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ABSTRACT Root exudates contribute to shaping the root-associated microbiomes,
but it is unclear which of the many exudate compounds are important in this pro-
cess. Here, we focused on understanding the influence of sugars and jasmonic acid
(JA) concentrations in maize root exudates on the rhizobacterial communities.
Twelve maize genotypes were identified with variable concentrations of sugars and
JA based on a screening of 240 maize genotypes grown in a semihydroponic system.
These twelve maize genotypes were grown in a replicated field experiment in which
samples were collected at three maize developmental stages. The 16S rRNA gene (V4
region) was amplified and sequenced. Sugars and JA concentrations from rhizosphere
soils were also quantified. The results indicated that the maize genotypic variability in
sugars and JA concentration in root exudates, measured in the semihydroponic system,
significantly affected the rhizosphere bacterial community composition at multiple
stages plant development. In contrast, the root endosphere and bulk soil bacterial com-
munities were only affected at specific growth stages. Sugars and JA concentration as
quantified in rhizosphere soil samples confirmed that these two compounds affected
the rhizobacterial communities at all developmental stages analyzed. The effects of spe-
cific sugars on the composition of the rhizobacterial communities were also measured,
with larger effects of sucrose at earlier developmental stages and trehalose at later de-
velopmental stages. Our results indicate that JA and sugars are important root exudate
compounds that influence the composition of the maize rhizobacterial communities.

IMPORTANCE Roots secrete exudates that are important in interactions with soil microbes
that promote plant growth and health. However, the exact chemical compounds in root
exudates that participate in these interactions are not fully known. Here, we investigated
whether sugars and the phytohormone jasmonic acid influence the composition of the rhi-
zobacterial communities of maize, which is an important crop for food, feed, and energy.
Our results revealed that both compounds contribute to the assemblage of rhizobacterial
communities at different maize developmental stages. Knowledge about the specific com-
pounds in root exudates that contribute to shape the rhizobiome will be important for
future strategies to develop sustainable agricultural practices that are less dependent on
agrochemicals.

KEYWORDS agricultural microbiology, phytohormones, rhizobacteria, rhizosphere
microbiome, soil ecology, sugars

It is estimated that up to 40% of total carbon (C) fixed by plant photosynthesis is destined
for rhizodeposition, which significantly increases microbial population densities in the rhi-

zosphere compared to the bulk soil (1, 2). In exchange for the higher C availability in the
root zone, many microbes support plant growth and health in a mutualistic relationship,
although other members of the root-associated microbiomes are commensals or even
opportunistic pathogens (3–5). The rhizosphere microbiome is dominated by bacteria, and
many strains perform beneficial activities such as nitrogen (N) fixation, phosphate solubiliza-
tion, iron chelation, phytohormone production, alleviation of abiotic stresses, and biocontrol
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of phytopathogens, supporting plant growth and health (2, 4, 6–8). Therefore, understand-
ing the ecological plant-microbe interactions and how to manipulate the rhizobiome in
order to enhance their beneficial activities to increase plant productivity is an important
strategy for developing more sustainable agricultural systems (9–11).

Many factors contribute to the rhizosphere microbiome assemblage of cultivated
plants, including soil type, management practices, climate, plant species, and even plant
genotype (6, 12, 13). Among the several substances present in rhizodeposits, including
root mucilage, mucigel, border cells, cell lysates, and exudates, the latter contain the most
labile C sources and therefore are assumed to be the main compounds participating in the
microbiome selection (14, 15). However, many of the specific exudate compounds that
affect the microbiome composition and select the most beneficial microbial communities
are not clearly known. Sugars are considered the main C sources used by root-associated
microbes and are the product of plant photosynthesis (14, 16). Some studies have analyzed
the effects of sugars added to soil on the microbial community composition (17–19) or the
correlation between temporal changes in sugar exudation and the corresponding changes
in the rhizobiome along developmental stages of Arabidopsis (20, 21). However, it is
unclear whether plants with distinct concentrations of sugars in the root exudates assem-
ble different rhizosphere microbiomes.

Secondary metabolites comprise another class of compounds that have strong
effects on shaping the root-associated microbiomes, e.g., benzoxazinoids, coumarins,
camalexins, and triterpenes (22). Despite the fact that some secondary metabolites
were shown to affect the structure of microbial communities, less attention was given
to the effect of plant produced and root exuded hormones on the microbiomes (14,
22). Phytohormones such as auxins, gibberelins, and cytokinins were shown to be pro-
duced by many rhizobacteria to promote plant growth (5, 15), but the effects of phyto-
hormones exuded by plant roots on shaping the associated microbiomes are largely
unknown. Some studies characterized changes in the root-associated microbiome due
to added phytohormones or changes in the root signaling of phytohormones. For
example, salicylic acid (SA) signaling mutants and added SA were used to show that
this immune-signaling hormone strongly modulates the root microbiome colonization
of Arabidopsis (23). Jasmonic acid (JA) is another plant hormone involved in plant
defense signaling that has been suggested to be important in shaping the root-associ-
ated microbiomes (24–28). However, the studies on JA did not investigate changes
due to root exudation of JA but rather mutations in the plant JA signaling pathways or
activation of these pathways by application of methyl jasmonate (24–27). Therefore, it
is unknown whether the exudation of different concentrations of JA affects the compo-
sition of root-associated microbiomes.

Our study used maize lines naturally exuding different concentrations of sugars and JA
to test the hypothesis that the structure and diversity of maize rhizosphere bacterial com-
munities are affected by exudation of these compounds. We screened 240 maize inbred
lines from the Goodman and Buckler association panel (29) using a semihydroponic system
to collect root exudates in vitro (30) and analyzed the concentrations of sugars and JA
through targeted metabolomics. We then selected 12 maize genotypes exuding variable
concentrations of JA and sugars to conduct a field experiment. The field experiment
allowed for the use of native soils under realistic conditions. We collected samples from
the root endosphere, rhizosphere, and two bulk soil (within rows and between rows)
regions at three maize developmental stages. The soil and root-associated bacterial com-
munities were analyzed using 16S rRNA amplicon sequencing. We previously used this
approach to show that the concentrations of the secondary metabolites 2,4-dihydroxy-7-
methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) and g-aminobutyric acid (GABA) in root
exudates affected the maize rhizobiome (31). In that study, we validated the use of the
semihydroponic system to collect and analyze root exudates, as well as the use of natural
variation in the concentration of root exudate compounds between genotypes within a
plant species to investigate changes in the belowground microbiomes (31). Here, we
extended this investigation to other exudate compounds and soil compartments. Our
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results indicated that the concentrations of JA and sugars in root exudates had a sig-
nificant effect on the rhizosphere bacterial communities at all developmental stages
analyzed and on the root endosphere and bulk soil bacterial communities at specific
developmental stages, showing the importance of these compounds for maize root-
soil microbe interactions.

