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differences in rhizosphere
denitrification potential between
Intercropped plants
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Department of Plant, Soil and Microbial Sciences, Michigan State University, East Lansing, MI, United
States, 2Department of Land, Air and Water Resources, University of California, Davis, CA, United States

Denitrification is an important loss pathway for nitrogen (N) in agricultural sys-
tems; however, it is at times unpredictable. Some of the uncertainty surrounding
denitrification rates is due to soil heterogeneity and spatial variability, especially
with regard to carbon (C) availability, as it is the energy source fueling denitrifi-
cation. Differences in C concentration and type are particularly large between
the rhizosphere and bulk soil. The rhizosphere is a hotspot of microbial activity,
where the chemical composition and quantity of C varies depending on both
plant species and plant community diversity. However, we lack an understanding
of how rhizosphere-driven differences in C impact denitrification in these dif-
ferent soil compartments. Here, we assessed denitrification and denitrifier gene
abundance in bulk soils and rhizosphere soils of monoculture maize (Zea mays
L.) and maize interseeded with annual ryegrass (Lolium multiflorum Lam.) and
crimson clover (Trifolium incarnatum L.). In addition, we measured potential deni-
trification and gene abundance in rhizosphere soils of ryegrass and clover. We
found that denitrification potential was enhanced in all rhizosphere soils com-
pared to bulk soil and this effect varied depending on the species of plant, with
significantly increased rates of denitrification in maize rhizosphere compared to
clover rhizosphere. The availability of dissolved organic C, but not microbial bio-
mass C, accounted for differences in denitrification rates among rhizosphere soils
from different plants. Although not consistently enhanced in the rhizosphere,
the reduction of N,O in bulk soils was significantly lower when maize was inter-
cropped with ryegrass compared to maize grown with clover or in monoculture,
demonstrating the effects of increased plant diversity on denitrifiers. Of the deni-
trification genes assayed, the abundance of nirS was the most variable between
soils, and gross N,O production was positively correlated with nirS but not nirK.
This suggests that nirS denitrifiers may be more responsive to differences in avail-
able C between soils compared to nirK denitrifiers. This study demonstrates how
denitrification rates can differ significantly within the rhizospheres of different
plants and highlights the importance of C availability as a driver of differences in
denitrification rates in the rhizospheres of maize and cover crops.
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1 Introduction

Incomplete denitrification is responsible for much of the production
of nitrous oxide (N,0) from agriculture, but micro-scale variation and
episodic fluxes make N,O emissions difficult to predict (Groffman et al.,
2009). Denitrification is an anaerobic respiratory process, wherein
microbes from all three domains of life utilize various nitrogen-oxide
species as terminal electron acceptors to generate N,O (Shapleigh, 2013).
Denitrification proceeds in a stepwise function and produces N,O, which
some denitrifiers (predominantly bacterial) will reduce further to N,
(Butterbach-Bahl et al., 2013). The primary drivers of denitrification
include C and nitrogen (N) availability as well as anaerobicity (Robertson
and Groffman, 2015). These factors can vary greatly throughout the soil
profile and over time, with for instance a greater portion of anaerobic
regions following a large rainfall event or uneven distribution of C inputs
from vegetation, including via root exudates. Understanding how these
drivers of denitrification vary can improve predictions of N,O emissions
and facilitate the management of ecosystems to produce less N,O.

