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Abstract

The rhizosphere harbors intricate microbial networks that influence plant health and productivity. Understanding the struc-
ture and dynamics of these networks is crucial for developing microbiome-based strategies to enhance crop performance. In
this study we examined rhizosphere bacterial communities across Brassica napus developmental stages, aiming to (1) identify
indicator genera and infer functional traits, (2) determine bacterial genera driving community assembly, (3) assess growth-
stage-specific driver genera, and (4) identify core-hub microbial communities shaping community structure. Network analy-
sis revealed a highly complex rhizosphere microbiome, with microbial network complexity peaking at the flowering stage,
which exhibited the highest network connectivity (up to 179 exclusive edges). This suggests a strong influence of plant devel-
opmental stage on microbial community assembly. We identified 40 driver genera forming novel associations across growth
stage transitions, including 10 conserved driver genera present throughout development and stage-specific driver genera dur-
ing vegetative—-flowering (5) and flowering-maturity (20) transitions. Despite dynamic shifts, core-hub communities remained
stable across growth stages, suggesting an early-established, conserved microbial foundation. Indicator taxa and predicted
functions showed stage-specific enrichment of nitrogen and carbon cycling traits, including early-stage dominance of nitrifi-
cation and nitrogen fixation functions and late-stage shifts toward carbon degradation. These functional shifts likely reflect
plant nutrient requirements, root exudation, and responses to fertilization. Together, these findings highlight both stability
and plasticity in bacterial taxa of rhizosphere microbiomes and offer valuable targets for further microbial assembly process
dissection for microbiome-informed crop improvement strategies.
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1. Introduction S - :
formance through microbiome engineering and inoculants

The rhizosphere is a dynamic environment where microor-
ganisms interact and form intricate biological networks that
play fundamental roles in plant health and productivity (Kim
et al. 2011; Hallam and Mccutcheon 2015). Microbial com-
munity assembly and ecosystem functions are dependent
on the interactions within these networks (Fuhrman 2009;
Hallam and Mccutcheon 2015). Highly interconnected (in-
teracting) microbes can also mediate plant-microbiome in-
teractions, transmitting host effects to the microbial com-
munity via microbe-microbe associations (Agler et al. 2016).
In some cases, these associations can lead to the formation
of beneficial microbial communities that promote nutrient
uptake, mitigate abiotic stresses, and prevent pathogen at-
tacks in plants (Bulgarelli et al. 2013). Understanding these
microbial interactions is essential for optimizing crop per-
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(Hallam and Mccutcheon 2015; Ren et al. 2015).

Brassica napus is a globally significant oilseed crop culti-
vated for edible oil production, biofuel, and phytoremedia-
tion. The potential of the plant microbiome to enhance crop
production in B. napus has been recognized (Farwell et al.
2006; Lay et al. 2018; Taye et al. 2020). Taye et al. (2020), for
example, showed that B. napus rhizosphere microbial compo-
sition and abundance was under fine scale plant genetic and
growth stage control. Phenology-dependent microbial associ-
ations have been linked to agronomic traits such as seed yield
(Mamet et al. 2022; Li et al. 2023), root length (Taye et al. 2022),
and seed quality (Asad et al. 2022). While studies have exam-
ined rhizosphere microbial composition and abundance, lit-
tle is known about bacteria-bacteria networks in B. napus and
how they change across development stages.
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Network-based analysis approaches have proven effective
in unraveling complex microbial relationships in soil ecosys-
tems (Schwager et al. 2014; Cardona et al. 2016; Dixon et al.
2024). By analyzing microbial co-occurrence patterns, these
methods identify key taxa that likely shape community struc-
ture including (1) core-hub communities, which form stable,
highly connected microbial networks and play crucial role
in maintaining community structure (Agler et al. 2016), and
(2) driver genera, which introduce new connections and re-
shape microbial community assembly across compared states
or conditions (Kuntal et al. 2019).

Recent studies of microbial networks have identified key
microbial taxa in B. napus, including the bacterial genus Pseu-
darthrobacter (Floc’h et al. 2020b) and fungal species such
as Olpidium brassicae (Floc’h et al. 2020qa). In addition, mi-
crobial community assembly in B. napus rhizosphere, root,
and leaf compartments appears to be growth-stage depen-
dent (Bell et al. 2022). However, the extent to which bac-
terial co-occurrence networks shift across growth stages re-
mains unexplored. In this study, we use co-occurrence net-
work analysis in 16 diverse lines to investigate rhizosphere
microbial co-occurrence networks across B. napus develop-
mental stages. Our objectives are to (1) identify indicator
genera and infer functional traits of bacterial communities,
(2) determine bacterial genera driving community assembly,
(3) assess growth-stage-specific driver genera, and (4) identify
core-hub microbial communities shaping community struc-
ture. By characterizing these co-occurrence networks, we aim
to provide a foundation for microbiome-informed breeding
and microbiome engineering strategies to enhance B. napus
productivity.

2. Materials and methods

2.1. Sampling design and growth stages

considered

The experiment was conducted in 2016 at a single site
near Saskatoon, SK, Canada (latitude 52.181366, longitude
—106.502941). The soil is a dark brown Chernozem (Soil Clas-
sification Working Group 1998), with a clay loam texture.
The field was managed with an oilseed, wheat, barley, fal-
low rotation with fallow in the growing season prior to this
experiment. Site description, experimental design, sampling
methods, DNA extraction, amplification and sequencing pro-
tocols, and the B. napus genotypes used in this study are de-
scribed in detail by Bazghaleh et al. (2020). Briefly, the experi-
mental design was a randomized complete block design with
three replicates. Roots with attached rhizosphere and bulk
soil were collected weekly for 10 weeks starting 18 days after
seeding and ending 81 days after seeding. The corresponding
phenotypic stages for the sampling weeks were 2-3 leaf stage
(week 1, 18 days after seeding (DAS)), 4-5 leaf stage (week 2,
25 DAS), 6-9 leaf stage (week 3, 32 DAS), flowering (weeks 4-
7, 39-70 DAS), maturity (weeks 8 and 9, 67 and 74 DAS), and
harvest (week 10, 81 DAS). At each sampling three random
canola plants were harvested from each plot and rhizosphere
soils (i.e., soil remaining attached to the root following shak-
ing to dislodge bulk soil) were collected, composited from the

three plants, extracted in NaCl buffer, and centrifuged. Pel-
lets were stored at —80 °C until further analysis. In this study,
the weekly datasets were grouped into three broad phenolog-
ical stages corresponding to vegetative (weeks 1-3), flowering
(weeks 4-7), and maturity (weeks 8-10) growth stages. The
reason for this grouping was to compare microbial assembly
patterns across growth stages.