RESULTS
Differences between maize genotypes in total sugars and jasmonic acid con-

centration in the root exudates collected from a semihydroponic system. The
results of targeted metabolomics of total sugars and JA indicated a large amount of
natural variation in the concentration of these compounds in the root exudates among
the 12 maize genotypes. According to the statistical results, we classified the geno-
types as low, medium, or high exuders of sugars and JA (Fig. 1). All genotypes classified
as low were significantly different from all genotypes classified as high sugars or JA
exuders (Fig. 1). A total of 10 genotypes (five in each category) were classified as low or
high sugars and JA exuders. For both exudate compounds (sugars and JA), two geno-
types were classified as medium in their exudate levels because they were not signifi-
cantly different from most genotypes in any of the two main groups (Fig. 1). Different
genotypes were classified in the high, medium, and low categories for JA or sugars
exudation, allowing the differentiation of the effects of JA and sugar levels on the
belowground bacterial communities described in the next sections. The genotypes
Ames19016, PI531085, and NSL30867 were classified as low sugars and low JA exuders;
PI608766 and PI550461 were classified as low sugars and high JA exuders; PI587127
and Ames27065 were classified as medium sugars and high JA exuders; PI587148 and
PI550555 were classified as high sugars and low JA exuders; PI606768 and Ames27141
were classified as high sugars and medium JA exuders; and NSL28966 was classified as
a high sugar and a high JA exuder.

Shifts in a- and b-diversity between sampling compartments, growth stages,
and maize genotypes from the field experiment. When comparing the differences
between the four sampling compartments, we observed significantly lower species
richness (observed amplicon sequence variants [ASVs]) and species diversity (Shannon

FIG 1 Total sugar and jasmonic acid concentrations in the root exudates of 12 maize genotypes grown in the semihydroponic system.
Exudates were collected from the semihydroponic system and analyzed with gas chromatography- or liquid chromatography-mass
spectrometry to measure sugars and jasmonic acid concentration (ng g21 fresh root weight) among the genotypes. Three to five
replicates were used for each genotype. (A) Total sugar concentrations for the 12 genotypes. All individual sugars were summed to
quantify total sugar concentration. (B) Jasmonic acid concentrations for the 12 genotypes. Different letters indicate significant
differences (P , 0.05) according to Kruskal-Wallis tests. The error bars indicate the standard deviation between replicates. Five
genotypes were classified as low and five genotypes were classified as high exuders of sugars and jasmonic acid according to statistical
results. Two genotypes had intermediate values and were not clearly different from the high and low groups, so they were classified as
medium exuders of sugars (PI587127 and Ames27065) and jasmonic acid (PI606768 and Ames27141).

Sugars and JA in Root Exudates Shape Maize Rhizobiome Applied and Environmental Microbiology

September 2022 Volume 88 Issue 18 10.1128/aem.00971-22 3

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00971-22


index) in the root endosphere compared to the rhizosphere and bulk soil bacterial
communities (Fig. S1A). The rhizosphere bacterial communities showed similar species
richness compared to the two bulk soil compartments but intermediate species diver-
sity between the bulk soil and root endosphere compartments (Fig. S1A). The sampling
compartment was also the main factor shaping the b-diversity of the bacterial com-
munities (Fig. S1B). Permutational multivariate analysis of variance (PERMANOVA) indi-
cated that compartment, growth stage, and maize genotype were all significant factors
(P , 0.001) affecting the bacterial communities, with 29.2% of the variation explained by
sampling compartment, 1.5% of the variation explained by growth stage, and 1.2% of the
variation explained by maize genotype. The bacterial community structure of all four com-
partments were different from each other according to pairwise PERMANOVA (P , 0.001).
The soil-within-rows samples were located between the rhizosphere, and the soil-between-
rows samples on the ordination (Fig. S1B). The bacterial community composition was
dominated by Proteobacteria (22.7%) and Acidobacteria (13.9%) in the rhizosphere,
Proteo-bacteria (46.9%) and Firmicutes (19.4%) in the root endosphere, Planctomycetes
(21.3%) and Acidobacteria (20.0%) in the soil within rows, and Actinobacteria (17.4%)
and Planctomycetes (16.4%) in the soil between rows (Fig. S1C).

Changes in the bacterial communities associated with different exudation lev-
els of total sugars and jasmonic acid according to the semihydroponics data. We
then separated samples according to compartment (endosphere, rhizosphere, and soil
within and between rows) to verify whether the different concentration levels of sug-
ars and JA in root exudates according to the semihydroponics data (Fig. 1) affected the
bacterial communities. For this initial analysis, each individual compartment was ana-
lyzed, comprising the samples from all three growth stages together. PERMANOVA
indicated that both JA (P , 0.001; R2 = 0.014) and total sugar (P , 0.001; R2 = 0.012)
concentration levels in exudates significantly affected the rhizosphere bacterial
community structure (Fig. 2). The root endosphere bacterial communities were not sig-
nificantly affected by the two compounds, but samples showed some separation
according to sugar levels (Fig. 2). The bacterial communities in the soil within rows
were not affected by sugar levels but were significantly affected by different levels of
JA concentration in root exudates (P = 0.037; R2 = 0.009) (Fig. 2). We also observed a
significant interaction effect between JA and sugar levels on the root endosphere
(P = 0.034; R2 = 0.005) and rhizosphere (P = 0.012; R2 = 0.006) bacterial communities
(Table S1). The bacterial community structure of the soil between rows was not
affected by sugars or JA concentration levels in root exudates (Table S1).