The rhizosphere is the area of the soil that is in direct contact with
plant roots and is a hotspot of microbial activity. This area of the soil
receives large inputs of C from plants and is often anaerobic, due to high
levels of respiration from roots and microbes utilizing root-derived C. It
is therefore not surprising that past studies have demonstrated an
increase in denitrification in the rhizosphere (Smith and Tiedje, 1979;
Hojberg et al,, 1996; Philippot et al., 2006; Hamonts et al., 2013).
Moreover, the rate of N,O reduction has been shown to be driven by
terminal electron-acceptor demand, where high availability of C and low
oxygen availability can stimulate N,O reduction to N, (Morley and
Baggs, 2010; Gillam et al., 2011; Senbayram et al., 2012). These condi-
tions of C availability and anaerobicity often prevail in the rhizosphere,
providing an environment that should favor N,O reduction. This rhizo-
sphere effect is likely mediated by the provision of root exudates, which
can vary in amount and composition between plants and even over the
life cycle of a single plant (Badri and Vivanco, 2009; Jones et al., 2009).
However, most studies have not assessed the rhizosphere effect on deni-
trification across multiple plant species in the same soil causing plant
effects to be confounded with soil effects. Further, it is not clear which
factors in particular drive an increase in denitrification within the rhizo-
sphere. For instance, either changes in C and N availability, anaerobicity,
or microbial community composition could all impact denitrification
potential. The effect of these differences in the root zone of separate
plants on denitrification requires further study in order to identify the
mechanisms behind the rhizosphere effect on denitrification.

A recent meta-analysis found that the genetic potential for many
N-cycling processes, including denitrification, is enhanced in the rhizo-
sphere, and that this effect differs among plant types (Ling et al., 2022).
This meta-analysis did not determine whether differences in genetic
potential were related to increases in the functional potential of denitri-
fiers, and so how these community-level changes in the rhizosphere
affect denitrification rates remains unknown. The genetic potential for
denitrification is often assessed through two homologous genes for
nitrite reduction, nirK and nirS, and by two clades of nitrous oxide reduc-
tase, nosZ-I and nosZ-II (Zumft, 1997; Jones et al., 2013). The two genes
for nitrite reductase, copper-containing #irK and the heme-containing
nirS, derive from distinct lineages (Jones et al., 2008), and it has long been
speculated that the conserved differences between these two groups of
denitrifiers is due to niche differentiation, where denitrifiers of one type
are more suited to particular environments than the denitrifiers of the
other type (Hallin et al, 2009; Jones and Hallin, 2010). In this
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connection, studies have shown that #irS abundance is more strongly
correlated with nitrate availability (Enwall et al., 2010; Xie et al., 2014;
Assémien et al., 2019), while nirK is sometimes more responsive to con-
centrations of copper and/or organic C (Enwall et al., 2010; Ma et al.,
2016). On the other hand, nirS denitrifiers have also been shown to
respond directly to C additions (Langarica-Fuentes et al., 2018). Given
the distinct environments between rhizosphere and bulk soil, we would
expect to observe a difference in the abundance of specific denitrification
genes between different soil compartments.

Intercropping is a practice where multiple plant species are grown in
the same plot of land at the same time (Brooker et al., 2015). Interseeding
cover crops into maize is emerging as a strategy for promoting cover crop
establishment, particularly in regions where the window for seeding
cover crops following maize harvest is short (Brooker et al., 2020; CTIC
et al,, 2020). By increasing plant diversity, interseeding can affect the
functioning of the soil microbial community (Finney and Kaye, 2017;
Curtright and Tiemann, 2021). Intercropping-mediated increases in
microbial nutrient-cycling activity are not confined to the bulk soil and
have been observed within the rhizosphere (Curtright and Tiemann,
2021). By altering the type and amount of C inputs to the soil, intercrop-
ping has the potential to impact denitrification rates in both rhizosphere
and bulk soils (McGill et al., 2010; Leloup et al., 2018; Curtright et al.,
2023). The intercropping effect has also been observed in the composi-
tion of rhizosphere microbial communities, with changes in the potential
for various N cycling processes (Pivato et al., 2017); however, denitrifica-
tion was not included among them. The effect of interseeding cover crops
in maize on the functional and genetic potential for denitrification in
bulk soil and the rhizosphere has not yet been described.

