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Abstract
Background Rhizosphere microbial communities are important components of the soil-plant continuum in paddy 
field ecosystems. These rhizosphere communities contribute to nutrient cycling and rice productivity. The use of 
fertilizers is a common agricultural practice in rice paddy fields. However, the long-term impact of the fertilizers 
usage on the rhizosphere microbial communities at different rice developmental stages remains poorly investigated. 
Here, we examined the effects of long-term (27 years) N and NPK-fertilization on bacterial and archaeal community 
inhabiting the rice rhizosphere at three developmental stages (tillering, panicle initiation and booting) in the Senegal 
River Delta.

Results We found that the effect of long-term inorganic fertilization on rhizosphere microbial communities varied 
with the rice developmental stage, and between microbial communities in their response to N and NPK-fertilization. 
The microbial communities inhabiting the rice rhizosphere at panicle initiation appear to be more sensitive to long-
term inorganic fertilization than those at tillering and booting stages. However, the effect of developmental stage on 
microbial sensitivity to long-term inorganic fertilization was more pronounced for bacterial than archaeal community. 
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Background
The global demand for food is expected to rise by at least 
60% by 2050 [1, 2]. Rice is a major staple food account-
ing for over 20% of global calorie intake and feeding over 
50% of the global population [3–5]. It is grown in more 
than a hundred countries on over 10% of global cropland, 
with an annual production of more than 700 million tons 
[6, 7]. To meet the rising demand from a growing world 
population, a 40% increase in rice production must be 
achieved by the end of 2030 [8], on limited and increas-
ingly degraded arable lands and in the context of global 
climate change [5, 9, 10].

Rice farmers largely rely on fertilizer application to 
maintain or increase yields [11, 12]. However, excessive 
use of inorganic fertilizers can adversely affect soil health 
[13, 14], and leads to environmental problems such as 
soil, water and air pollution, and greenhouse gas emission 
[15, 16]. Harnessing the potential of symbiotic and non-
symbiotic beneficial soil microbes has been proposed as 
an alternative to inorganic fertilizers [17–19]. Indeed, 
some soil microbes positively influence plant health and 
productivity directly by providing nutrients and growth-
stimulating factors, by enhancing tolerance to pathogens 
and abiotic stresses, or indirectly by regulating nutrient 
availability in soil through the processes of organic mat-
ter decomposition and solubilization or by stabilizing soil 
aggregates [20–22]. Through their multiple functions, 
soil microbes play a pivotal role in ecosystem services 
and biodiversity conservation [23–25].

Several studies have shown that long-term agricultural 
management practices profoundly affect soil physico-
chemical properties, and thereby, alter microbial com-
munity composition, structure, and function [26–28]. For 
instance, long-term mineral fertilization often results in 
significant increase in the soil microbial biomass in crop-
ping systems [29], with positive or negative effects on soil 
microbial enzyme activities of nutrient cycling [30, 31]. It 
has also been shown that long-term mineral fertilization 
in a paddy soil alters community structure of ammonia-
oxidizing bacteria rather than archaea [32].

On the other hand, the composition and structure of 
the microbial communities inhabiting the rhizosphere 
(root-soil interface, [33, 34]) can be shaped by the plant 
genotype and the plant developmental stage [35–37]. 

Indeed, the root morphology, the root exudates com-
position and the plant host immune system, which dif-
fer among genome types and developmental stages, are 
among the specific traits by which plants modulate the 
rhizosphere microbial communities [38–40].

In West Africa, the effects of inorganic nitrogen (N), 
phosphorous (P) and potassium (K) fertilizer manage-
ment practices on rice yield have been widely studied in 
different agroecosystems by agricultural research organi-
zations for many years [41]. In the Senegal River Delta, 
Haefele et al. [42] revealed that long-term (26 years or 52 
seasons of rice cultivation) application of inorganic N, P 
and K fertilizers has resulted in significant increases in 
grain yield of rice, while significant effects on total nutri-
ent concentrations in the soil were only detected for P. 
However, the impact of long-term application of N, P and 
K fertilizers on microbial communities inhabiting the rice 
rhizosphere in West African Sahelian agroecosystems 
remains unknown. Despite the effect of plant age [43], as 
well as those of inorganic fertilization [44, 45] on micro-
bial communities inhabiting the rice rhizosphere were 
separately documented elsewhere, we still lack a com-
prehensive understanding on the sensitivity to inorganic 
fertilization of rhizosphere microbial communities across 
developmental stages under paddy field conditions. The 
identification of critical rice developmental stages dur-
ing which the rhizosphere microbial communities are 
particularly affected by inorganic fertilization, as well as 
the fertilization sensitive microbial taxa would help in 
developing strategies for the successful manipulation of 
microbial communities to improve rice yields. Indeed, it 
could help to understand the inconsistent persistence of 
certain inoculants in the rhizosphere and to identify the 
right time of application of certain inoculants in relation 
to rice developmental stages and inorganic fertilization 
[43, 46, 47].

Hence, the main objectives of the present study were 
to assess (1) the effects of long-term (27 years) N and 
NPK-fertilization on bacterial and archaeal commu-
nity inhabiting the rice rhizosphere in the Senegal River 
Delta, (2) the sensitivity to inorganic fertilization of rhi-
zosphere bacteria and archaea across rice developmental 
stages and (3) the inter-kingdom co-occurrence patterns 

Furthermore, our data reveal dynamics of bacteria and archaea co-occurrence patterns in the rice rhizosphere, with 
differentiated bacterial and archaeal pivotal roles in the microbial inter-kingdom networks across developmental 
stages.