Next, the data of each specific growth stage were analyzed separately. This was
done to understand in which specific developmental stages the concentration levels of
sugars and JA in the root exudates had the largest effect on the rhizosphere bacterial
communities. To do this analysis, the data were split into the different growth stages
within each compartment. The different sugar exudation levels significantly affected
the rhizosphere bacterial community structure at the three developmental stages ana-
lyzed (Fig. 3). The rhizosphere b-diversity was more affected by sugar concentration
levels at the R2 reproductive stage (P = 0.002; R2 = 0.034) than at the V5 (P = 0.008;
R2 = 0.027) and V10 (P = 0.039; R2 = 0.027) vegetative stages (Fig. 3). The impact of JA
exudation levels on rhizosphere b-diversity was dependent on plant development
(Fig. 3). Similar to what was observed for sugars, JA concentration levels in root exu-
dates had a larger impact on the rhizosphere bacterial communities at the reproduc-
tive R2 stage (P , 0.001; R2 = 0.043) than at the V5 (not significant) and V10 (P = 0.023;
R2 = 0.026) vegetative stages (Fig. 3). Together, sugars and JA concentration levels in
root exudates explained 7.7% of the variation on the rhizosphere bacterial commun-
ities at the R2 stage (Fig. 3). We also observed significant interaction effects between
sugars and JA levels on the rhizosphere bacterial communities at the V5 (P = 0.039; R2

= 0.014) and V10 (P = 0.004; R2 = 0.018), but not at the R2 stage (P = 0.147; R2 = 0.012).
With respect to the bacterial communities inhabiting the other compartments, the
root endosphere was significantly affected by sugar concentration levels only at the
V10 stage (P , 0.001; R2 = 0.036), while the soil within rows was affected by JA levels
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only at the R2 stage (P = 0.029; R2 = 0.026) (Fig. S2). Sugar exudation level did not affect
the bulk soil (within and between rows) bacterial communities at any plant growth
stage analyzed. JA exudation level also did not affect the root endosphere bacterial
communities at any growth stage. The root endosphere a-diversity was significantly
affected by sugar levels at the V10 stage (Fig. S3). The only additional change in a-di-
versity was observed in the rhizosphere at the R2 stage due to different JA concentra-
tion in root exudates (Fig. S3).

We also investigated which specific rhizosphere bacterial taxa changed in relative
abundance between genotypes exuding high and low levels of JA or total sugars.
Results indicated that at all developmental stages analyzed, there were specific bacte-
rial genera that changed in relative abundance between genotypes exuding high and
low levels of the two compounds studied (Fig. 4). At the V5 stage, a total of seven and
six bacterial genera changed in relative abundance due to JA and sugar concentration
levels in root exudates, respectively. At the V10 stage, a total of seven and four bacte-
rial genera changed in relative abundance between the genotypes exuding different
levels of JA and sugars, respectively. At the R2 stage, a total of 23 and 6 bacterial gen-
era changed in relative abundance between genotypes exuding different levels of JA
and sugars, respectively. Therefore, the greatest effect on the relative abundance of
specific bacterial genera was observed at the R2 stage due to different JA exudation
levels (Fig. 4). This is consistent with the results of b-diversity, for which the highest
percentage of explanation of the changes in bacterial community structure was also
observed at the R2 stage due to JA levels (Fig. 3). Specific bacterial genera also

FIG 2 Bacterial community structure according to different exudation levels of sugars or jasmonic acid based on the hydroponics data for
each plant and soil compartment. Shown are the constrained principal coordinate analysis (CAP) results based on the Bray-Curtis distance
matrices showing the separation of samples from the different levels of sugars or jasmonic acid (JA) concentration in root exudates.
Samples from the 12 maize genotypes were classified as low, medium, or high sugars/jasmonic acid exuders according to Fig. 1. Analyses
include samples from the three maize developmental stages. The values shown in each graph indicate whether the factor tested (jasmonic
acid or sugar levels) significantly affected (P , 0.05) the bacterial communities according to permutational multivariate analysis of variance
(PERMANOVA). R2 indicates how much of the sample variability is explained by that factor. The graphs showing the separation of samples
according to the different levels of total sugars or jasmonic acid in root exudates were constrained for the factors sugar levels and jasmonic
acid levels. The soil within rows refers to the bulk soil collected in the rows where the plants were growing and close to plant roots. The
other bulk soil compartment sampled (between rows and further from roots) was not affected by JA and sugar levels in root exudates, and
for this reason, it was not included in this figure. PCo, principal coordinate analysis.
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changed in relative abundance between genotypes exuding distinct sugars or JA levels
in the other compartments. In the root endosphere, four bacterial genera changed in
relative abundance between sugar exudation levels at the V10 stage, while in the soil
within rows, five bacterial genera changed in relative abundance genotypes with asso-
ciated with genotypic variation in JA exudation at the R2 stage (Fig. S4).

Shifts in the rhizobacterial communities due to different concentrations of sug-
ars and jasmonic acid as quantified in rhizosphere soil samples from the field. We
next analyzed the concentration of sugars and JA in the rhizosphere samples collected
in the field (Table S2) with the aim of testing whether the analysis with these data con-
firms the b-diversity results obtained with the previous analysis using the semihydro-
ponics data to classify maize genotypes. In this case, the actual concentrations of
sugars and JA quantified in each rhizosphere sample were used instead of the low, me-
dium, and high categories used before. The results of PERMANOVA indicated that the
concentration of sugars in the rhizosphere field samples significantly affected the rhi-
zobacterial communities at the three developmental stages analyzed (V5: P , 0.001,
R2 = 0.024; V10: P = 0.009, R2 = 0.018; R2: P , 0.001, R2 = 0.037) with the largest impact
also observed at the R2 stage (Fig. 5). The concentration of JA in the rhizosphere field
samples also significantly affected the rhizobacterial communities (V5: P = 0.02, R2 =
0.018; V10: P = 0.003, R2 = 0.019; R2: P = 0.032, R2 = 0.017) at all developmental stages
(Fig. 5), including the V5 stage that was not significant in the previous analysis using
the hydroponics data (Fig. 3). However, no significant interaction effects between the
concentration of sugars and JA on the rhizosphere bacterial communities were ob-
served at any growth stage, which is in contrast to the analysis with the hydroponics
data. Another difference between the two approaches was that we measured the larg-
est changes in rhizobacterial communities associated with JA concentration at the R2
stage based on the hydroponics data (Fig. 3), while the V10 stage was the most
affected according to the concentration of JA in the rhizosphere field samples (Fig. 5).

