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Abstract

Root-associated microbiota profoundly affect crop health and productivity. Plants can selectively recruit
beneficial microbes from the soil and actively balance microbe-triggered plant-growth promotion and
stress tolerance enhancement. The cost associated with this is the root-mediated support of a certain
number of specific microbes under nutrient limitation. Thus, it is important to consider the dynamic
changes in microbial quantity when it comes to nutrient condition-induced root microbiome
reassembly. Quantitative microbiome profiling (QMP) has recently emerged as a means to estimate the
specific microbial load variation of a root microbiome (instead of the traditional approach quantifying
relative microbial abundances) and data from the QMP approach can be more closely correlated with
plant development and/or function. However, due to a lack of detailed-QMP data, how soil nutrient
conditions affect quantitative changes in microbial assembly of the root-associated microbiome remains
poorly understood. A recent study quantified the dynamics of the soybean root microbiome, under
unbalanced fertilization, using QMP and provided data on the use of specific synthetic communities
(SynComs) for sustaining crop productivity. In this editorial, we explore potential opportunities for
utilizing QMP to decode the microbiome for sustainable agriculture.
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nutrients in the soil is common in agroecosystems, due
either to a lack of or inappropriate fertilizer application.

To feed a growing global human population, new solu-
tions provided by microorganisms are required (Jansson
et al. 2023). Plant roots assemble microbial communi-
ties, both inside the roots and in their rhizosphere, and
the presence of beneficial root microbiomes plays piv-
otal roles in plant productivity (Berendsen et al. 2012).
The assembly of root-associated microbiota can vary by
host genotypes (Wagner et al. 2016), plant develop-
mental stages (Zhang et al. 2018) and soil properties
(Philippot et al. 2013). With respect to soil properties,
sub-optimal or unbalanced distribution of mineral
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However, the mechanism(s) by which different fertilizer
regimes trigger alterations in root microbial reassembly
to influence plant development remains unexplored.

In a recent study, Wang et al. (2024) used quantita-
tive microbiome profiling (QMP) to reveal the temporal
dynamics of the root-associated microbiome in response
to unbalanced fertilization, and identified several low-
nitrogen (N)-enriched microbes that could promote
soybean growth, when grown on low-N soil. This study
offered new insights into the dynamic assembly of root-
associated microbiomes and highlights the potential for
harnessing stress-tailored microbiota to enhance plant
crop adaptation.
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In a 40-year field trial, conducted under different
fertilization regimes (namely exclusion of N, phospho-
rous (P) or potassium (K)), these various nutrient con-
ditions were shown to differentially affect soybean
performance. Here, it is noteworthy that N deficiency
did not significantly reduce soybean yield and even
showed a slight yield-enhancement in 2020. In this
same year, rhizosphere soil and root samples of soybean
were collected to monitor the dynamics of the root-as-
sociated microbiome.

Based on QMP profiling, Wang et al. (2024) estab-
lished that the composition of root-associated bacteria
strongly changed with plant development and the total
number of bacteria significantly increased at the later
stages. Particularly, members of the phylum, Bac-
teroidetes, which have been reported to facilitate
nutrient uptake of the host plant (Pan et al. 2023), were
enriched in the root microbiome, and were associated
with enhanced-soybean fitness. Thus, plant develop-
ment allows roots to harbor increased microbial quan-
tity and drives expansion of specific bacterial groups
targeting plant-growth enhancement. Further analyses
revealed that rhizosphere bacteria were more sensitive
to nutrient status compared to endosphere bacteria.
Notably, the rhizosphere microbiome exhibited a unique
succession pattern with multiple bacterial taxa showing
increased abundance in the absence of N fertilization,
whereas the lack of P fertilizer hindered the develop-
ment of the rhizosphere microbiome and generally
decreased the total load of microbial taxa. Importantly,
the symbiosis between soybean and rhizobia was
enhanced under low-N conditions, which could provide
an additional N source to support plant growth. These
findings suggest that nutrient-stress environments can
force plants to actively manipulate the microbial popu-
lation within the rhizosphere and prioritize allocation of
limited exudate resources to distinct functional taxa and
increase their biomass.