Conclusions Our study brings new insights on rhizosphere bacteria and archaea co-occurrence and the long-term 
inorganic fertilization impact on these communities across developmental stages in field-grown rice. It would help in 
developing strategies for the successful manipulation of microbial communities to improve rice yields.
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of rhizosphere bacteria and archaea across rice develop-
mental stages.

Methods
Site description
Rhizosphere soil samples analyzed in this study were 
collected from a long-term fertility experiment (LTFE) 
conducted over a period of 27 years (1991–2017) at the 
AfricaRice Sahel research station in Ndiaye (16° 11’ N, 16° 
15’W) located close to the coast (about 40 km inland) in 
the Senegal River Delta (Senegal, West Africa). The long-
term fertility experiment included six fertilizer treat-
ments (consisting of different combinations of N, P and 
K fertilizers) laid out in a randomized complete block 
design and rice was grown for two seasons per year (for a 
detailed description see Bado et al. [48]).

The local climate is a typical Sahelian climate with a 
long dry period from October to June and a short-wet 
season from July to September [49]. The highest average 
temperatures are recorded in April-May and the lowest 
in December-January. The soil is an orthothionic Gley-
sol, containing 40–54% clay (smectite and kaolinite) with 
average permeability of 2.8 mm.d− 1. Soil salinity is high 
due to the occurrence of marine salt deposits in the sub-
soil [50]. The average precipitation is 177 mm during the 
wet season and 7.5 mm during the hot dry season [49].

Experimental design and rhizosphere soil sampling
Rhizosphere soil samples were collected during the hot 
dry season in 2017, from three replicates of three fertil-
izer treatments of the LTFE: unfertilized plots; N-fer-
tilized plots with the recommended dose of N fertilizer 
without P and K (120  kg N/ha, 0  kg P/ha, 0  kg K/ha); 
and NPK-fertilized plots with the recommended dose of 
NPK fertilizer (120 kg N/ha, 26 kg P/ha and 50 kg K/ha). 
Each plot measured 25 m2 (5 × 5  m) and contained rice 
seedlings of the variety Sahel 108 (IR 13240-108-2-2-3). 
The plots were separated by small dikes (30 cm high) and 
maintained in irrigated conditions. During the rice cul-
tivation, fertilizers were applied as follows: 40% N, 100% 
P and 100% K were applied at tillering, 40% N at panicle 
initiation and the remaining 20% N at booting stage. Rhi-
zosphere soil samples were collected at those three devel-
opmental stages at which the fertilizers were applied.

At each rice developmental stage (tillering, panicle 
initiation and booting), rhizosphere soil samples were 
taken two times (one day before and two days after fer-
tilizer application). Hence, 6 sampling time-points (3 
developmental stages x 2 time-points) were obtained for 
each of the three fertilizer treatments. At each sampling 
time-point, the entire root system of 3 individual plants 
was sampled from each plot, soil loosely attached to the 
roots was removed and samples were placed in plastic 
bags in ice and transported to the laboratory where the 

rhizosphere soils were collected and pooled into a single 
composite sample. Hence, 54 rhizosphere soil samples (3 
fertilizer treatments x 6 sampling time-points x 3 replica-
tions) were obtained for microbiome analysis.

Soil chemical analysis
Soil properties were determined as in Mofini et al. [51]. 
Briefly, soil pH was determined with a soil-to-water 
ratio of 1:2.5. Soil nitrate (NO3

−) and ammonium (NH4
+) 

were extracted with 2  M KCl and were quantified by 
Bran + Luebbe GmbH AutoAnalyzer III. Total carbon 
(C) and total nitrogen (N) contents were quantified 
using Elemental Analyzer (Flash EA 1112 series, Ther-
moFinnigan, France). Soil available phosphorus (AP) was 
extracted using sodium bicarbonate and then measured 
by the molybdenum-blue method. The P concentration 
was determined after dry mineralization by inductively 
coupled plasma atomic emission spectrometry (ICP-
AES). Electrical conductivity (EC) and salinity were mea-
sured with a digital conductivity meter.

DNA extraction, PCR amplification and sequencing
DNA was extracted from 250 mg of each rhizosphere soil 
sample using the FastDNA Spin Kit for Soil (MP Biomed-
icals, Fountain Parkway, Solon, OH, USA), according to 
the manufacturer’s instructions. DNA concentration and 
purity were determined using a Nanodrop ND-2000 UV-
VIS spectrophotometer (NanoDrop Technologies, Wilm-
ington) and DNA samples were stored at -20 °C.

Amplification and sequencing of bacterial and archaeal 
DNA were performed by MR DNA (www.mrdnalab.com, 
Shallowater, TX, USA) by targeting the V4 hypervariable 
region of the 16 S rRNA gene. Bacterial DNA was ampli-
fied by using the universal primers 515 F/806R [52], while 
archaeal DNA was amplified with the primers 349 F/806R 
[53]. After amplification, the quality and relative concen-
tration of the amplicons were checked by migration on 
2% agarose gel. Multiple replicates were pooled together 
in equal proportions based on their molecular weight 
and DNA concentrations. Pooled DNA samples were 
purified using calibrated Ampure XP beads and then the 
amplicons were used to prepare DNA libraries follow-
ing Illumina Truseq DNA library preparation protocol. 
Sequencing was performed on a MiSeq Illumina platform 
(2 × 300) following the manufacturer’s guidelines.