FIG 3 Specific growth stages in which the rhizosphere bacterial communities were affected by total sugar or jasmonic acid concentration levels
in root exudates based on the hydroponics data. Shown are the constrained principal coordinates analysis (CAP) results based on the Bray-
Curtis distance matrices showing the separation of samples according to the different levels of total sugars and jasmonic acid concentrations in
root exudates. Samples from the 12 maize genotypes were classified as low, medium, or high sugars/jasmonic acid exuders according to Fig. 1.
PERMANOVA P values and R2 values are shown in each graph to indicate the significance and effect size of sugars and jasmonic acid
concentration in root exudates on the rhizosphere bacterial community structure at each growth stage. The graphs showing the separation of
samples according to the different levels of total sugars or jasmonic acid in root exudates were constrained for the factors sugar levels and
jasmonic acid levels, respectively. PCo, principal coordinate analysis.
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Nevertheless, the two approaches demonstrate the importance of sugars and JA con-
centration in root exudates in shaping rhizobacterial communities across maize
development.

In addition to analyzing the effect of total sugar concentration, we also investigated
which specific sugars affected the rhizobacterial communities at the three growth
stages. The PERMANOVA results indicated that sucrose, glucose, and mannose signifi-
cantly affected the rhizobacterial communities at the V5 stage; trehalose, arabinose,
mannose, and glucose significantly affected the rhizobacterial communities at the V10
stage; and trehalose, arabinose, galactose, and glucose significantly affected the rhizo-
bacterial communities at the R2 stage (Fig. 6A; Table S3; Fig. S5). Therefore, a different
set of sugars affected the bacterial communities at each stage, but glucose was always
significant (Fig. S5). However, sucrose was the sugar with the largest impact at the V5
stage, while trehalose had the largest impact at the V10 and R2 stages (Fig. 6A). We
also analyzed the linear correlations between the relative abundance of individual bac-
terial genera and the concentration of specific sugars quantified in the rhizosphere (ng
g soil21). The results indicated a total of 41 significant correlations, of which 16 were
observed at the V5 stage, 9 were observed at the V10 stage, and 16 were observed at
the R2 stage (Fig. 6B). A total of 22 bacterial genera were significantly correlated with
specific sugars. Glucose and galactose were correlated with at least one bacterial genus
at all of the stages analyzed (Fig. 6B).

DISCUSSION

In this study, we tested whether the natural variation in the root exudate concentra-
tions of sugars and JA between maize genotypes affected the rhizosphere bacterial
communities. The natural variation approach has some advantages compared to stud-
ies using plant mutants defective in the biosynthesis or exudation of a targeted com-
pound (19, 23, 24, 26). Generating mutants is generally more time consuming due to
the difficulty of identifying the genes associated with the production and exudation of
specific compounds, especially in crop plants. In addition, using multiple genotypes

FIG 4 Rhizobacteria changing in relative abundance between genotypes exuding contrasting levels of sugars or jasmonic acid at each growth stage.
Bacterial genera showing significant changes in relative abundance between genotypes with high or low concentrations of jasmonic acid and sugars in
root exudates in the rhizosphere compartment at the three growth stages analyzed. The genera displayed in the graphs showed P , 0.05 in the Welch’s t
test after the Benjamini-Hochberg false discovery rate (FDR) correction, and the differences between proportions of sequences were .0.1%. Unclassified
genera were filtered out.
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increases the applicability of the study for the plant species level instead of making
conclusions restricted to one or few genotypes and enhances the statistical power and
confidence in the results. However, there are also possible disadvantages, such as the
introduction of more uncontrolled factors associated with unrelated genotypes that
can decrease the statistical power and the possibility of having low natural variation
between genotypes for a particular compound. We validated the natural variation
approach in a previous study that confirmed the influence of DIMBOA exudation on
the maize root-associated microbiomes and showed for the first time the impact of
GABA on rhizobiome composition and diversity (31).

Here, our results showed that the differences in the exudate concentrations of sugars
and JA among maize genotypes significantly affected the composition of the rhizosphere
bacterial communities. We used two different strategies to reach this conclusion: through
analysis of bacterial community changes according to sugars and JA concentration as
quantified in the semihydroponic system and in the rhizosphere soil samples collected in
the field. The two strategies are complementary in their strengths and weaknesses. For
example, hydroponics avoids contaminant microbes that may bias the real concentration
of root exudates by consuming and/or synthesizing the compounds under study, which
may occur in the rhizosphere soil extracts (16, 32, 33). On the other hand, the hydroponics
uses artificial glass beads to mimic soil that may distort plant exudation compared to realis-
tic field conditions. Therefore, it is important to consider the results of both strategies for a
more accurate interpretation, as we did in our previous work (31). The combined effect of
JA and sugar concentration in root exudates explained a maximum of 7.7% of the bacterial
community variation in our study. The reason for the relatively low explanation of variation
provided by the two compounds is probably because many other exudate compounds
and environmental factors also affect the rhizobiome simultaneously (6). In our previous
study, the maximum explanation of the rhizobiome variation provided by GABA and
DIMBOA was similar (10.6%), which was observed at the V10 stage (31). Similar to our