Sixteen diverse B. napus genotypes varying in seed color,
glucosinolate, erucic acid and fiber contents and origin were
used to represent genetically diverse germplasm. Breeding
lines from the Agriculture and Agri-Food Canada (AAFC)
canola breeding program and lines from a larger diversity
collection comprised of accessions representing the varia-
tion found across spring B. napus housed within various
germplasm collections were included (Bazghaleh et al. 2020).
In the present study, these genotypes were not used as treat-
ment factors; instead, samples from all genotypes were ag-
gregated within each growth stage to ensure robust network
construction generally applicable to the canola rhizosphere
microbiome.

2.2. Sequence data processing

The dataset used in the present study was generated in
experiment previously reported in Bazghaleh et al. (2020)
and Taye et al. (2020). Sequencing and data processing pro-
cedures are described in detail in those studies. DNA was ex-
tracted using the DNeasy PowerSoil Kit (Qiagen, catalogue
number 12955-4) and 16S rRNA genes were amplified using
the primer set 342 F-806R. Amplified PCR products were se-
quenced on an Illumina MiSeq. A total of 144, 192, and 144
samples were collected for the vegetative, flowering, and ma-
turity stages, respectively, and sequencing yielded 142, 191,
and 143 high-quality samples for downstream analysis. To ac-
count for difference in sequencing depth, sequence counts
were adjusted based on an internal standard (Aliivibrio fis-
cheri) count. Taxa ASVs were agglomerated at the genus level
and both samples and taxa with zero sums were removed.
Abundance values were converted to relative abundance val-
ues. The whole dataset was used for the indicator taxa and
FAPROTAX database based putative microbial trait predic-
tions across growth stages. For the co-occurrence network-
based analysis genera which were present in all three growth
stages (vegetative, flowering, and maturity) were subsetted.
Unclassified genera were also removed before conducting
data analysis. This filtering step ensured that all downstream
analyses, particularly the network comparisons, were based
on confidently annotated and ecologically interpretable taxa.

2.3. Indicator taxa and microbial traits across

growth stages

Indicator genera were determined by multilevel pattern
analysis. We used the “multipatt” and “indval.g” functions in
the R package IndicSpecies to analyse the strength and sta-
tistical significance of the relationship between rhizosphere
bacterial genera occurrence and abundance with vegetative,
flowering, and maturity growth stages of B. napus (De Caceres
and Legendre 2009). Ideal indicator species are character-
ized by high exclusivity and fidelity. Indicator species with
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a significant p-value (<0.05, computed using 9999 permuta-
tions) were determined (De Cdceres et al. 2012). The prokary-
otic functional traits were predicted using the FAPROTAX
database (Louca et al. 2016) based on the 16S rRNA marker
gene through the trans_func class in Microeco R package (Liu
et al. 2021). Differential abundance of the traits was calcu-
lated using ANOVA method in the trans_diff class (Liu et al.
2021).

2.4. Co-occurrence network construction

We used co-occurrence network analysis to characterize
complex microbial co-occurrences at three growth stages
(vegetative, flowering, and maturity). The compositionality
corrected by renormalization and permutation (CCREPE) al-
gorithm in CCREPE R package (Schwager et al. 2014) was
used for network inference among the relative abundances
of bacterial genera. Correlation-based methods suffer from
limitations notable from challenges of working with relative
abundance data (Hirano and Takemoto 2019). The CCREPE
approach mitigates the limitation of using compositional
data for co-occurrence inference by providing composition-
ally corrected p-values and z-scores for all pairwise correla-
tions and an N-dimensional checkerboard score which pro-
vides similarity measure more appropriate for compositional
data analysis (Schwager et al. 2014). Statistically significant
(p < 0.05) Spearman correlations between pairs of genera
were calculated by re-sampling and a null distribution of
correlation values obtained from 1000 iterations. An edge
(association) was assigned between pairs of genera for ev-
ery significant positive and negative correlation (p < 0.05),
the Benjamini-Hochberg false discovery rate was used to re-
duce errors resulting from multiple comparisons. The edge
lists created with the significantly correlated bacterial gen-
era were subsequently used as an input for further network
analysis using the netShift tool (Kuntal et al. 2019), with the
specific objectives of identifying driver taxa responsible for
network rewiring and core-hub communities.

2.5. Overall change in co-occurrence pattern

and core-hub community detection

We used the common sub-networks between the compared
growth stage association network pairs to make comparisons
of graph properties. A common sub-network is a smaller net-
work derived from the subset of nodes common to both com-
parison pairs in the original network (Kuntal et al. 2019). To
quantify overall changes in bacterial co-occurrence patterns,
the graph properties of the common sub-networks including
total nodes, total and exclusive edges, average path length,
graph density, and cluster coefficient were used. To quantify
the overall extent of change in individual bacterial genera
association across growth stages the Jaccard edge index was
used. The Jaccard edge index of compared networks is the
ratio between the number of intersecting edges in the two
networks over their union. Since the compared networks are
common sub-networks, biases of the Jaccard edge index due
to unequal node content are minimized.