Sequence analysis
Sequence data were processed using MR DNA analysis 
pipeline (www.mrdnalab.com, Shallowater, TX, USA) as 
described in Mofini et al. [51]. In summary, raw Illumina 
MiSeq paired-end reads were assembled, and sequences 
were demultiplexed and formatted for processing using 
a Python script (http://drive5.com/usearch/manual/
uparse_pipeline.html). Sequences were then separately 

http://www.mrdnalab.com
http://www.mrdnalab.com
http://drive5.com/usearch/manual/uparse_pipeline.html
http://drive5.com/usearch/manual/uparse_pipeline.html
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quality-filtered and clustered into operational taxonomic 
units (OTUs) using the UPARSE algorithm [54]. Briefly, 
sequences were quality-filtered allowing a maximum 
e-value of 0.5. Reads were then trimmed to 240-bp length, 
dereplicated and sorted by abundance, and singletons 
were removed prior OTU determination at 97% sequence 
similarity threshold. Then, chimeric sequences were 
screened and removed using UCHIME [55] against the 
Gold database [56]. Finally, bacterial and archaeal OTU 
tables were generated by mapping reads back to the rep-
resentative prokaryotic databases. The taxonomic affilia-
tion of each OTU was obtained using BLASTn against a 
curated database derived from GreenGenes [57], RDPII 
(http://rdp.cme.msu.edu), and NCBI (www.ncbi.nlm.nih.
gov). The generated raw sequence data were deposited in 
figshare (https://doi.org/10.6084/m9.figshare.20348949).

Alpha diversity
Prior alpha diversity analysis, the OTU tables of bacteria 
and archaea were rarefied to 14,824 and 23,889 sequences 
per sample respectively, using the rarefy_even_depth 
function in the phyloseq package [58]. Alpha diversity 
was then estimated by the Shannon index at each rar-
efaction level for bacteria and archaea. After checking 
for normality (Shapiro–Wilk test) and homoscedasticity 
(Levene test), a linear mixed-effects (LME) model fit by 
restricted maximum likelihood (REML) was used to test 
the effect of long-term fertilization and developmental 
stage on alpha diversity, using the lmer function in the 
lme4 package [59]. The LME model was:

Shannon index ~ Fertilization x Developmental stage/
sampling time-point + (1|Block).

Where x indicates an interaction term, sampling time-
point nested within developmental stage and plot block 
included as random factor to control for spatial variation.

The significance of fixed effects was assessed by the 
type II tests using the Anova function in the car pack-
age [60]. Whenever Anova revealed a significant effect 
of a given fixed factor, pairwise comparisons were con-
ducted using the emmeans package with Tukey’s adjusted 
p-values [61]. The variance explained by the fixed factors 
(marginal R2) and those explained by both the fixed and 
random factors (conditional R2) were calculated with the 
r.squaredGLMM function in the MuMIn package [62].

Beta diversity
Prior to beta diversity analysis, the OTU sequence counts 
of bacteria and those of archaea were normalized using 
the Trimmed Means of M-values (TMM) with the edgeR 
package [63] and the normalized counts were expressed 
as relative abundance counts per million (CPM). The 
major variance components of beta diversity in bacte-
ria and archaea were determined by performing uncon-
strained principal coordinate analysis (PCoA) based on 

Bray-Curtis dissimilarities using the phyloseq package 
[58]. The effects of long-term inorganic fertilization and 
developmental stage on community dissimilarity were 
then tracked by permutational multivariate analysis of 
variance (PERMANOVA) using the adonis2 function in 
the vegan package [64]. The PERMANOVA model was 
run with 9999 permutations constrained within block 
and sampling time-point nested within developmen-
tal stage. The Mantel test based on Spearman’s correla-
tions was performed to explore the relationship between 
microbial communities and soil properties using the 
vegan package [36].

Dataset of each kingdom (bacteria and archaea) were 
then separated into three subsets according to develop-
mental stage (tillering, panicle initiation and booting) 
for in-depth analyses. For each data subset, we only kept 
OTUs that had at least three sequences and were found 
in at least three samples. The OTU sequence counts 
were subsequently TMM-normalized and the normal-
ized counts were expressed as relative abundance CPM. 
We then performed canonical analysis of principal coor-
dinates (CAP) to determine the effects of long-term 
inorganic fertilization and sampling time-point on each 
microbial community at each developmental stage using 
the phyloseq package [58]. Whenever significant effect 
was detected with PERMANOVA, pairwise comparisons 
were conducted using the pairwise.adonis function in the 
pairwiseAdonis package [65]. The analysis of multivariate 
homogeneity of group dispersions (BETADISP) was per-
formed using the betadisper function, and significance 
was assessed using a permutation test with the permutest 
function in the vegan package [64].