FIG 5 Specific growth stages in which the rhizobacterial communities were affected by different jasmonic acid and sugar concentrations quantified in the
rhizosphere field samples. Shown are the constrained principal coordinates analysis (CAP) results based on the Bray-Curtis distance matrices showing the
separation of samples according to the concentrations of sugars and jasmonic acid quantified from rhizosphere samples collected in the field. PERMANOVA P
values and R2 values are shown in each graph to indicate the significance and effect size of sugars and jasmonic acid concentration on the rhizosphere bacterial
community structure at each growth stage. Sugars and jasmonic acid concentration were used as numeric factors in the multivariate analyses. Each sample had a
corresponding value of sugars and jasmonic acid concentration as quantified in the rhizosphere field samples. The variation range of sugars and jasmonic acid
concentration (ng soil g21) is shown in the legends of each graph. The graphs showing the separation of samples according to the different concentrations of
total sugars or jasmonic acid were constrained for the factors sugar and jasmonic acid concentration. PCo, principal coordinate analysis.
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results, other studies also indicated that growth stage and plant genotype explain much of
the variation in the root-associated bacterial communities (13, 21, 34–39). Therefore, indi-
vidual exudate compounds may not explain a large amount of the rhizobacterial commu-
nity structure variability, but their statistical significance indicates that they have a contribu-
tion to the rhizobiome assemblage, which was the case for sugars and JA in the present
study.

Jasmonic acid is a phytohormone important to plants because it regulates many
growth/developmental processes and mediates responses to abiotic and biotic stresses
such as mechanical damage, herbivore insect attack, and pathogen infection (28, 40–
42). Our study suggested that JA in maize root exudates also contributes to shape the
rhizosphere bacterial community composition. In addition, the soil within rows bacte-
rial community was affected by different JA exudate concentrations, indicating that
this compound can influence the microbes inhabiting the soil beyond the rhizosphere
(bulk soil). On the other hand, both JA and total sugar exudate concentrations did not
affect the soil between rows bacterial community composition at any stage, suggest-
ing that root exudates may affect only the bulk soil that is in closer proximity to plant
roots. Several bacterial genera that have strains known to promote plant growth were
enriched in the rhizosphere of genotypes exuding higher JA levels at the maize repro-
ductive R2 stage, such as Massilia, Bacillus, Burkholderia, Sphingomonas, Streptomyces,
and rhizobia (19, 43–46). Massilia was also enriched in the soil within rows of geno-
types exuding higher JA levels at the R2 stage. The enrichment of Streptomyces in the
rhizosphere of genotypes exuding higher JA levels at the R2 stage was particularly

FIG 6 Influence of specific sugars on the rhizobacteria. (A) Constrained principal coordinates analyses (CAPs) based on the Bray-Curtis distance matrices
showing the specific sugars that had the largest effects on the rhizobacterial communities at each growth stage. PERMANOVA P values and R2 values are
shown in each graph to indicate the significance and effect size of sucrose (V5 stage) and trehalose (V10 and R2 stages). The concentrations of the specific
sugars were used as numeric factors in the multivariate analyses. Each sample had a corresponding value of sucrose or trehalose as quantified in the
rhizosphere field samples, the variation of which (ng soil g21) is shown in the legend of each graph. The CAP ordinations were constrained according to
the factors sucrose concentration or trehalose concentration in each respective graph. (B) Correlations between specific sugars (ng g soil21) and the relative
abundance of specific bacterial genera. The heat map shows all individual bacterial genera that were significantly correlated (P , 0.05 after the Bonferroni
P-value correction) to specific sugars at each growth stage according to Pearson’s correlation test. Significant correlations are shown in blue squares, while
white squares indicate no correlation. The darker the blue is, the greater is the correlation (higher r) between a bacterial genus and a specific sugar.
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interesting because this genus is known to alleviate several types of plant abiotic
stresses (47). Therefore, selection of Streptomyces might be a potential method medi-
ated by plants that exude larger amounts of JA to enhance their ability to cope with
environmental stress (28). Further studies under stressful conditions such as drought
will be required to test this possibility.

Although no previous studies have characterized the impact of JA in plant root exu-
dates on the rhizobiome, previous studies analyzed shifts in the rhizosphere micro-
biome of Arabidopsis (24, 25) and in the root endosphere and rhizosphere microbiomes
of wheat (27) associated with the activation of internal JA signaling pathways by the
application of exogenous methyl jasmonate. Some studies also compared the micro-
biomes of Arabidopsis wild type and mutants defective in the JA response (24, 26). Our
study clearly showed changes in the rhizobacterial community composition due to var-
iation in JA concentrations in root exudates. Some of the previous studies in which the
JA signaling pathways were activated or used mutant plants defective in the JA
response also detected changes in the rhizobacterial community composition (25, 26),
while others did not (24, 27). However, those studies did not measure the actual jas-
monic acid concentration in root exudates, which seems to be of primary importance
for shaping soil bacterial communities outside the root. Therefore, one explanation for
the divergence between our results and some of the previous studies is that activating
the JA signaling pathways by addition of methyl jasmonate and mutation in JA-
response pathways might not change the exudate concentrations of JA, despite other
exudate compounds being affected (26). Our study confirmed the direct effects of JA
concentration in root exudates on the rhizobacterial communities. On the other hand,
in our study, no changes in the root endosphere bacterial communities were detected
due to different concentrations of JA in root exudates, while differences in the wheat
root endosphere microbiome composition were detected after activating the JA signal-
ing pathways, which were associated with a higher transcription of 10 JA-signaling-
related genes (27). Therefore, the endogenous JA signaling that was activated may
alter multiple cellular processes that affect the microbiome inside root tissues but not
necessarily the microbiome outside roots (27). Future studies are needed to test
whether the concentration of JA in root exudates is also changed when the endoge-
nous JA signaling pathways are activated.

Sugars are derived from photosynthesis in plants and are transported via the
phloem to various sinks, including roots, and also play a role in the regulation of
growth and developmental processes (48, 49). Sugars have been found in abundance
in root exudates and have been suggested to shape the rhizosphere microbiome (17–
19), but studies analyzing the effects of the actual sugar concentration in root exudates
on the belowground microbiomes are not available in the literature. Our study analyz-
ing multiple maize genotypes indicated that the maize root-associated bacterial com-
munities are shaped by the concentration of sugars in root exudates. The largest
impact was on the rhizosphere, but even the root endophytic bacterial community
was affected at a specific growth stage (V10). On the other hand, sugars did not affect
the bulk soil bacterial communities at any growth stage, probably because they are
mostly metabolized by the rhizosphere microbes and barely reach the bulk soil, since
sugars are the most labile compounds from root exudation and considered the main
nutritional source for rhizosphere microbes (14, 16).