To identify core-hub communities, first we used a commu-
nity detection algorithm called Fastgreedy (Yang et al. 2016)
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in the NetShift tool to separately assign community member-
ship to each bacterial genera (nodes) of the compared net-
works. Then assigned communities with highest distribution
of nodes with highest coreness centrality values (the num-
ber of maximally connected neighbouring genera which has
at least that many number of connections) were regarded as
core-hub communities. To further evaluate how the member-
ship of core-hub community members evolved across growth
stages, the similarity between all identified communities in
the compared networks was calculated in terms of shared
nodes (genera). We used the quantified similarity between
communities to identify conserved core-hub communities
across growth stages. Community detection algorithms are
widely used in biological network analysis to detect closely
interacting nodes (Newman 2006; Lai et al. 2010; Kuntal et
al. 2013) as such communities could be performing a func-
tion with some degree of independence with respect to other
communities in the network and could facilitate stable oc-
currence of a group of taxa possessing attributes desirable for
interdependent growth or to meet other ecological require-
ments.

2.6. Changes in association of a single taxon

and driver genera detection

We used the netShift tool method (Kuntal et al. 2019) to
identify driver genera that have a significant role in shap-
ing B. napus rhizosphere microbial community assembly.
The driver genera were identified using the Neighbour Shift
(NESH) score and betweenness values (Kuntal et al. 2019).
This method allows quantification of directional changes in
the individual bacterial genera co-occurrences by exploring
significant overall changes in community patterns. For ex-
ample, when comparing the bacterial network at flowering
with the network at vegetative stage, bacterial genera with
an altered set of associations (high NESH score) and increased
importance (increase in betweenness score) holds key signif-
icance in microbial co-occurrence and is predicted to be a
driver taxon for flowering stage. The identified driver gen-
era were further filtered to identify those that were drivers
across growth stages and those exclusive to only one growth
stage.

3. Results

3.1. Growth stage-associated indicator bacterial

genera in the rhizosphere of B. napus

Multipattern analysis identified distinct growth stage-
specific indicator taxa in the rhizosphere of B. napus across
different growth stages. During the vegetative stage, Candi-
datus solibacter was the sole indicator taxon (o < 0.05). At the
flowering stage, six taxa were significantly associated with
this phase, including Erwinia, Acidovorax, Ralstonia, Paenibacil-
lus, Rahnella, and Clostridium (¢ < 0.01). In the maturity stage,
eight indicator taxa were identified: Nannocystis, Dokdonella,
Chitinophaga, Niabella, Lacibacter, Ochrobactrum, Actinocorallia,
and Amycolatopsis, most of which exhibited strong indicator
values (¢ < 0.01) (Table 1). These findings suggest that mi-
crobial community composition in the rhizosphere shifts
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Table 1. Indicator value (IndVal) and associated significance value (p-value) of indicator species analysis
of bacterial genera at three growth stages of Brassica napus (vegetative, flowering, and maturity).

A B IndVal p-value
Vegetative (number of indicator species = 1)
Candidatus solibacter 0.8330 0.0493 0.2030 0.0439
Flowering (number of indicator species = 6)
Erwinia 0.8242 0.4583 0.6150 0.0001
Acidovorax 0.8163 0.3646 0.5460 0.0001
Ralstonia 0.8664 0.3333 0.5370 0.0002
Paenibacillus 0.8853 0.3073 0.5220 0.0001
Rahnella 0.7537 0.2188 0.4060 0.0021
Clostridium 0.9667 0.1562 0.3890 0.0001
Maturity (number of indicator species = 8)
Nannocystis 0.7033 0.1748 0.3510 0.0003
Dokdonella 0.7478 0.1608 0.3470 0.0001
Chitinophaga 0.8526 0.1049 0.2990 0.0001
Niabella 0.8014 0.1049 0.2900 0.0011
Lacibacter 0.6401 0.1189 0.2760 0.0011
Ochrobactrum 0.7535 0.0979 0.2720 0.0017
Actinocorallia 0.9323 0.0699 0.2550 0.0002
Amycolatopsis 0.7974 0.0769 0.2480 0.0107

Note: The value for “A” indicates the how specific the genus is to the growth stage (i.e., A = 1 means the genus is only present in that
growth stage). The value for “B” indicates the probability of finding the genus in only the samples of the growth stage (i.e., B= 1 means
the genus is only present in the specific growth stage through all the samples). The stat value (indVal) indicates how associated the genera

is to the growth stage.

dynamically throughout canola development, highlighting
potential microbial interactions and functional roles at each
growth stage.

3.2. Carbon- and nitrogen-related potential
functional profiles across Brassica napus

growth stages

Microbial potential functional profiles related to car-
bon and nitrogen cycling in B. napus rhizosphere var-
ied significantly across plant growth stages (Table 2 and
Table S1). Among carbon metabolism traits, hydrocarbon
degradation-related functional profile including general hy-
drocarbon degradation, increased progressively from the veg-
etative stage to flowering and reached their highest rel-
ative abundance at maturity (Table 2). This pattern sug-
gests an intensification of microbial hydrocarbon process-
ing capacity as the plant developed. In contrast, methan-
otrophy remained at low relative abundance throughout
all growth stages, with no significant differences detected
(Table S1).

Nitrogen-related potential functional profiles exhibited
distinct temporal patterns. Nitrogen fixation-related profiles
were significantly enriched during the vegetative stage, then
declined at flowering and remained low at maturity (Table
2). Conversely, functional profiles involved in nitrate reduc-
tion, nitrate respiration, and nitrogen respiration peaked at
flowering, with significantly higher relative abundance com-
pared to both vegetative and maturity stages. Nitrification,
nitrate/nitrite denitrification and total denitrification-related
functional profiles were significantly more abundant during

the vegetative stage and declined through flowering and ma-
turity (Table 2).

These findings indicate shifts in rhizosphere microbial po-
tential functional profiles, with early enrichment in nitrogen-
fixing and nitrifying-associated traits, followed by a transi-
tion towards reductive nitrogen-related profiles mid-season
and a dominance of hydrocarbon degradation-related profiles
by maturity.

3.3. Brassica napus rhizosphere bacterial
network complexity through plant

development

Our network-based analysis approach bridges metage-
nomic profiling with culture-based microbial assembly exper-
iments by identifying driver and core-hub taxa that can be
targeted for detailed investigation and plant breeding.