Long-term inorganic fertilization sensitive taxa
For each kingdom (bacteria and archaea), we used com-
plementary approaches to identify the OTUs responsible 
for the observed effects of long-term inorganic fertiliza-
tion at each developmental stage [66]. Correlation-based 
indicator species analysis was performed using the multi-
patt function in the indicspecies package [67] to calculate 
the point-biserial correlation coefficient (r) of an OTU’s 
positive association to one or a combination of long-term 
inorganic fertilizations. Likelihood ratio test (LRT) in the 
edgeR package [63] was then used to test for differential 
OTU abundance between one or more of the long-term 
inorganic fertilizations. Thus, OTUs whose abundances 
differed between one or more of the long-term inorganic 
fertilizations at a false discovery rate (FDR) corrected 
value of p < 0.05 were considered to be long-term inor-
ganic fertilization responsive. Thereafter, the OTUs con-
firmed by both indicator species analysis and LRT were 
defined as long-term inorganic fertilization sensitive 
(lifs) OTUs. For each kingdom, an LME model was used 

http://rdp.cme.msu.edu
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://dx.doi.org/10.6084/m9.figshare.20348949
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to test for differences in relative abundance of lifs OTUs 
between developmental stages.

The enrichment/depletion patterns of bacterial and 
archaeal lifs OTUs at each developmental stage were 
visualized by drawing ternary plots using the ggtern 
package [68]. The same approach was conducted to iden-
tify lifs taxa at the higher taxonomic levels (phylum for 
bacteria, class for archaea because they contain a small 
number of phyla, and family for both kingdoms). The 
Proteobacteria phylum was also divided into its respec-
tive classes because it accounted for a large proportion of 
the bacterial community in our data set.

Microbial inter-kingdom co-occurrence networks
The core bacterial and archaeal microbiomes on a 75% 
prevalence threshold were characterized using the micro-
biome package [69] to identify highly prevalent taxa that 
are present in the majority of samples at each develop-
mental stage [51]. The core bacterial and archaeal micro-
biomes were combined, and microbial inter-kingdom 
co-occurrence networks were constructed to infer intra- 
and inter-kingdom interactions of OTUs at each devel-
opmental stage. For this, Spearman’s correlation between 
all pairs of bacterial and archaeal OTUs was performed 
based on their TMM-normalized CPM counts. We then 
considered only correlations with r > 0.6 and those with 
r < -0.6 associated with FDR-adjusted p-values < 0.01 
[51]. The Gephi software (v0.9.2; https://gephi.org) was 
used to visualize the microbial inter-kingdom networks 
and estimate node-level topological features (degree, 
betweenness centrality, closeness centrality and eigen-
vector centrality) and network-level topological features 
(average degree, average path length, network diameter, 
graph density, modularity and clustering coefficient) for 
each developmental stage [51, 70]. For each microbial 
inter-kingdom network, nodes correspond to bacterial 
or archaeal OTUs, and edges correspond to strong cor-
relations inferred from their TMM-normalized CPM 
counts. The OTUs belonging to the top 2% of degree and 
betweenness centrality were identified as potential hub 
OTUs [51, 71]. Unless mentioned otherwise, all statisti-
cal analyses were conducted in R v4.1.3 and all statistical 
tests were considered significant at p < 0.05.

Results
General traits of the rhizosphere bacterial and archaeal 
community of field-grown rice
A total of 31 bacterial phyla including 66 classes were 
found across all soil samples. The most dominant bac-
terial phyla (classes for Proteobacteria) in terms of 
relative abundance were Chloroflexi (13.34–25.62%), Del-
taproteobacteria (18.21–19.72%) and Firmicutes (8.67–
12.01%), which together accounted for 51.23% of the 
bacterial sequences (Fig. 1a). For archaea, we recorded 5 

phyla and 13 classes across all soil samples. Methanomi-
crobia (39.54–58.19%) was the most dominant class, fol-
lowed by unclassified Crenarchaeota (12.89–21.85%) and 
Methanobacteria (12.05–15.69%) (Fig. 1b).

Alpha diversity (Shannon index) of the bacterial com-
munity was greater than those of the archaeal community 
across all samples (Fig.  1c-d). For bacteria, we detected 
a significant interaction between fertilization and devel-
opmental stage on Shannon index (Chi2 = 12.71, df = 4, 
p = 0.013, Additional file 1: Table S1). However, compared 
to the unfertilized treatment, the long-term application 
of N and NPK-fertilizer did not significantly affect the 
bacterial alpha diversity at any of the three developmen-
tal stages (Fig.  1c). For archaea, we detected significant 
effects of fertilization (Chi2 = 14.77, df = 2, p = 0.001) and 
developmental stage (Chi2 = 20.28, df = 2, p < 0.001) on the 
Shannon index, while there was no significant interaction 
(Additional file 1: Table S1). This indicates that the inor-
ganic fertilization and the developmental stage indepen-
dently affected alpha diversity in archaeal communities. 
We observed a trend in which archaeal alpha diversity 
increased in response to N and NPK-fertilization and 
from tillering to booting stage (Fig. 1d).

For both bacteria and archaea, the NPK-fertilized soil 
was separated from the N-fertilized and unfertilized soil 
along the first PCoA axis (Additional file 2: Fig S1a-b) 
and this observation was confirmed by PERMANOVA 
(F = 3.760, R2 = 0.133, p < 0.001 for bacteria and F = 7.039, 
R2 = 0.239, p < 0.001 for archaea; Additional file 1: Table 
S2). Moreover, significant increases in soil pH, total P 
and assimilable P were observed in the order unfertil-
ized < N-fertilized < NPK-fertilized soil, while Mantel’s 
test showed significant correlations between soil prop-
erties especially soil pH, NH4

+-N, total C, total N and 
total P for both bacterial and archaeal community (Addi-
tional file 1: Table S3). We further observed a microbial 
distribution corresponding to the plant developmental 
stage, especially bacteria across the axis 3 of the PCoA 
plot (Additional file 2: Fig. S1c-d). PERMANOVA again 
revealed that the effect of developmental stage was sig-
nificant for both bacteria (F = 2.293, R2 = 0.081, p < 0.001; 
Additional file 1: Table S2) and archaea (F = 1.371, 
R2 = 0.047, p = 0.023; Additional file 1: Table S2).