Previous studies found a correlation between Arabidopsis root exudate composition
and the temporal shifts in the rhizosphere microbiome across developmental stages.
Their results suggested that sugars may have a greater effect on the microbiomes at
earlier stages, while phenolics and amino acids may be more important at later stages
(20, 21). In contrast, our data indicated that sugar concentration affects the rhizobacte-
rial communities at different stages of maize development, with the largest impact at
the reproductive stage according to multiple approaches (Fig. 3, 4, and 6). One hypoth-
esis for the different results is that plants with a very distinct genetic background such
as Arabidopsis and maize may exude sugars differently across development, which
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reflects in the rhizobiome shaping. Another possible reason is that when a single plant
genotype is analyzed across time (21), the contribution of sugars for the rhizobiome
shaping may be relatively lower at later stages in that specific genotype, but when
multiple genotypes are analyzed as we did here, the differences in sugar exudation
between genotypes may be more detectable or obvious at later stages, causing a
greater microbiome divergence.

We also identified specific sugars affecting the rhizobiome. Glucose affected the rhi-
zobacterial communities and was correlated with specific bacterial genera at all devel-
opmental stages analyzed. Glucose is one of the most abundant organic molecules in
the biosphere, and most organisms are able to consume this sugar (16), which may
explain its influence on the rhizobiome across maize development. However, other
sugars showed a greater impact than glucose at each growth stage analyzed, e.g., su-
crose at the earlier vegetative stage and trehalose at later stages. Sucrose may be the
second most used sugar by soil microbes after glucose, since plants exude large
amounts of this disaccharide (19). Sucrose may be more important at earlier stages of
plant development due to its potential to attract microbes as a nutritional source, since
plant roots recruit microbes from the surrounding soil (3, 5). In addition, sucrose was
shown to act as a signaling molecule and trigger the root colonization of Bacillus subti-
lis and potentially other bacteria (19).

Trehalose functions as a signal and homeostatic regulator of sucrose levels in plants
(50), but its role in shaping the rhizobiome is unclear. Many soil microbes accumulate
trehalose to resist abiotic stresses (33, 51), which may be one of the possible reasons
trehalose had a larger impact on the rhizobacterial communities later in the season
when soil nutrients and water content may be reduced. Trehalose alone explained
6.3% of the variation in the rhizobacterial communities at the R2 stage (Fig. 6A), which
was larger than the percentage of variation explained by JA, total sugars, and other
individual sugars at any growth stage. Therefore, the reason for the largest impact of
sugars at the maize R2 stage may be connected to a larger effect of trehalose. Previous
studies showed that trehalose-6-phosphate (T6P) downregulation in internal tissues
during the maize flowering period increases plant yield and drought resistance (52,
53). When the endogenous levels of T6P decrease, the levels of sucrose and secondary
metabolites increase, which are important to confer drought stress tolerance (52, 53). It
is possible that genotypes with great amounts of endogenous T6P also exude more
trehalose and may use this sugar to select plant growth-promoting rhizobacteria
(PGPR) in order to compensate for their metabolic disadvantage. Trehalose was indeed
correlated with some genera containing PGPR strains such as rhizobia and Burkholderia
(46, 51) at the R2 stage, which supports this hypothesis. In our previous study, we
observed that maize genotypes with higher DIMBOA concentrations in root exudates
were enriched in metabolic pathways associated with plant disease, indicating that
exuding larger concentrations of a particular compound is not necessarily positive for
plants (31). Our results indicate that trehalose exudation has an important role in the
plant-microbiome interactions at later developmental stages.

Other bacterial genera containing PGPR strains also responded to increased concentra-
tions of specific sugars such as Acinetobacter to raffinose, glucose, and galactose at the V5
stage (54, 55); Streptomyces to mannose at the V10 stage (47); and Burkholderia to treha-
lose, sucrose, galactose, fructose, and arabinose at the R2 stage (46). It is interesting to
note that the abundance of some bacterial genera was correlated with the concentrations
of different sugars at each growth stage, suggesting that they may respond to specific sug-
ars across the season (Fig. 6B). This result may reflect a variable availability of each sugar
molecule in the rhizosphere soil due to changes in root exudation over time and/or new
ecological interactions with other microbes such as competition for the same C source as
the microbiome changes across growth stages (21). It is also noteworthy that in some cases
more than one sugar was correlated with the same bacterial genera within a growth stage,
which suggests a combined influence of different sugars to select specific bacteria or a
greater metabolic flexibility for C utilization. Finally, we observed that some individual
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sugars such as glucose and galactose were correlated with several bacterial genera across
multiple plant developmental stages, suggesting that certain sugars are more universally
used by rhizosphere bacteria. In sum, our results suggest that sugars are important for the
maize rhizobiome selection across the growing season, but different blends of sugars may
be used at each growth stage to select for specific bacteria important for crop growth and
development.

Conclusion. This study indicated that the concentrations of JA and total sugars in
root exudates affected the rhizosphere bacterial communities across multiple stages of
plant development with the largest impact later in the season. Total sugar concentra-
tion in root exudates also affected the root endosphere bacterial communities at the
maize V10 stage, while JA concentration affected the bacterial community composition
of the soil within rows at the reproductive stage. The rhizosphere of maize genotypes
exuding higher JA levels was enriched in several bacterial genera potentially able to
promote plant growth and increase stress tolerance, suggesting that in addition to
being important as an endogenous signal molecule in stress response, JA may also be
used in root exudates to select beneficial rhizobacteria to help plants thrive under
stress. Different sugars affected the rhizobacterial communities at each developmental
stage, despite glucose being effective at all stages. Sucrose and trehalose were the
sugars with the largest impacts on the rhizobacterial communities at the earlier and
later stages, respectively. Different bacterial genera containing strains known to pro-
mote plant growth were stimulated by specific sugars at each growth stage. Therefore,
our results suggest that the concentration of sugars in root exudates are important for
the maize rhizobiome composition across the growing season, but the blend of spe-
cific sugars influences the rhizobacteria shifts across plant development. In sum, this
study contributed to advancing our understanding of the influence that specific exu-
date compounds have on the rhizobiome.