The common sub-networks between the vegetative and
flowering, flowering and maturity, and vegetative and matu-
rity growth stages had 30, 50, and 26 bacterial genera (nodes),
respectively.

The relatively small Jaccard edge indices between the
compared microbial networks for the vegetative-flowering,
vegetative-maturity, and flowering-maturity networks (0.16,
0.273, and 0.213 respectively) indicate substantial microbial
community rewiring (i.e., presence of large numbers of new
edges (connections) at one growth stage which are completely
absent in another) across B. napus growth stages. The smaller
the Jaccard edge index, the greater the microbial rewiring
between B. napus growth stages, thus the greatest network
changes occurred with the vegetative to flowering transition
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Table 2. Carbon and nitrogen metabolism traits across growth stages in Brassica napus rhizosphere.

Mean relative
Microbial trait Growth Stage N abundance (%) SD SE

Carbon metabolism

Vegetative© 142 0.119 0.563 0.047
gg’;rr;dcjtri';‘l’ln Flowering® 191 0.618 0.974 0.07
Maturity? 143 1.231 1.381 0.115
Vegetative© 142 0.109 0.523 0.044
gzggzgtci:gdmcarbon Flowering® 191 0.598 0.976 0.071
Maturity?® 143 1.196 1.313 0.11
Nitrogen metabolism
Vegetative? 142 1.772 2.348 0.197
Denitrification FloweringP 191 0.772 1.2 0.087
Maturi'[yb 143 0.741 1.326 0.111
Vegetative? 142 7.827 6.345 0.532
Nitrogen fixation Flowering® 191 3.869 3.762 0.272
Maturity® 143 4.297 2.786 0.233
Vegetativeb 142 12.114 13.643 1.145
Nitrate reduction Flowering? 191 22.107 15.548 1.125
Maturityb 143 13.682 10.46 0.875

Note: The table presents microbial traits, the three plant growth stages, number of samples (N), mean relative abundance, and associated standard deviation (SD) and
standard error (SE). Significant differences among growth stages (¢ < 0.05) are indicated by superscript letters.

Table 3. Global graph properties of the common sub-networks of positively correlated co-occurring bacterial networks among
the vegetative, flowering, and maturity growth stages.

Growth stages

Network metrics (most Network
common network) comparisons Vegetative Flowering Maturity
Vegetative-flowering 30 27 -
Total nodes Flowering-maturity - 50 49
Vegetative-maturity 26 - 24
Vegetative—flowering 32 124 -
Total edges Flowering-maturity - 243 121
Vegetative-maturity 29 - 55
Vegetative-flowering 10 102 -
Exclusive edges Flowering-maturity - 179 57
Vegetative-maturity 11 - 37
Vegetative—flowering 3.41 1.78 -
Average path length Flowering-maturity - 2.03 3.04
Vegetative-maturity 3.38 - 2.54
Vegetative-flowering 0.07 0.35 -
Graph density Flowering-maturity - 0.208 0.10
Vegetative-maturity 0.09 - 0.207
Vegetative—flowering 0.19 0.59 -
Cluster coefficient Flowering-maturity - 0.52 0.42
Vegetative-maturity 0.2 - 0.46

Note: Values indicate comparisons among the common sub-networks between pairs of stages. The “-” is shown when a growth stage is not being compared.

and the least rewiring during vegetative to maturity transi- and clustering coefficient, and the shortest path length
tion. (Table 3). This suggests greater cross talk, tighter associa-

The global network properties showed a major rewiring tions, and more modular structure among bacterial gen-
of the bacterial network at flowering, with the high- era at flowering compared with vegetative and maturity

est number of total and exclusive edges, graph density, stages.
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Fig. 1. Rhizosphere bacteria network community shuffling plots. The heatmaps show the vegetative (“Veg_") and flowering
(“FIw_”) network communities along the vertical axis and the flowering (“Flw_") and maturity (“Mat_") network communities
along the horizontal axis. The identified communities in each growth stage are represented by a community id: C1, C2, etc. with
a count of the total number of nodes in the community in brackets. Numerical values inside the heatmap show the number
of intersecting nodes between the compared communities. Similar (conserved) communities are shown with blue gradient
(deep blue indicating most similar community) while dissimilar once are shown as green gradient (deep green indicate most

dissimilar pairs).
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3.4. Core-hub communities in B. napus
rhizosphere microbial community and

their conservation across growth stages
There were 22, 18, and 64 conserved microbial edges
among the vegetative-flowering, vegetative-maturity, and
flowering-maturity comparisons, respectively. Consecutive
growth stages shared higher numbers of edges and the
flowering-maturity comparison had the highest number of
cross-growth stage conserved microbial edges.

3.4.1. Vegetative to flowering comparisons

The Fastgreedy (Yang et al. 2016) community detection al-
gorithm identified six and two distinct sub-communities in
the vegetative and flowering stage networks, respectively
(Figs. 1A and S1). The community shuffling plot shows that
“Veg_C1”, “Veg_C2”, and “Veg C3” were distinct core-hub
communities at the vegetative stage. The other three commu-
nities at vegetative stage did not have taxa with high coreness
centrality value. A “core-hub community” has the majority
of its nodes with high coreness centrality values. The flow-
ering stage had both its identified communities as core-hub
(Fig. 1A).

The first core-hub community at the vegetative stage
(Veg_C1) is composed of seven genera, of which Balneimonas,
Pseudomonas, Reyranella, Skermanella, and Steroidobacter show
the highest coreness centrality values. Veg_C2 is composed
of 11 genera, of which Agromyces, Couchioplanes, Dactylospo-
rangium, Labrys, Phycicoccus, and Pseudonocardia show the high-
est coreness centrality values, whereas Veg_C3 is composed
of five genera of which Agrobacterium, Sphingobacterium, and
Stenotrophomonas show the highest coreness centrality val-
ues. The two communities at flowering had 12 (“Flw_C1)

and 15 (‘Flw_C2”) bacterial genera (Fig. 1A). The microbial
communities identified at the vegetative stage were gener-
ally conserved at flowering. For example, 6 of the 7 mem-
bers of C1 and 9 of the 11 members of C2 at the vegetative
stage remained together at flowering. The limited commu-
nity shuffling through time indicates that B. napus microbial
community organization is set early in plant development
(Fig. 1A).