Long-term fertilization effects on microbial communities 
inhabiting the rice rhizosphere at different developmental 
stages
The partial CAP, constrained by both long-term fertiliza-
tion and sampling time-point, showed significant effects 
of long-term fertilization on both bacterial and archaeal 
community at tillering, panicle initiation and booting 
stage (Fig. 2).

No significant effects of sampling time (pre and post 
fertilization at the same developmental stage) were 

https://gephi.org
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observed on both bacterial and archaeal communities 
at different developmental stages. This observation was 
confirmed by PERMANOVA (Additional file 1: Table 
S4). The pairwise comparisons for bacterial composi-
tion revealed that, at tillering stage, unfertilized and 
N-fertilized rhizosphere soil harbored not significantly 
different communities, while they differed significantly 
from those in the NPK-fertilized rhizosphere soil. In 
contrast, the three treatments (unfertilized, N-fertilized 
and NPK-fertilized) harbored dissimilar bacterial com-
munities both at panicle initiation and at booting stage 
(Additional file 1: Table S4). For archaeal communities, 

significant differences were observed between unfertil-
ized, N-fertilized and NPK-fertilized soil at tillering and 
booting stages. Whereas, at panicle initiation, just the 
NPK-fertilized was significant different compared with 
the unfertilized and the N-fertilized rhizosphere soils 
(Additional file 1: Table S4). Furthermore, the Betadisper 
analysis revealed significant differences in group disper-
sion for the archaeal community at tillering (F = 4.024, 
df = 2, p = 0.028) and panicle initiation stages (F = 3.237, 
df = 2, p = 0.009). Conversely, no significant differences 
in group dispersion were observed for bacterial com-
munity at different developmental stages, suggesting that 

Fig. 1 Relative OTU abundances (counts per million, CPM) and Shannon index of bacteria (a and c) and archaea (b and d) inhabiting the rice rhizosphere 
at tillering, panicle initiation (Pani_init) and booting stage in unfertilized (UF), N-fertilized (N) and NPK-fertilized (NPK) plots. The relative OTU abundances 
of bacteria are given at phylum level (class level for Proteobacteria) and those of archaea at class level (including both well classified and unclassified (Un-
clas.)). For Shannon index, circles and triangles represent the first (1-day prior fertilization) and second time-point sampling (two days post fertilization), 
respectively
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Fig. 2 CAP ordinations depicting the effects of long-term fertilization (NPK-fertilization (NPK), N-fertilization (N), and non-fertilization control (UF)) and 
sampling time-point (ST1 and ST2) on bacterial (a, b and c) and archaeal (d, e and f ) communities inhabiting the rice rhizosphere at tillering (Tl, a and 
d), panicle initiation (Pi, b and e) and booting stage (Bt, c and f ). The explained fraction of the total variance (with 95% confidence interval, significance 
assessed with 9999 permutations) are given above the plots. For each developmental stage, ST1 ST2 refer to the first and second sampling time-point, 
respectively
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the differences between fertilization regimes were mainly 
driven by true biological differences (Additional file 1: 
Table S4). Overall, our results indicate that the effect of 
long-term fertilization affect the compositions of the 
rhizosphere microbial communities depending on the 
developmental stage, and that the bacterial and archaeal 
community differed in their response to long-term N and 
NPK-fertilization.

Distribution of long-term inorganic fertilization sensitive 
taxa across developmental stages of field-grown rice
We combined indicator species analysis and likelihood 
ratio test (LRT) to determine the long-term inorganic 
fertilization sensitive (lifs) OTUs (Additional file 2: Fig. 
S2). We identified 3849 and 986 lifs OTUs of bacteria and 
archaea respectively, across the different developmental 

stages (Fig.  3a-b). The bacterial community included 
946, 2387 and 1415 lifs OTUs contributing to 7.81, 16.67 
and 8.22% of the total abundance at tillering, panicle ini-
tiation and booting stage, respectively (Fig.  3a-c). For 
archaea, we found 407, 466 and 415 lifs OTUs account-
ing for 22, 23.40 and 17.30% of the total abundance at til-
lering, panicle initiation and booting stage, respectively 
(Fig. 3b-d).

A statistically significant effect of developmental stage 
on the relative abundance of lifs OTUs was detected 
for both kingdoms, with a larger magnitude for bacte-
ria (Chi2 = 62.73, df = 2, p < 0.001) compared to archaea 
(Chi2 = 13.42, df = 2, p = 0.001). In addition, dynamic 
enrichment/depletion patterns of bacterial and archaeal 
lifs OTUs in unfertilized, N-fertilized and NPK-fertilized 
soil were observed across developmental stages (Fig. 4). 