MATERIALS ANDMETHODS
Collection and analysis of root exudates from a semihydroponic system. A semihydroponic sys-

tem developed for collecting root exudates (30) was used to screen 240 maize inbred lines (n$ 3 replications
per line) belonging to the Goodman and Buckler association panel (29), with the aim of identifying maize ge-
notypes differing in the concentrations of total sugars and JA in root exudates. For that, seeds were surface
disinfected with Cl2 gas, germinated on plates with sterile 1 mM CaCl2, and planted in sterile tubes filled with
glass beads and 1� Hoagland’s solution. In this semihydroponic system, the nutrient solution was initially
held in the tubes for short periods of time and constantly replaced. Six days after planting, the solution was
allowed to flow freely through the glass beads using peristaltic pumps to ensure proper oxygenation and
moisture levels of the plant root system. The system was always manipulated in aseptic conditions. After a
total of 2 weeks, the tubes were drained and then filled with sterile 1 mM CaCl2 solution to collect root exu-
dates for 2 h, which was collected in sterile jars and frozen at280°C (30).

The solutions with exudates were then freeze-dried (LabConco Freezone Bulk Tray Drier), resuspended in 2%
formic acid, desalted using solid-phase extraction cartridges (Oasis MCX 1 cc Vac Cartridge, Waters), and analyzed
by targeted liquid chromatography mass spectrometry (LC-MS) (QTRAP6500, Thermo Fisher Scientific) using
standards to determine the concentration of JA in the exudates. The solutions were also analyzed using an
Agilent gas chromatography (GC)-MS with an Agilent HP-5MS column to quantify the concentrations of sugars.
The concentration of the compounds was normalized by dividing by the root weight in each sample. For an esti-
mation of total sugar concentration in the exudates, the values of the 10 sugars analyzed (arabinose, xylose, fruc-
tose, mannose, galactose, glucose, sucrose, lactose, trehalose, and raffinose) were summed in each sample. This
approach was previously used to identify maize genotypes differing in the concentration of other exudate com-
pounds (GABA and DIMBOA) and to test their impact on the root-associated microbiome (31).

Field experiment with selected maize genotypes, soil/plant sampling, and quantification of
sugars and jasmonic acid from the rhizosphere soil. Twelve maize genotypes with variable concentra-
tions of JA and total sugars in root exudates according to the semihydroponic data were selected for
the field experiment. The experiment was performed near Mead, Nebraska (USA) in the summer of 2020
using a randomized block design with eight replicates. Each of the eight replicate blocks were planted
with the 12 maize genotypes previously selected, generating a total of 96 plots. Each plot contained two
rows (5.8 m) of each genotype spaced by 76 cm. Each row was planted with 45 seeds at a distance of
13 cm between seeds on May 15. Before planting, the field was disked and fertilized with 134.5 kg ha21

of N. A subsoil irrigation system was installed at 20 cm below the ground. The herbicide Acuron was
applied at the V2 growth stage to control weeds in the field and hand cultivated after that.

The plant and soil samplings were performed at two vegetative (V5 and V10) and one reproductive
(R2) maize developmental stages. The samplings of the V5, V10, and R2 stages were performed on June
17, July 8, and August 3, respectively. Four compartments were sampled: root endosphere, rhizosphere,
and the two bulk soil compartments of soil within rows and soil between rows. The reason for sampling

Sugars and JA in Root Exudates Shape Maize Rhizobiome Applied and Environmental Microbiology

September 2022 Volume 88 Issue 18 10.1128/aem.00971-22 12

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00971-22


two bulk soil compartments was to investigate whether root exudates can also affect bulk soil bacterial
communities and whether the distance from the plant roots is an important factor. The soil between
rows was collected between the two rows planted with the same genotype (;38 cm distant from
plants) at a 0- to 10-cm depth in two random points, which were combined into a composite sample in
each plot. The other three compartments were sampled by excavating two random plants in each plot.
We considered the soil within rows as the soil that fell from the root ball of the two plants after shaking.
Both soil-between-rows and soil-within-rows samples were placed in Ziploc bags (;500 g) and stored
on ice. The roots were randomly cut from the two plants and placed in 50-mL tubes containing 35 mL of
phosphate buffer (6.33 g liter21 NaH2PO4, 8.5 g liter21 Na2HPO4 anhydrous, 200 mL liter21 Silwet L-77).
The tubes were vigorously shaken to detach the soil in close and tight connection with the roots, i.e.,
the rhizosphere soil. The washed roots were blotted dry and transferred to a clean 50-mL tube. Tubes
containing the roots and the rhizosphere soil with phosphate buffer were placed on ice. The root and
rhizosphere samples were processed in the laboratory according to McPherson et al. (56). Briefly, the
roots were surface sterilized in 5.25% sodium hypochlorite, 0.01% Tween 20, and 70% ethanol; rinsed in
sterile ultrapure water; ground with liquid N; and stored at220°C. The rhizosphere samples were filtered
(100-mm mesh) to remove coarse organic material such as root hairs. Then, the rhizosphere samples
were pelleted (3,000 � g for 10 min) to separate the rhizosphere soil and supernatant. The rhizosphere
soil was stored at 220°C, while the rhizosphere supernatant was stored at 280°C in 2-mL tubes.
Portions of the soil-within-rows and soil-between-rows samples were also saved in 2-mL microtubes at
220°C, and the remaining soil was stored at 4°C.

The rhizosphere supernatant from the field samples was used to assess the concentration of sugars
through GC-MS, as well as the concentration of JA through LC-MS. The frozen supernatant was freeze-
dried at 250°C (Labconco FreeZone Dryer), desalted, and analyzed as described previously. The weight
of the rhizosphere soil pellet was used to normalize the metabolite data. For an estimation of total sugar
concentration in the rhizosphere samples, the values of all the sugars detected (arabinose, xylose, fruc-
tose, mannose, galactose, glucose, sucrose, lactose, trehalose and raffinose) were summed. The same
methods used for analysis and preparation of the samples from the semihydroponic system was used
for the sugar and JA analysis of the rhizosphere supernatant.