To assess how plant species identity and intercropping affect denitri-
fiers in the rhizosphere, we sampled bulk soil and rhizosphere soil from
maize and two types of intercropped plants (ryegrass and clover). We
performed denitrification potential assays and determined the abun-
dance of key denitrification genes. We hypothesized that potential deni-
trification rates would be elevated in the rhizosphere and that this
increase would vary between plant species as a result of differing root
exudation patterns and N dynamics. Due to increased demand for N in
the rhizosphere, we hypothesized that the potential for N,O reduction
would be greater, since denitrifiers would need to be more efficient in
their use of N. Finally, we predicted that rhizosphere soils would enrich
particular types of denitrifiers given the large differences in available C
and N between the rhizosphere and bulk soil.

2 Methods

A two-year field experiment with cover crops interseeded into maize
was initiated in June 2018 in East Lansing, Michigan, USA (42.7100 N,
84.4663° W). The soils at this location are an Aubbeenaubbee-Capac
sandy loam (fine-loamy, mixed, active, mesic Aeric Epiaqualf; fine-loamy;,
mixed, active, mesic Aquic Glossudalf), with a soil organic matter content
of ~2.8% and pH between 5.8 and 7.6. Before maize planting in 2018, the
field received conventional tillage, but the field was not tilled before maize
planting in the second season (2019). No starter fertilizer was applied at
planting in 2019, but urea was broadcast at 225 kg N ha™' at the V3 stage
of corn growth. In both years, glyphosate was used to control weeds prior
to planting and at the V3 stage of corn growth. The cover crop treatments
included in the present study were annual ryegrass (Lolium multiflorum
Lam.) and crimson clover (Trifolium incarnatum L.), which were
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interseeded in June 2019 at the V3 stage of corn growth. A no-cover-crop
control was established without cover crops. Replicate plots were estab-
lished in four blocks. Further details of the intercropping experiment can
be found in Brooker et al. (2020) and Curtright et al. (2023).

In August 2019, during the early reproductive phase of corn
growth, bulk and rhizosphere soil samples were taken from all three
interseeded cover-crop treatments including the no-cover-crop con-
trol. Rhizosphere soils from maize as well as the ryegrass and clover
covers interseeded into maize were sampled. Rhizosphere soil samples
were obtained by uprooting plants by digging approximately 10-20 cm
from the base of the plant with a shovel, taking care to not sever below-
ground roots. Plants were then vigorously shaken to remove loosely
adhering soil, and the tightly adhering soil was sampled as “rhizosphere
soil” Bulk soil samples were also taken from all plots by sampling with
a soil probe (1.9 cm diameter core, 10 cm depth) between maize rows
and avoiding cover crop roots. Soils were particularly dry during sam-
pling (~7% GWC). All soil samples were kept on ice until being
returned to the lab for processing, where soils were sieved through a
4-mm mesh and large roots and plant material that did not pass
through the sieve were removed.

Fresh soils were then stored at —80 °C for later use in denitrification
assays. Prior to assays, soils were thawed at 4 °C over 3 days before weigh-
ing 5 g of soil into serum bottles, which were then covered and pre-incu-
bated at room temperature for 4 days before the assay. Potential rates of
denitrification and N,O reduction were obtained by adding 15 mL of
nitrate solution (100 mg N g™" soil) to serum bottles, following established
protocols for determining denitrification enzyme activities (Groffman et
al., 1999). Bottles were stoppered with rubber septa, evacuated, and flushed
with N,. Either C,H, (10% v/v final concentration) or N, was added to the
headspace of jars to estimate denitrification and net N,O production,
respectively. It is noted that C,H, can skew denitrification dynamics as it
also inhibits nitrification and can potentially be used as a C source (Malone
et al,, 1998; Groffman et al., 2006). However, given the non-limiting
amount of nitrate provided and the relatively short timeframe of the assay,
these were not considered to be significant limitations. Headspace samples
were taken at 24, 26, and 28 h and analyzed on a GC equipped with TCD
and ECD (TRACE 1310, Thermo Fisher Scientific, USA) to determine
concentrations of CO, and N,O, respectively.