3.4.2. Vegetative to maturity comparisons

There were five and four distinct sub-communities in the
vegetative and maturity stage networks, respectively (Fig.
1B). The community shuffling plot shows that “Veg_C1” and
“Veg_C2” were core-hub communities at the vegetative stage
that had majority of its members with highest coreness cen-
trality values (Figs. 1B and S2). Similarly, the maturity stage
showed two core-hub communities (“Mat_C1” and “Mat_C3”)
(Figs. 1B and S2).

The core-hub community at the vegetative stage in commu-
nity Veg_C1 comprised 7 genera and in Veg_C2 10. The gen-
era with high coreness centrality value in Veg_C1 were Balnei-
monas, Pseudomonas, Reyranella, Skermanella, and Steroidobacter.
In Veg_C2, Agromyces, Couchioplanes, Dactylosporangium, Labrys,
Phycicoccus, and Pseudonocardia were with high coreness cen-
trality value (Fig. S2). These bacterial genera were also iden-
tified as members of core-hub community in the vegetative
to flowering comparison (Figs. 1A and S1). Similar to the
vegetative—flowering transition, most community members
identified at the vegetative stage were also conserved at ma-
turity. For example, 5 of the 7 members of C1, and 7 of the
10 members of C2 at the vegetative stage remained together
at maturity (Fig. 1B).
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Fig. 2. Distribution of shared and growth stage—specific driver genera across vegetative—flowering, vegetative-maturity, and
flowering-maturity transitions in the Brassica napus rhizosphere. The horizontal bars at the left bottom indicate the number
of driver genera identified in each growth stage transitions. The top vertical bars indicate the number of driver genera either
unique to a specific growth stage transition or shared among transitions. Black circles and connecting lines below the bars

show which growth stage transition(s) each bar represents.
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3.4.3. Flowering to maturity comparisons

There were four and six distinct sub-communities in the
flowering and maturity stage networks, respectively (Fig.
1C). The community shufifling plot shows that “Flw_C1” and
“Flw_C2” were distinct core-hub communities at the flower-
ing stage (Figs. 1C and S3). The maturity stage showed one
core-hub communities (“Mat_C2”) (Fig. S3). Twelve and seven
of the 22 members in C1, and 12 of the 21 in C2 at flow-
ering remained together at maturity (Fig. 1C). All growth
stage comparisons showed the presence of bacterial sub-
communities conserved across growth stages. Some of the
sub-communities with majority of their members with high
coreness centrality score were identified as core-hub commu-
nities (Figs. 1A-1C).

3.5. Potential driver bacterial genera in B. napus

rhizosphere at different growth stages

We defined driver taxa as a bacterial genus at a spe-
cific growth stage with an altered set of associations
(high NESH score) and an increase in betweenness com-
pared with another growth stage and holds a key signifi-
cance in microbial community interactions. Nineteen, 14,
and 32 driver genera were identified in the vegetative-
flowering, vegetative-maturity, and flowering-maturity com-
parisons, respectively (Table S2, S3, and S4). The top ten
driver genera with the highest numbers of exclusive micro-
bial connections during the vegetative-flowering transition
grouped into two sub-communities: Stenotrophomonas (15 ex-
clusive connections), Reyranella (14), Balneimonas (13), Sker-
manella (12), and Sphingobacterium (10) belonged to one sub-
community, while Couchioplanes (11), Mycobacterium (11), Phy-
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cicoccus (11), Pseudonocardia (11), and Agromyces (10) belong
in another (Table S2). The top ten driver genera with the
highest numbers of exclusive microbial connections dur-
ing the vegetative-maturity transition grouped into three
sub-communities: Labrys (8 exclusive connections), Couchio-
planes (5), Agrobacterium (4), and Geodermatophilus (4) belonged
to one sub-community, while Balneimonas (6), Skermanella
(6), Stenotrophomonas (5), Pedobacter (4), Reyranella (4), and
Steroidobacter (4) belonged in another (Table S3). The exclu-
sive connections Stenotrophomonas has with Balneimonas and
Skermanella at maturity stages was a negative correlation (Fig.
S4). The top driver genera with the highest numbers of ex-
clusive microbial connections during the flowering-maturity
transition were Agrobacterium (6) and Labrys (6), which be-
longed to the same sub-community, followed by Pedobacter
(5) and Stenotrophomonas (5), which also clustered within a
second shared sub-community (Table S4). Notably, the exclu-
sive connections between Agrobacterium and Labrys, Pedobac-
ter and Labrys at the maturity stage were negative correla-
tions (Fig. S4). Driver genera established a higher number
of exclusive edges in the vegetative-flowering stage tran-
sition and decreased at the flowering-maturity transition
(Table 3).

All growth stages shared 10 driver genera. The vegetative-
flowering and vegetative-maturity transitions shared three
driver genera; vegetative—flowering and flowering-maturity
transitions and vegetative-maturity and flowering-maturity
transitions each shared one driver genus. The highest
number of exclusive driver genera (20) was present in
the flowering-maturity transition followed by vegetative-
flowering (5) (Fig. 2, Table S5).
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Fig. 3. Driver genera shared across all growth stages. Heatmap shows the community membership of identified driver genera.
Similar colors across columns indicate that those genera belong to the same sub-community within the growth stage indicated
and similar color across rows indicate that those genera maintained similar community membership across the growth stages.
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3.5.1. Driver genera influencing microbial
assembly across growth stages

The 10 driver genera identified to play role in mi-
crobial assembly in the vegetative-flowering, vegetative-
maturity, and flowering-maturity growth stage transitions
(Fig. 2 and Table S5) were grouped into two main sub-
communities (Fig. 3). Figure 3 shows how community mem-
bership changed with reference to their community mem-
bership at vegetative-flowering-maturity transitions. The
shared driver genera mainly maintained their member-
ship across growth stages. For example, the sub-community
with members Kaistobacter, Microbacterium, Microlunatus, Ni-
trospira, Reyranella, Stenotrophomonas, and Steroidobacter was
stable through the growth stages except for Microlunatus
and Nitrospira forming a distinct community at vegetative—
flowering transition in which Reyranella also joined this
community at flowering-maturity transitions. Similarly, the
second sub-community with members Couchioplanes, Labrys,
and Pedobacter maintained their membership throughout the
growth stages except Pedobacter (Fig. 3). The three driver
genera shared between vegetative-flowering and vegetative—
maturity transitions (Methylibium, Phycicoccus and Rubrobacter)
(Table S5) did not remain in the same sub-communities.