Metagenomic analysis revealed the functional adap-
tation of rhizosphere microbiomes under different
nutrient conditions. Specifically, N mineralization-asso-
ciated genes were significantly enriched in N-treatment
conditions. Rhizosphere N mineralization is triggered by
a microbial biomass increase or community reassembly
regarding the microbial priming effect (Valadares et al.
2020). And in legumes, N fixation by rhizobia enhances
the rhizosphere priming effect by promoting photo-
synthesis and rhizodeposition (Henneron et al. 2020).
Thus, a two-step process of microbial N supply for
soybean, under N limitation, can be verified. First, N
deficiency increases the abundance of rhizobia, which
benefits N fixation; second, adequate carbon and N,
afforded through N fixation, allows functional microbes

to increase biomass and initiate organic N mineraliza-
tion (Henneron et al. 2020; Valadares et al. 2020). These
processes co-ordinately contribute to the sustained
soybean productivity and implicate an economic strat-
egy for legume plants to respond to N shortage. For
P-treatment, inorganic P solubilization and P starvation-
associated genes were specifically enriched in the rhi-
zosphere so as to increase available P sources for soy-
bean growth.

Through co-occurrence network analysis of core
bacterial amplicon sequence variants (ASVs), bacterial
isolation and synthetic community (SynCom) construc-
tion, Wang and colleagues identified and matched seven
core ASVs with bacterial strains in low-N-enriched
cluster (LNE cluster) and designated as SynCom?7 (i.e.,
Rhodococcus, Lysobacter, Terrabacter, Arthrobacter,
Phyllobacterium, Bosea and Aeromicrobium) and Syn-
Com5 (excluding Bosea and Aeromicrobium from Syn-
Com?7). The SynComs from the LNE cluster were able to
improve soybean growth. Interestingly, this process did
not rely on the presence of rhizobia since the formation
of root nodules was not observed and the growth-pro-
moting effects of SynCom5 showed no difference from
SynCom?7. This result may provide a valuable implica-
tion that apart from rhizobial symbiosis, the capability
of other rhizosphere microbes in rescuing host N
nutrition should be emphasized for legume plants, and
also for non-legume plants. It has been demonstrated
that the use of microbial consortia as eco-friendly
inoculants can provide functional benefits over single-
strain inoculants (Kaminsky et al. 2019). Thus, the
beneficial consortia that integrates symbiotic rhizobia
with low-N-enriched rhizosphere microbes may have
more extensive application prospects for reducing N
input during soybean production.

Overall, Wang and colleagues describe a distinctive
dynamic pattern in soybean root-associated micro-
biomes using QMP and establish a framework for
decoding microbial SynComs to rescue crop productiv-
ity under nutrient shortage (Fig. 1). Future exploration
will be required to comprehend the molecular mecha-
nisms by which the LNE-specific SynComs interact with
soybean to facilitate plant N nutrition absorption, in a
non-N,-fixing manner. In addition, apart from root-
bacterial interactions, the cooperations between other
functional microbiomes (including fungi and archaea)
are common in the rhizosphere zone (Sun et al. 2023).
Therefore, the potential cross-kingdom communications
among rhizobionts and their effects on plant fitness are
of significant interest to advance sustainable agriculture.

The strategy of restructuring root microbiota in
response to nutrient deprivation by enhanced root
exudation of specific metabolites has been
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Fig. 1 A framework for decoding the microbiome for sustainable agriculture. A Initially, plants are exposed to specific stress conditions
to rewild the high stress plant microbiomes. After obtaining a stable stress-induced phenotype, the agronomic traits and soil properties
related to the stressed conditions, and especially the yield, are assessed. B Subsequent microbiome variation among comparative samples,
or over time, are quantified using QMP to estimate the specific load of different microbial groups. C Subsequent to quantifying the
microbial dynamics, metagenomic analysis is used to identify the functional adaptive changes of the microbiome under the imposed
stress conditions. D Co-occurrence network analysis is subsequently employed to identify the stress-enriched microbial ecological
clusters and further identify the keystone taxa. The microbial strains are then isolated, identified, and tested for their plant-growth-
promotion effects. SynComs are then designed after matching the core taxa with the isolated microbial strains. The effects of the SynComs
on plant growth can be tested and evaluated under the chosen stress condition. An assessment of specific SynComs on crop growth and
yield will ultimately identify stress-enriched microbiomes for the development of sustainable agriculture. Created with Biorender.com