Fig. 3 Number and relative abundance of long-term inorganic fertilization sensitive (lifs) OTUs of bacteria (a and b) and archaea (c and d) inhabiting the 
rice rhizosphere at tillering (Tl), panicle initiation (Pi) and booting stage (Bt). Black dots and error bars within violins represent means and standard errors
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Fig. 4 Ternary plots depicting the enrichment/depletion patterns of long-term inorganic fertilization sensitive (lifs) OTUs of rhizosphere bacteria (a, b and 
c) and archaea (d, e and f ) in unfertilized (UF), N-fertilized (N) and NPK-fertilized soil (NPK) at tillering, panicle initiation and booting stage of field-grown 
rice. The ternary plots were constructed based on the mean relative abundances (counts per million, CPM) of lifs OTUs. The bacterial and archaeal lifs OTUs 
are colored based on the phyla (classes for Proteobacteria) and classes (well classified and unclassified (Unclas.)) to which they belong
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For instance, the bacterial lifs OTUs were preferentially 
enriched in NPK-fertilized soil, followed by N-fertilized 
soil at panicle initiation, whereas they were preferentially 
depleted in NPK-fertilized soil at booting stage (Fig. 4a-
c). For archaea, the lifs OTUs were also preferentially 
depleted in NPK-fertilized soil as compared to unfertil-
ized and N-fertilized soil at tillering and booting stage 
(Fig. 4d-f ).

On the other hand, 7 bacterial phyla and 6 archaeal 
classes were identified as sensitive to long-term inor-
ganic fertilization across the different developmental 
stages (Additional file 2: Fig. S3). At tillering stage, Epsi-
lonproteobacteria was significantly depleted, whereas 
unclassified Parvarchaeota was enriched in NPK-fer-
tilized. At panicle initiation, Alphaproteobacteria and 
Betaproteobacteria were significantly enriched, whereas 
Chlorobi, Chloroflexi, Ignavibacteriae, Verrucomicrobia, 
Methanomicrobia and Thermoplasmata were depleted 
in NPK-fertilized soil. At booting stage, unclassified 
Thaumarchaeota were enriched, whereas Halobacte-
ria and Methanococci were depleted in N-fertilized soil 
(Additional file 2: Fig. S3). Furthermore, 57 and 3 bacte-
rial and archaeal families, respectively, were identified as 
sensitive to long-term inorganic fertilization across the 
different developmental stages (Additional file 2: Fig. S4). 
Although some of those families exhibited their sensitiv-
ity to long-term inorganic fertilization either at one, two 
or three developmental stages, most of them were pref-
erentially sensitive at panicle initiation (Additional file 2: 
Fig. S4).

Taken together, the effect of rice developmental stage 
on microbial sensitivity to long-term inorganic fertiliza-
tion was more pronounced for bacterial than for archaeal 
communities. Within the bacterial communities, a higher 
relative abundance of lifs taxa at panicle initiation com-
pared to at tillering and booting stages was identified.

Microbial inter-kingdom co-occurrence patterns in the 
rhizosphere core microbiome across developmental stages 
of field-grown rice
We analyzed the differences in the core microbiomes 
(treatment-independent) at the different developmen-
tal stages by investigating the taxa co-occurrence pat-
terns using microbial inter-kingdom network analysis. 
The microbial inter-kingdom network obtained at tiller-
ing stage contained 814 nodes, those at panicle initiation 
contained 1040 nodes and those at booting stage con-
tained 910 nodes (Additional file 1: Table S5, Additional 
file 2: Fig. S5). Furthermore, the microbial inter-kingdom 
network obtained at panicle initiation displayed a higher 
proportion (28.56%) of lifs OTUs than those obtained at 
booting (19.67%) and tillering stage (18.80%) (Fig. 5). The 
proportion of bacterial nodes increased from tillering to 
panicle initiation and decreased to booting stage, while 

those of archaeal nodes followed the opposite trend. Sim-
ilarly, the proportion of bacteria – bacteria edges, bacte-
ria – archaea edges and negative correlations increased 
from tillering to panicle initiation and decreased to boot-
ing stage, whereas those of archaea – archaea edges and 
positive correlations followed opposite trends (Fig.  5, 
Additional file 1: Table S5).

In addition, 17 potential hub OTUs were identified 
across the three developmental stages (Additional file 
1: Table S6). Of those potential hub OTUs, 2 belong-
ing to archaea (Methanobacterium and Methanosaeta) 
were identified at tillering stage, 9 including 2 bacte-
ria (Gemmatimonas and Pirellula) and 7 archaea (four 
Methanobacterium, two Methanosaeta and one Metha-
nosphaerula) at panicle initiation, and 6 belonging to 
archaea (five Methanosaeta and one Methanobacterium) 
at booting stage (Additional file 1: Table S6). Among 
these 17 potential hub OTUs, 12 were also identified as 
lifs OTUs (Additional file 1: Table S6). Together these 
results reveal the dynamics of bacteria and archaea co-
occurrence patterns in the rice rhizosphere, with dif-
ferentiated bacterial and archaeal pivotal roles in the 
microbial inter-kingdom networks across developmental 
stages.

Discussion
Understanding how the plant host (e.g., genotype, devel-
opmental stage), environmental factors (e.g., edaphic 
properties, climate) and agricultural management (e.g., 
tilling, fertilization) modulate the soil microbial com-
munities is essential to develop sustainable strategies for 
efficiently harness the soil microbiome to increase crop 
production and soil resilience [72–74]. Here, we investi-
gated the effect of long-term N and NPK-fertilization on 
bacterial and archaeal communities inhabiting the rice 
rhizosphere at three developmental stages (tillering, pan-
icle initiation and booting) in the Senegal River Delta.