3.5.2. Driver genera influencing microbial
assembly exclusively at one growth stage

The five driver genera identified to play role in micro-
bial assembly exclusively at vegetative—flowering transition
(Table S5) were grouped into two sub-communities (Fig. 4).
The first sub-community contained Agromyces and Geoder-
matophilus while the second sub-community contained Balnei-
monas, Devosia, and Sphingobacterium (Fig. 4). The 20 driver gen-
era that were exclusive to flowering-maturity (Fig. 4) transi-

tion were mainly grouped into four sub-communities with
two taxa being in two other sub-communities (Fig. 4). The
first sub-community contained Achromobacter, Acinetobacter,
Bradyrhizobium, Comamonas, and Skermanella. The second com-
munity contained Bacillus, Rhodoplanes, Salinibacterium, and
Sphingopyxis. The third community contained Chthoniobacter,
Dactylosporangium, Iamia, Pseudomonas, Pseudonocardia, and Vir-
gisporangium. The fourth community contained Caldilinea, OR-
59, and Prosthecobacter. The vegetative-maturity transition
had no exclusive driver genera.

4. Discussion

Here we detail how plant developmental stage structures
B. napus rhizosphere microbial network assembly and poten-
tial functional capacity. Understanding the microbial com-
munity assembly processes under field conditions is crucial
to identify the microbial community composition and orga-
nizational structures associated with high crop productivity.
The single-site, single-year study design, combined with di-
verse canola genotypes and intensive weekly sampling, al-
lowed us to construct robust microbial networks and com-
pare rhizosphere dynamics across growth stages. However,
confirming the universality of these patterns in canola will
require multiyear, multisite studies.

This study identified growth stage specific indicator taxa,
potential functional shifts in nitrogen and carbon cycling,
and the presence of both core-hub communities and driver
genera that shape the microbial assembly in B. napus rhizo-
sphere. Previous observations of plant growth stage-specific
control on the abundance of individual bacterial genera (Taye
et al. 2020, 2022) clearly extend to bacterial community as-
sembly processes. Beneficial and detrimental microbial ef-
fects on the plant are not only dependent on the high abun-
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Fig. 4. Driver genera identified exclusively at vegetative—flowering and flowering-maturity. Heatmap colors show community
membership of identified driver genera (VF and FM refers to the growth stages transitions vegetative—flowering and flowering—
maturity and the C1, C2 etc. indicate the community membership at the respective growth stages). Similar labels within column
indicate that those genera belong to the same sub-community within the growth stage indicated.
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dance or activity of individual taxa but also in the com-
plex microbial interactions (Bulgarelli et al. 2013; Hallam
and Mccutcheon 2015). In this regard, our understanding
of these microbial interactions and their relevance to mi-
crobial assembly, plant health and development is very lim-
ited. The identification of core-hub communities and driver
genera provides community-level insights into B. napus rhi-
zosphere microbial assembly and informs strategies for mi-
crobiome optimization. Building on this, our network-based
analyses identify candidate taxa for targeted microbiologi-
cal experiments, enabling direct testing of microbial associa-
tions, elucidation of assembly mechanisms, and the construc-
tion of synthetic communities to evaluate their effects on
plant growth and health, thereby bridging genomics-based
insights with culture-based validation.

4.1. Indicator bacterial taxa across B. napus
growth stage

The sole indicator species at the vegetative growth stage,
Candidatus Solibacter (Acidobacteria), is known for its olig-
otrophic nature, involvement in soil carbon cycling and is
best suited for low nutrient (carbon source) conditions (Ward
et al. 2009).

In contrast, the flowering stage exhibited the greatest num-
ber of indicator taxa, including Erwinia, Acidovorax, Ralstonia,
Paenibacillus, Rahnella, and Clostridium. Many of these genera
are metabolically diverse and known to respond to elevated
carbon and nutrient availability, consistent with increased
rhizodeposition during flowering (Chaparro et al. 2014). For
example, Paenibacillus is frequently reported as associated
with plant growth-promoting capabilities and nitrogen trans-
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formation potential (Grady et al. 2016). Ralstonia is also known
to colonize root environments and interact with plant signal-
ing pathways (Hardoim et al. 2015). The emergence of Clostrid-
ium, an anaerobe capable of nitrogen fixation and organic
matter fermentation (Wiegel et al. 2006), further suggests
micro-niche diversification within the rhizosphere during re-
productive development.

At maturity, eight indicator taxa were identified, includ-
ing Nannocystis, Dokdonella, Chitinophaga, Niabella, Lacibacter,
Ochrobactrum, Actinocorallia, and Amycolatopsis. Some of these
taxa are associated with complex organic matter degradation
(Rosenberg 2014; Shobade et al. 2024) and the enrichment of
these genera might reflect the shift from active nutrient ac-
quisition to senescence-associated processes, including root
tissue turnover and accumulation of complex detritus in the
rhizosphere.

4.2. Dynamics of nitrogen- and carbon-related
potential functional profiles across B. napus

growth stages

The rhizosphere microbial community exhibited distinct
putative functional profile shifts in carbon- and nitrogen-
associated traits across canola growth stages, reflecting dy-
namic plant-microbe interactions modulated by plant devel-
opmental needs and fertilization history.