demonstrated in various plant species, such as maize
(Yu et al. 2021) and rice (Liu et al. 2023). These root
microbiomes promote plant nutrient acquisition by
multiple ways, including modulating lateral root devel-
opment (Yu et al. 2021) and increasing the bioavailabily
of soil available nutrients (Liu et al. 2023). Therefore,
specific root-associated microbes can be harnessed to
sustain plant growth by serving as bio-fertilizers,
thereby reducing the need of chemical fertilizers (Jans-
son et al. 2023). Apparently, an innovatively designed
microbiome approach for global assessment of the
variation and function of the root-associated

microbiome is urgently needed (Singh et al. 2020).
Although relative abundance of microbial taxa has been
widely used to describe microbiome variation, its
drawbacks have gradually emerged. For example, in the
studies of the gut microbiome, relative abundance data
have been found to misrepresent the microbiome heri-
tability (Bruijning et al. 2023) and failed to characterize
the core microbiota alterations-associated with host
health (Vandeputte et al. 2017). Similarly, in the studies
of the plant microbiome, relative abundance approaches
are limited in their ability to reveal links between
microbial load and plant physiologic parameters (Guo
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et al. 2020; Wang et al. 2020). Thus, without absolute
quantitation, the genuine interplay patterns between
host and microbial groups may be masked by relative
profiling. Fortunately, QMP has recently been proposed
to estimate the specific load of microbial groups that
occur between individuals or over time (Tkacz et al
2018; Wang et al. 2020) and have been used to clarify
the variation in root-associated microbiomes of legume
plants (Wang et al. 2020, 2021, 2022). The utilization of
QMP in unlocking the microbiome for nutrient-stressed
crops remained explored until Wang and colleagues
(2024) provide experimental evidence for decoding
LNE-specific SynComs to increase soybean fitness.

More broadly, the targeted design of SynComs, on the
basis of QMP datasets, can open new perspectives for
meeting the challenges of multiple environmental
stresses. In addition to microbial selection for SynComs,
the inoculum size applied in the rhizosphere is also
important to further enhance plant growth (Moreira
et al. 2016). The temporal dynamics of specific micro-
bial load, obtained through QMP, may provide reliable
guidance in optimizing inoculum size for different plant-
development stages. On the other hand, integrating
multi-omics technologies is another promising method
for elucidating the environment-mediated interaction
between plant performance and plant microbiomes
(Wang et al. 2021). Thus, further combining QMP with
quantitative plant omics (e.g., digital RNA sequencing,
quantitative proteomics, quantitative metabolomics, and
field phenomics) is required to integrate quantitative
information on microbiota assembly, plant genetic,
physiologic, and phenotypic changes to accelerate
decoding of microbiomes for crop breeding.

Another important aspect that needs to be addressed
is how to structure the microbiota for sustainable pro-
duction, as the density of beneficial microbes for mod-
ern crops is reduced by agricultural practices, including
fertilization and irrigation (Porter and Sachs 2020). It
has been proposed that rewilding plant microbiomes
could offer a way to obtain functional plant micro-
biomes (Raaijmakers and Kiers 2022). One of the
effective rewilding approaches is to expose plants to
specific stresses (e.g., drought, salt, or nutrient depri-
vation), which can expedite the search for specific
beneficial consortia, via the host-derived selective
pressures on the microbiomes (Raaijmakers and Kiers
2022). That is to say, the functional microbiomes could
be domesticated from stressed plant hosts. In addition,
these plant microbiomes should be viewed in a long-
term context, as plants appear to take time (several
years) to cultivate typical microbes (Kulmatiski and
Beard 2011). Encouragingly, the work of Wang et al.
(2024) rewilded the soybean microbiomes by exposing

plants to long-term nutrient-stressed conditions and
successfully obtained the low-N-enriched taxa for plant-
growth enhancement. Furthermore, a holistic consider-
ation of stress conditions and plant genotype may
maximize the efficiency in obtaining a specific micro-
biome for sustainable agriculture (He et al. 2024).

In future, rewilding crop microbiomes, under multi-
ple stresses, may become one of the most important
topics in the efforts to develop sustainable agroecosys-
tems. By quantifying the dynamics of these microbiomes
and identifying the core microbial taxa, a stress-tolerant
“microbial resource bank” could finally be established
(Fig. 1). These efforts would not only broaden our
understanding of the development of microbial inocu-
lants but also provide a promising strategy for trans-
forming the mode of agricultural production and
mitigating global climate change.
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