Soil C and N measurements were made by performing soil extrac-
tions in 0.5 M K,SO, (5 mL g™ soil). Nitrate and ammonium were mea-
sured colorimetrically (Doane and Horwith, 2003). Dissolved organic C
(DOC) and total dissolved N were determined on an elemental analyzer
(vario TOC select, Elementar, Germany). Microbial biomass C (MBC)
was determined by adding 1 mL of chloroform to 8 g of soil and incubat-
ing for 24 h. Soil extractions were then performed as described above, and
the difference in DOC content between fumigated and non-fumigated
samples was used to estimate microbial biomass by applying a correction
factor of 0.45 to account for fumigation efficiency (Jenkinson et al., 2004).

Total N,O production (“gross N,O”) was estimated from the amount
of N,O in jars that received C,H,. The N,O in jars that did not receive
C,H, was considered “net N,O”” N, production was calculated by sub-
tracting net N,O production from gross N,O production. The portion of
total N,O production that was not reduced to N,—referred to as dAN,O—
was calculated by dividing net N,O production by gross N,O production.
The rhizosphere effect, or the relative increase in denitrification activity
compared to the surrounding bulk soil, was calculated from total N,O
and N, production. For estimating the rhizosphere effect, total N,O and
N;, production in each rhizosphere sample was divided by total N,O and
N, production in the bulk soil sample taken from the same plot.
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DNA for qPCR was collected from the same soil used for the deni-
trification potential assays. Only soil in the treatments without acetylene
were used for DNA extraction. After the assay, jars were immediately
frozen in liquid nitrogen and lyophilized. DNA was extracted from the
lyophilized samples using the DNeasy PowerSoil Pro Kit (Qiagen, USA).
Extracted DNA was quantified using the Quant-iT assay kit (Thermo
Fisher Scientific). Denitrification genes were amplified with four sets of
targeting nirS, nosZ-1, and nosZ-11
(Supplementary Table S1). Standards for the qPCR assays were obtained

primers nirk,
by amplifying the respective gene product from a composite sample of
the treatment soils and excising the bands with the expected length from
an agarose gel using a GeneJET Gel Extraction Kit (Thermo Fisher
Scientific). Initial amplifications were also used to determine optimal
primer concentrations and melting points that minimized primer dimer
formation. Following purification, the standard DNA templates were
quantified using the Quant-iT assay kit and normalized to set concentra-
tions. qQPCR assays were performed under the following conditions: for-
ward and reverse primers to concentrations specified in
(Supplementary Table S1), 10 ng of template DNA, and 1x final concen-
tration of PowerUp SYBR Green Master Mix (Thermo Fisher Scientific)
to a total reaction volume of 20 pL. PCR cycles included an initial melt-
ing stage at 95 °C for 2 min followed by 35 cycles of the following steps:
amelting stage at 95 °C for 15 s, an annealing stage of 15 s at the primer-
specific temperature specified in (Supplementary Table S1), and an
elongation stage at 72 °C for 1 min. All reactions were carried out in
quadruplicate.