Putative functional profiles related to nitrate reduction
peaked during the flowering stage (~22.1% mean rela-
tive abundance), significantly higher than at the vegetative
(~12.1%) and maturity (~13.7%) stages. This pattern coin-
cides with peak nitrogen demand during flowering, when re-
productive tissues form and nitrogen is rapidly translocated


http://dx.doi.org/10.1139/cjss-2025-0084

Can. J. Soil. Sci. Downloaded from cdnsciencepub.com by University of Saskatchewan on 03/19/26

‘Canadian Science Publishing

(Hirel et al. 2007). Given that urea dissolves quickly and is con-
verted to ammonia, and most fertilizer was applied in the fall
and at seeding, it is likely that the bulk of fertilizer-derived
nitrogen was available during the vegetative stage rather
than later stages. The observed enrichment of taxa associated
with putative nitrate-reducing functional profiles at flower-
ing may therefore reflect other processes, such as delayed
mineralization, microbial turnover, or plant-driven changes
in rhizosphere nitrogen dynamics, rather than direct fertil-
izer availability. This discrepancy highlights the complexity
of linking functional inferences to fertilization regimes and
warrants further work with higher-resolution nitrogen mea-
surements across growth stages.

Putative functional profiles associated with nitrogen fix-
ation and denitrification were significantly enriched at the
vegetative stage (~7.8% and ~1.8%, respectively) and declin-
ing thereafter. These early enrichments suggest that mi-
crobial communities may buffer nitrogen availability when
fertilizer-derived nitrate is not yet fully accessible to plants
(Philippot et al. 2013). Their reduction by flowering could
likely be due to nitrate-mediated suppression of nitrogenase
activity (Kraiser et al. 2011) and the competitive advantage
of nitrate-reducing taxa. Future studies that integrate micro-
bial functional profiling with direct soil nitrogen speciation
and flux measurements would help disentangle how fertil-
izer timing, transformation, and plant demand jointly shape
rhizosphere nitrogen cycling.

Putative microbial traits associated with hydrocarbon
degradation and aromatic hydrocarbon degradation in-
creased progressively across the growth stages. Mean relative
abundances of hydrocarbon degradation rose from ~0.12%
at vegetative to ~0.62% at flowering, and further to ~1.23%
at maturity. A similar pattern was seen for aromatic hydro-
carbon degradation (~0.11% to ~0.60% to ~1.20%). This trend
may reflect the accumulation and diversification of root exu-
dates and decaying organic matter over time, especially as
plants transition toward senescence (Chaparro et al. 2014;
Zhalnina et al. 2018).

Collectively, these observations indicate a
developmentally-synchronized shift in putative microbial
functional profiles, with nitrogen-cycling-associated traits
dominating early to mid growth stages in response to plant
nutrient uptake dynamics and fertilization, while carbon
degradation-associated traits expand later as the plant’s
contribution to belowground organic matter intensifies.
These patterns reflect changes in the relative abundance of
microbial taxa associated with these functional potentials,
highlighting the dual role of rhizosphere microbiota in nu-
trient provisioning and decomposition in response to plant
developmental cues and soil management practices.

4.3. Increased B. napus microbial community

organization across growth stages
This is the first study to examine how B. napus rhizo-
sphere microbial networks shift during plant development.
The small Jaccard edge indices and growth stage related ex-
clusive edges and driver taxa observed demonstrate micro-
bial network rewiring, with substantial rewiring at flower-
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ing. Similar increases in microbial network complexity with
development have been observed in other species includ-
ing wild oat (Shi et al. 2016). These developmental changes
are likely driven by increasing plant influences on the rhi-
zosphere environment. Plants alter their rhizosphere condi-
tions including pH, moisture, oxygen, and organic carbon
over time (Hinsinger et al. 2009; Chaparro et al. 2014). This
variation in resource availability is often an important driver
of bacterial network structure (Foster et al. 2012). In the case
of B. napus, levels of rhizodeposition are reported to generally
decrease with age (Nguyen 2003). We therefore propose two
mechanisms to explain the observed higher network com-
plexity at flowering. First, at the vegetative stage higher rhi-
zodeposition (Nguyen 2003) may enable the plant to directly
attract more bacterial genera; as the plant grows and amount
of rhizodeposition decreases the plant may shift strategy to
only modulating the activity of a selected “few” bacterial taxa
which in turn interact with other bacteria increasing the net-
work complexity and organization. A more detailed under-
standing of B. napus rhizodeposition patterns is needed to
clearly link it with microbial assembly processes. Given that
the identity of the exudates produced vary depending on the
plant, environmental, and management conditions (Mimmo
et al. 2011; Town et al. 2023), further study needs to consider
these aspects. Second, assuming that the level of rhizodepo-
sition may generally decrease across growth stages (Nguyen
2003), bacterial taxa may increase the strength of their in-
teractions with other taxa to establish a mutually benefi-
cial community that better utilizes available resources. Other
possible contributing factors could be the plant’s morpho-
physiological changes at flowering. For example, from the
same experiment an increasing trend in overall root length
during vegetative stage followed by stability at flowering was
observed (Taye et al. 2022). Whether the root morphological
and associated physiological changes at flowering are linked
with the increased microbial organization at flowering needs
to be investigated. Root associated microbes are known to
release phytohormones and volatile compounds which can
regulate plant growth and morphogenesis (Ortiz-Castro et al.
2009), hence, whether canola plants are also altering their
root architecture at the same time needs to be evaluated.

