apsoil.
2021.104129

Sun S, Jones RB, Fodor AA (2020) Inference-based accuracy
of metagenome prediction tools varies across sample types and
functional categories. Microbiome 8:46. https://doi.org/10.1186/
540168-020-00815-y


https://doi.org/10.1038/s41598-023-47099-4
https://doi.org/10.1038/s41598-023-47099-4
https://doi.org/10.1093/treephys/tpu082
https://doi.org/10.1093/treephys/tpu082
https://doi.org/10.1002/jobm.202000657
https://doi.org/10.1002/jobm.202000657
https://doi.org/10.1016/j.apsoil.2021.104129
https://doi.org/10.1016/j.apsoil.2021.104129
https://doi.org/10.1186/s40168-020-00815-y
https://doi.org/10.1186/s40168-020-00815-y

	Spatial and Temporal Shifts of Endophytic Bacteria in Conifer Seedlings of Abies religiosa (Kunth) Schltdl. & Cham.
	Abstract
	Introduction
	Materials and Methods
	Sampling Site and Soil Characterization
	DNA Extraction, Amplification, and Sequencing

	Bioinformatics Analyses: Taxonomic Annotation and Functional Prediction
	Statistical Analysis

	Results
	Soil Characteristics
	Bacterial Community Richness and Composition
	The Bacterial Community and Putative Metabolic Functions in the Aerial Parts and Roots after 1 Month
	The Bacterial Community and Putative Metabolic Functions in the Different Plant Parts After 5 Months
	Changes Over Time in the Bacterial Community and Putative Metabolic Functions in Aerial Parts and Roots

	Discussion
	Shifts in Taxonomic Groups
	Shifts in Putative Metabolic Pathways and Functional Groups

	Conclusions
	Acknowledgements 
	References