First, we found that the bacterial community was domi-
nated by Proteobacteria, Chloroflexi, Firmicutes, Acti-
nobacteria, and Acidobacteria across treatments. For 
the archaeal community, unclassified Crenarchaeota, 
Methanomicrobia, Methanobacteria and unclassified 
Thaumarchaeota represented the most abundant classes 
in the rice rhizosphere. These results are consistent with 
previous studies from bacterial and archaeal kingdoms 
in rice paddy rhizospheres of different environments 
[75–77].

We next analyzed the impact of long-term inorganic 
fertilization and developmental stage on microbial alpha 
diversity in the rice rhizosphere. We observed that the 
alpha diversity was greater for the bacterial than archaeal 
community, irrespective of fertilization regime and devel-
opmental stage. In addition, we found that the interaction 
between inorganic fertilization and developmental stage 
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had a limited impact on bacterial alpha diversity. This 
observation is in accordance with previous reports show-
ing that environmental factors (i.e., soil nutrients or agri-
cultural management systems) as well as developmental 

stage have a limited effect on bacterial alpha diversity [78, 
79].

Looking further into microbial community struc-
ture, we observed that long-term inorganic fertilization 

Fig. 5 Proportions of bacterial and archaeal lifs OTUs, nodes, edges, and positive and negative correlations in each inter-kingdom network. Bac and Arc 
indicate bacteria and archaea, respectively
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resulted in significant shifts in both bacterial and archaeal 
community structure, and that the N and NPK-fertiliza-
tion differentially affected them. Soil pH, NH4

+-N, total 
C, total N and total P were identified as key edaphic fac-
tors shaping the rice rhizosphere bacterial and archaeal 
communities. Rice developmental stage was also found to 
be a significant factor explaining the observed variation 
in rhizosphere bacterial and archaeal community struc-
tures in accordance with previous observations [35, 36, 
80]. The changes in root exudation during rice growth 
might be the cause of the observed effect of developmen-
tal stage on rhizosphere microbial communities [39, 40, 
81]. Indeed, root exudation rate increases from seed-
ling to flowering stage and decreases to maturity, mean-
while the exudation of sugars was substituted by those of 
organic acids with advancing rice plant growth [82].

We next identified 3849 and 986 long-term inorganic 
fertilization sensitive (lifs) OTUs for bacteria and archaea 
respectively, across the different developmental stages. 
These OTUs have the potential to function as indicator 
taxa [66]. Moreover, our results indicate that the micro-
bial communities inhabiting the rice rhizosphere at pan-
icle initiation are more sensitive to long-term inorganic 
fertilization than those at tillering and booting stages. 
Indeed, the highest lifs OTUs relative abundances for 
both bacterial and archaeal communities were obtained 
at panicle initiation. This long-term fertilization sensitiv-
ity pattern of microbial communities across developmen-
tal stages may be correlated to the rhizosphere microbial 
activity. In fact, the rice rhizosphere enzymatic activity 
as proxy of microbial activity was shown to increase up 
to panicle initiation and decline thereafter until matu-
rity [83, 84]. In other words, the activities of dehydroge-
nase, urease, acid phosphatase and alkaline phosphatase 
increased in rhizosphere soil from tillering to panicle 
initiation and decreased to maturity of rice grown under 
different crop management conditions [83]. Furthermore, 
it was shown that the panicle initiation is among the 
most sensitive developmental stage to biotic and abiotic 
stresses in rice [85–87].

The differential microbial sensitivity to long-term inor-
ganic fertilization across developmental stages supports 
the idea that rice may adjust its root metabolism and 
exudation to recruit specific rhizosphere microbial taxa 
in order to meet the changing demand for nutrients and/
or regulate immune responses [88, 89]. Our results also 
show that the long-term inorganic fertilization impact 
across developmental stages was more profound on the 
bacterial than the archaeal communities. Divergent evo-
lutionary paths between bacteria and archaea, in rela-
tion to the availability and/or demand for resources and 
edaphic factors might explain this observation. Congru-
ently, Valentine [90] suggested that archaea have evolved 

to thrive with energy stress, while bacteria can adapt to 
maximize the availability of energy and other resources.

In addition, dynamic enrichment/depletion patterns of 
lifs OTUs in unfertilized, N-fertilized and NPK-fertilized 
soil were observed across developmental stages, suggest-
ing the existence of distinctly different ecological niches 
suitable for either copiotrophic or oligotrophic micro-
bial taxa [91]. Partial support for this hypothesis comes 
from the observation that phyla/classes such as Alphap-
roteobacteria and Betaproteobacteria, whose members 
are often described to have a copiotrophic lifestyle, [11, 
92] were preferentially enriched in NPK-fertilized soil. 
Whereas Chloroflexi, whose members exhibit an oligo-
trophic lifestyle, [93, 94] were preferentially depleted in 
NPK-fertilized soil at panicle initiation. Thaumarchaeota, 
which also includes copiotrophic taxa [95, 96], were pref-
erentially enriched in N and NPK-fertilized soil at boot-
ing stage.