4.4. Core-hub communities shaping B. napus

rhizosphere microbial assembly

The B. napus rhizosphere microbial network is character-
ized by a set of conserved microbial interactions and commu-
nities across growth stages. Consecutive growth stages had
a greater number of shared edges with flowering and matu-
rity stages having the highest number of shared edges. These
conserved microbial associations suggest that bacterial gen-
era that are recruited and establish associations with each
other at early stages maintain these interactions through
plant growth and play a role in shaping the rhizosphere mi-
crobial assembly. In addition to the growth stage conserva-
tion of core-hub taxa observed in this study, a recent study
also showed conservation of hub bacterial taxa across years
and locations (Floc’h et al. 2020b), suggesting presence of B.
napus driven processes that lead to conservation of core taxa.
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The persistence of core-hub communities across B. napus
growth stages suggests that these taxa may share stable,
plant-driven niches and engage in interactions that support
co-occurrence. Previous work in B. napus has shown fine-scale
plant genetic influence on rhizosphere bacteria, which may
contribute to the structuring of these networks (Taye et al.
2020). While mechanisms such as metabolic complementar-
ity or stress mitigation have been proposed in other systems
(Morris et al. 2011; Hallam and Mccutcheon 2015), our re-
sults primarily indicate that conserved core-hub taxa form
the backbone of the rhizosphere network across develop-
ment stages. Together, these findings suggest that both plant-
driven selection and stable microbial associations likely con-
tribute to the observed conservation of core-hub communi-
ties.

Insights from the conserved core-hub communities iden-
tified in the B. napus rhizosphere provide a framework for
designing targeted bacterial-bacterial and plant-microbe in-
teraction studies. The repeated occurrence of specific taxa
as highly interconnected nodes across growth stages could
suggest that these genera might play consistent structural
roles in rhizosphere network assembly (Agler et al. 2016;
Layeghifard et al. 2017). However, whether these core-hub
communities represent functionally coordinated groups or
arise from shared plant-driven niches cannot be resolved
from network inference alone. Experimental validation using
cultured isolates and synthetic communities will be required
to disentangle the mechanisms underlying their nonrandom
aggregation and to assess their implication for plant health
and ecosystem services. Such integration of network-based
inference with microbiological experimentation is a critical
next step toward evidence-based microbiome optimization.

4.5. Potential driver bacterial genera shaping B.

napus rhizosphere microbial assembly

This study demonstrated that both conserved and growth
stage-specific driver genera play roles in the rewiring of bac-
terial interactions in the B. napus rhizosphere (Figs. 3 and 4,
Table S5). Across growth stage transitions, we identified 10
shared driver genera, along with 5 and 20 driver genera exclu-
sive to the vegetative-flowering and flowering-maturity tran-
sitions, respectively. The presence of shared driver genera
across growth stages suggests that a subset of bacterial genera
consistently occupy crucial positions within the canola rhizo-
sphere microbial network, whereas the presence of growth-
stage exclusive drivers indicate dynamic reorganization of
microbial interactions during plant development. Whether
the exclusive driver taxa identified at each growth stage fol-
low changes in plant development or are triggers for plant
physiological changes cannot be resolved from network in-
ference alone and requires experimental validation.

The shared driver genera tended to remain in same com-
munity across growth stages, suggesting stable network or-
ganization. For example, Pedobacter, Kaistobacter, Microbac-
terium, Microlunatus, Nitrospira, Reyranella, Stenotrophomonas,
and Steroidobacter largely maintained community member-
ship throughout development, as did Couchioplanes and Labrys
(Fig. 3). This stability suggests that interactions among these
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driver genera are conserved over time, while their connec-
tions with other members of the rhizosphere community
shifts across growth stages. These patterns highlight a struc-
tured yet dynamic microbial assembly process and identify
driver genera as priorities for future studies aimed at vali-
dating ecological interactions and identifying factors under-
lying network rewiring. In Arabidopsis thaliana and Boechera
stricta, the rhizosphere microbial community has been shown
to modulate the timing of flowering (Wagner et al. 2014; Lu
et al. 2018), and transplantation of the rhizosphere micro-
biome from A. thaliana to Brassica rapa caused a shift in flow-
ering phenology (Panke-Buisse et al. 2014). Given that B. napus
and A. thaliana are both members of the Brassicaceae, sim-
ilar mechanisms linked to flowering are possible in B. na-
pus. Notably, several driver genera identified here, including
Flavobacterium, Mycobacterium, Pedobacter, Pseudomonas, and
Steroidobacter have also been recently shown to be associated
with canola yield in recent field studies (Li et al. 2023), sup-
porting their relevance to crop performance.

5. Conclusion

In conclusion, we have shown here that growth stage al-
ters B. napus rhizosphere microbial community assembly,
spanning from indicator taxa shifts to putative functional
transitions and network restructuring. Early growth stages
were characterized by enrichment of microbial taxa associ-
ated with nitrogen fixation and denitrification potential. By
flowering, nitrate reduction-associated profiles peaked, co-
inciding with high plant nitrogen demand, while maturity
was marked by greater enrichment of microbial taxa linked
to carbon-degrading potential. These transitions occurred
within conserved yet dynamic microbial networks, where
core-hub communities persisted across development and
driver genera modulated stage-specific community rewiring,
with overall microbial network complexity highest at flower-
ing. The importance of the B. napus microbiome for produc-
tivity, including seed yield is reported (Mamet et al. 2022; Li
et al. 2023). This suggests the possibility to incorporate eco-
logical considerations for microbiome optimization besides
the individual differentially abundant and core bacterial gen-
era considerations (Taye et al. 2020). Combining both the in-
dividual bacteria and community perspectives can be com-
plementary and can lead to a better understanding of B. na-
pus rhizosphere microbial assembly and ultimately the opti-
mization of positive plant-microbial interrelationships. No-
tably, these microbial changes occurred under a fertilization
regime that included fall and spring application. Given that
most fertilizer-derived nitrogen would have been available
in early growth, the enrichment of nitrate-reducing func-
tions at flowering highlights uncertainties in the timing and
transformation of nitrogen in the rhizosphere. Future studies
coupling microbial functional profiling with direct measure-
ments of soil nitrogen pools and fluxes, under tailored fertil-
ization strategies, will be critical for optimizing B. napus per-
formance through microbiome-informed management. This
study also identifies a cohort of core-hub communities and
driver genera that represent valuable targets for future dis-
section of microbial assembly processes and their potential
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application in canola management. Finally, while the present
study focused on growth stage-driven microbial assembly
patterns across diverse canola genotypes, future work explic-
itly examining genotype-specific network structures will be
important to resolve how plant genetic variation shapes mi-
crobial interactions and to further refine microbiome-based
strategies for canola improvement.
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