16S rRNA gene sequencing and bioinformatics analysis of reads. The PowerSoil-htp 96-well Soil
DNA isolation kit (MoBio, Carlsbad, CA) was used to extract the DNA from the rhizosphere and bulk soil
(within and between rows) samples, while the PowerPlant-htp 96-well plant DNA isolation kit (MoBio,
Carlsbad, CA) was used to extract the DNA from the root endosphere samples. The resulting DNA was
quantified using QuantiFluor ONE dsDNA dye (Promega Corporation, Madison, WI), and PCR amplifica-
tions were targeted to the V4 region of the 16S rRNA gene with the primer pair V4_515F/V4_806R
according to Caporaso et al. (57). The sequencing libraries were prepared using a dual-index primer sys-
tem consisting of the Illumina adapter, an 8-nucleotide index sequence, a 10-nucleotide pad-sequence,
a 2-nucleotide linker sequence, and the primer sequence (58). A total of four different libraries were pre-
pared, one for each compartment studied. Amplicons were purified and normalized using SequalPrep
normalization plates (Invitrogen), pooled in an equimolar mixture, concentrated using a SpeedVac, and
size-selected within a range of 200 to 700 bp using the SPRIselect beads (Beckman Coulter, Brea, CA).
Then, sequencing libraries were quantified and quality checked using a high-sensitivity DNA kit on an
Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA). Libraries were spiked with 20% PhiX
prior to loading the Illumina flow cell. Sequencing of the four libraries were performed on the University
of Nebraska Medical Center (UNMC) using the Illumina MiSeq platform with the MiSeq 600 cycles v3 kit
(59). Each library contained negative controls represented by blank DNA extraction control and water
blank control (same water used in the library preparation), as well as positive controls represented by
the amplification of DNA from microbial mock community B v5.1L (BEI Resources, Manassas, VA).

The sequencing reads were analyzed with the QIIME 2.0 software (60) using the DADA2 algorithm
for denoising (61), which includes filtering sequences by quality, trimming reads in the positions of
choice, merging the paired-end reads, removing chimeric sequences, and generating the ASV table. The
ASVs reflect individual sequences with 100% nucleotide identity (62). The reads were taxonomically clas-
sified using the SILVA database version 138 (63). Mitochondria and chloroplast sequences were removed
from the ASV table. Initially, reads from the four compartments were analyzed together. All samples
were rarified to 4,000 reads for a- and b-diversity analyses. The Shannon index and observed ASVs were
calculated to infer on species diversity and richness, respectively. The Bray-Curtis distance matrix was
generated and exported for statistical analyses. The same process was performed after splitting the ASV
table for each compartment and then for each growth stage within each compartment. For diversity
analysis, the root endosphere, rhizosphere, soil-within-rows, and soil-between-rows samples were rari-
fied to 4,000, 10,000, 8,000, and 15,000 reads, respectively.

Statistical analyses. The Bray-Curtis distance matrices were exported to the R software, where all
multivariate analyses were performed using the VEGAN package v. 2.5-6 (64). Unconstrained and con-
strained principal coordinate analyses (PCoA and CAP) were generated using the capscale function and
visualized with the ggplot function in the ggplot package version 3.3.0 (65). Permutative multivariate
analysis of variance (PERMANOVA, 999 permutations) was performed to test for significant effects of the
diverse factors studied (compartments, growth stage, genotype, sugar level, and JA level) and their inter-
action using the adonis function. The factors sugar level and jasmonic acid level referred to the classifica-
tion based on the quantification of these compounds from exudates collected in the semihydroponic
system. Data from each growth stage within each compartment were also individually analyzed with
CAP and PERMANOVA to identify the specific developmental stages in which the bacterial communities
were affected by different JA or sugar levels in root exudates. The function strata was always used in the
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PERMANOVAs to account for the spatial variation associated with different blocks in the field. For the
graphs showing the separation of samples according to different categories of sugar or JA levels (hydro-
ponics classification), the CAP ordinations were constrained for the factors sugar level and JA level,
respectively.

In addition to analyzing changes in bacterial community structure using the hydroponic data to clas-
sify the genotypes in low, medium, or high JA/sugars exuders, we also quantified the concentration of
JA and sugars in the rhizosphere samples collected from field soils and used those data to test their
effects on the bacterial communities (Bray-Curtis matrices) using CAP (capscale), and PERMANOVA
(adonis). For that, sugars and JA concentration were used as numeric instead of categorical factors
where each microbiome sample from the lines grown in 96 plots had an unique concentration of JA and
sugars rather than grouping samples in low, medium, or high categories. For the graphs showing the
separation of samples according to different concentrations of sugar or JA, the CAP ordinations were
constrained for the factors sugar concentration and JA concentration, respectively. In addition to analyz-
ing the effect of total sugar concentration, we also assessed the effect of the 10 specific sugars on the
rhizobacterial communities at each growth stage using PERMANOVA (adonis).

Linear correlations between the concentration of specific sugars and the relative abundance of indi-
vidual bacterial genera were identified using the Pearson’s test with the Bonferroni P-value correction in
the PAST 4.0 software (66). Differences in total sugars and jasmonic acid concentration in root exudates
between maize genotypes, as well as differences in species diversity (Shannon index) and richness
(observed ASVs) were assessed using the Kruskal-Wallis test in the PAST 4.0 software (66). Differences in
the relative abundance of bacterial genera between genotypes with distinct levels of sugars and jas-
monic acid were analyzed with the Welch’s t test and the Benjamini-Hochberg false discovery rate (FDR)
P-value correction in the STAMP software (67). Differences were considered significant when P , 0.05
and differences between proportions of sequences were.0.1%.

Data availability. The sequences used in this article were submitted to NCBI-SRA under the
BioProject accession number PRJNA759602.
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