Statistical analyses were performed in R. Mixed models were con-
structed using the Imer function of the lme4 package. Cover crop and soil
compartment (i.e., bulk soil, maize rhizosphere, clover rhizosphere, rye-
grass rhizosphere) were fixed effects, and field block and its interaction
with fixed effects were coded as random effects in order to fully specify
the structure of the mixed-effects model. Given the nature of the fixed
effects, cover crop and soil compartment could not be fully crossed (i.e.,
while maize rhizosphere or bulk soil could be obtained from plots with
or without cover crops, no treatments included ryegrass- and clover rhi-
zosphere soil with other cover crops). Therefore, a two-step process was
used for modelling soil compartment and cover crop effects. In the first
step, we used a subset of the data that only included data from the maize
rhizosphere and bulk soil (i.e., cover crop rhizosphere-soil data were
excluded). We used these data to test for main and interactive effects of
soil compartment (bulk versus maize rhizosphere) and cover crop (no
cover, ryegrass, or clover) using a full-factorial two-way ANOVA. If no
interaction was found between soil compartment and cover crop—
meaning that the soil-compartment effect was not influenced by cover
crop type—then cover crop was omitted from the model and only the
effect of soil compartment was tested on the full dataset. If the interaction
was significant, then all cover crop and soil-compartment treatment
combinations were coded as a single factor for a one-way
ANOVA. Significance of fixed effects were determined using the ImerTest
package to perform F tests with denominator degrees of freedom esti-
mated using the Kenward-Roger method. Treatment means were gener-
ated from the estimated marginal means derived from the linear models,
and standard errors were calculated from the estimate of MSE. When
fixed effects were significant at a Type I error rate of 0.05, means were
separated using Fisher’s LSD. A Tukey adjustment was used when com-
paring means without a significant fixed effect. This multiple compari-
sons approach was selected to afford greater statistical power when
significant effects were present, while protecting against Type I errors
when overall effects were not significant.
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3 Results
3.1 Denitrification potential

Soil compartment (bulk versus rhizosphere of different plants) had
a significant effect on potential gross N,O production (Table 1).
Interseeded cover crops did not have a significant interaction with the
soil-compartment effect in maize rhizosphere and bulk soil; therefore,
soil-compartment comparisons are presented as a single-factor analysis
(where intercrops are combined for bulk soil and maize rhizosphere).
The rate of potential gross N,O production (Figure 1) was greatest in
maize rhizosphere soil (12.73 + 1.53 mg N,O-N kg™' soil d™') which was
nearly double the rate in bulk soil (6.88 + 0.83 mg N,O-N kg™" soil d™").
Clover rhizosphere soil had a gross N,O production rate 0f9.13 + 1.22 mg

TABLE 1 Type Il ANOVA table of fixed effects.

10.3389/fsufs.2026.1792407

N,O-N kg™ soil d™!, which was significantly higher than bulk soil but
significantly lower than maize rhizosphere soil. Gross production of N,O
from ryegrass rhizosphere soil was 12.06 + 1.61 mg N,O-N kg™' soil d™',
falling between the other rhizosphere soils.

We also investigated the proportion of N,O that is produced and not
ultimately reduced to N, (dN,0). We found that dN,O values were high
in all soil samples, with the vast majority of N,O production remaining
unreduced (Figure 2). There was a significant interaction between soil
compartment and intercrop (Table 1); therefore, means are presented for
each combination of soil compartment and intercrop. Bulk soil with
maize intercropped with ryegrass had the highest dN,O value, 108 + 6%
(dN,O values above 100% likely reflect variability and experimental
error). This was significantly higher than bulk soil from the other inter-
cropping treatments (86 + 6% and 87 + 6% in non-intercropped and

Gross N,O
F p

Model 1: subset
Soil type 36.0 0.009 13.7 0.034 15.5 0.029 65.3 0.004
Cover crop 3.2 0.114 9.9 0.013 0.6 0.557 4.5 0.065
Soil type x cover

0.0 0.984 6.2 0.034 0.8 0.505 0.1 0.913
crop
Model 2: all data
Soil type 133 0.001 — — 82 0.005 15.9 <0.001
Soil type: cover crop — — 3.4 0.013 — — — —

Model 1: subset

Soil type 39 0.144 2.9 0.185 53 0.105
Cover crop 0.4 0.681 1.3 0.332 2.1 0.205
Soil type x cover crop 2.2 0.192 0.6 0.566 0.0 0.960
Model 2: all data

Soil type 2.5 0.128 3.6 0.054 4.2 0.038
Soil type: cover crop — — — — — —

nosZ-II

Model 1: subset

Soil type 0.1 0.827 15.2 0.002 2.3 0.139 1.1 0.339
Cover crop 0.9 0.441 5.6 0.016 4.1 0.038 13 0.362
Soil type x cover

crop 1.0 0.408 3.0 0.080 0.7 0.498 1.0 0.442
Model 2: all data

Soil type 0.1 0.947 — — 0.9 0.464 2.1 0.117
Soil type: cover crop — — 5.8 0.001 — — — —