On the other hand, the analysis of taxa co-occurrence 
patterns from core microbiomes of the rice rhizosphere 
revealed that the inter-kingdom network obtained at 
panicle initiation displayed a higher proportion of lifs 
OTUs than those obtained at booting and tillering stages. 
This mirrors our findings from the analysis of the whole 
bacterial and archaeal community, while indicating that 
even if are prevalent, i.e., shared by all or most samples, 
certain taxa can become sensitive to long-term inor-
ganic fertilization at a given developmental stage. Yet, 
the proportion of bacterial nodes increased from tiller-
ing to panicle initiation and decreased to booting stage, 
while that of archaeal nodes followed opposite trends. 
There results suggest that rice may selectively recruit 
and maintain core microbiome members and thereby 
modulate microbe-microbe and soil-microbe interac-
tions to satisfy its abiotic and biotic requirements across 
developmental stages [72, 97, 98]. For instance, Xiong et 
al. [36] observed in maize that the bacterial and fungal 
proportions showed opposite shifting trends across three 
developmental stages. In the present study, the panicle 
initiation displayed a higher proportion of negative cor-
relations than the tillering and booting stage. This may 
reflect either more competition between microbial taxa 
for limiting resources, targeted allelopathy or distinctive 
environmental niches at panicle initiation than at other 
developmental stages [99, 100].

Furthermore, the microbial inter-kingdom networks 
obtained at tillering, panicle initiation and booting 
stage displayed dissimilar groups of potential hub taxa, 
suggesting that rice develops distinct dialogues with 
its microbiome across developmental stages. These 
potential hub taxa may play crucial roles in the assem-
bly of microbial communities at each developmental 
stage [101]. Of the 17 potential hub taxa, 15 fell into 
three genera (Methanosaeta, Methanobacterium, and 
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Methanosphaerula) belonging to three methanoarchaeal 
orders (Methanosarcinales, Methanobacteriales, and 
Methanomicrobiales), that share the ability to produce 
methane [102, 103]. Notably, methanogenic archaea 
have been identified as hub or keystone taxa in various 
ecological habitats such as the wheat rhizosphere [104], 
permafrost [105], human gastrointestinal tract [106], and 
in holobionts [107]. The high prevalence of methano-
genic archaea as hub taxa may be linked to their ability 
to convert diverse bacterial end products of fermenta-
tion such as carbon dioxide, hydrogen, methanol, and 
acetate (in case of Methanosarcinales), making them 
highly flexible in forming syntrophic relationship with a 
broad range of bacteria [108–110]. In addition, metha-
nogenic archaea can fix nitrogen [18, 111, 112] and make 
it available for methane-consuming microbial consortia 
[113]. Through these syntrophic interactions with other 
microbial communities, the methanogenic archaea may 
significantly contribute to carbon cycling in paddy fields 
[114]. Besides methanogenic archaea, two bacteria, Gem-
matimonas and Pirellula, were identified as potential hub 
taxa at panicle initiation. Gemmatimonas is known to 
play an important role in soil organic carbon dynamics by 
using metabolic products of cellulose such as acetate and 
propionate as the sole carbon source [115]. The contri-
bution of Gemmatimonas to carbon, nitrogen and phos-
phorus transformation through the decomposition of 
organic matter in the soil [116, 117], combined to its abil-
ity to fix nitrogen [118, 119] and potential role in plant 
disease suppression [120, 121], may underpin its pivotal 
role as keystone in various environments [104, 122, 123]. 
Pirellula is involved in nutrient dynamics in soil through 
nitrogen cycling [124]. Indeed, Pirellula can generate N2 
by using NO2

−-N obtained from NO3
−-N denitrification 

to oxide NH4
+-N under hypoxic or anaerobic environ-

ment [125, 126]. The impact of these potential hub taxa 
on the fitness of rice plants remains to be elucidated. 
Furthermore, the use of technologies such as metatran-
scriptomics could help to expand our understanding of 
the microbial community’s functions in this West African 
Sahelian agroecosystem.

Conclusions
We observed significant change in both rhizosphere bac-
terial and archaeal community compositions in response 
to long-term (27 years) N and NPK-fertilization. The 
bacterial and archaeal communities differed in their 
response to N and NPK-fertilization. The microbial com-
munities inhabiting the rice rhizosphere at panicle initia-
tion appear to be more sensitive to long-term inorganic 
fertilization than those at tillering and booting stage. 
However, the developmental stage impact on microbial 
sensitivity to long-term inorganic fertilization was more 
pronounced for bacterial than archaeal community. 

Furthermore, our results reveal dynamics of bacteria and 
archaea co-occurrence patterns in the rice rhizosphere, 
with differentiated bacterial and archaeal pivotal roles in 
the microbial inter-kingdom networks across develop-
mental stages. Based on these results, we speculate that 
the core taxa, especially the putative hub taxa, would 
have significant influence on development and productiv-
ity of rice through nutrient cycling and beneficial biotic 
interactions such as microbe-microbe, microbe-fauna 
and microbe-plant interactions. By identifying one of the 
critical rice developmental stages during which the rhi-
zosphere microbial communities are highly sensitive to 
inorganic fertilization as well as the fertilization sensitive 
microbial taxa, our results open new avenues for devel-
oping strategies in microbiome engineering to mitigate 
biotic and abiotic stress and improve rice yields. Future 
research should focus on these core and potential hub 
taxa to develop new-generation bio-fertilizers for more 
resilient and sustainable agriculture.
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