Model 1 was performed on a subset of data that included only maize rhizosphere and bulk soil, allowing for the significance of the interaction between soil type and cover crop to be assessed
in a two-way ANOVA. If the interaction was found to be significant, then a second model constructed from the full dataset incorporated each treatment combination of the two factors in a
one-way ANOVA. If the interaction was not significant, then cover crop was omitted from the model and only the effect of soil type was tested.
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FIGURE 1

Differences in denitrification potential among soil compartments.
Maize, clover, and ryegrass refer to rhizosphere soil from respective
plant types. Error bars are standard error (n = 4). Letters indicate
significant differences between means at a = 0.05
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FIGURE 2

Differences in the percent N,O remaining after N,O reduction to N,
occurs. Maize, clover, and ryegrass refer to rhizosphere soil from
respective plant types. Letters indicate significant differences between
means at a = 0.05.

maize-clover intercropping, respectively). The dN,O value was signifi-
cantly lower in the maize and ryegrass rhizosphere soils, ranging between
73% and 80%. Apart from the maize-ryegrass intercropping treatment,
apart from the maize-ryegrass intercropping treatment, only clover rhi-
zosphere and maize rhizosphere without intercrop were significantly
different from each other.

3.2 Soil dissolved organic C, inorganic N, and
microbial biomass C

Soil compartment had a significant effect on DOC content,
but there was no effect of intercrop type (Table 1). We found that
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DOC was consistently higher in the rhizospheres of all plants
(ryegrass, 105.1 £ 9.5 mg DOC-C kg™ soil; maize, 89.1 + 6.4 mg
DOC-C kg™ soil; clover, 82.4 £ 9.5 mg DOC-C kg™ soil) com-
pared to bulk soil (61.8 + 6.4 mg DOC-C kg™ soil). Microbial
biomass C was also significantly affected by soil compartment
(Table 1), but MBC was only significantly greater in the rhizo-
sphere of maize compared to bulk soil (334 £ 16 versus
197 + 16 mg MBC-C kg™ soil, Figure 3).

Inorganic N availability was relatively low, with no significant effect
of soil compartment or intercrop (Table 1). Nitrate and NH," tended
to be highest in ryegrass rhizosphere (4.2 + 1.5 and 2.7 + 0.5 mg N kg™
soil, respectively) and lowest in maize rhizosphere (1.1 +1.2 and
0.9 £ 0.3 mg N kg™ soil, respectively). Concentrations of NO,™ and
NH,* in clover rhizosphere and bulk soil were between these two
extremes. In contrast, soil compartment had a significant effect on
organic N (Table 1). All rhizosphere soils (ryegrass, 8.9 + 1.3 mg N kg™
soil; maize, 8.1 + 1.0 mg N kg™ soil; clover, 7.0 + 1.3 mg N kg™ soil)
had significantly greater organic N concentrations than bulk soil
(4.2 £ 1.0 mg N kg™' soil).

3.3 Abundance of denitrification genes

We found that only nirS gene abundance was significantly affected
by soil compartment and intercrop type (Table 1). Maize rhizosphere soil
with no intercrop had the highest abundance of #irS, with 773 + 50 gene
copies ng™' DNA (Figure 4). This was significantly higher than the maize
rhizosphere soils with clover and ryegrass intercrop, as well as the bulk
soil samples, which ranged between 287 and 425 gene copies ng™'
DNA. The abundance of nosZ-I also varied between soil compartments,
but not significantly. Within bulk soil and maize rhizosphere soil, nosZ-I
tended to be less abundant in the intercropped treatments compared to
the no-intercrop treatment. There was no effect of soil compartment or
intercropping on the abundance of nosZ-II or nirK.

In comparing the homologous genes, nirK was more abundant
than nirS (Figure 4). Gene counts of nirK varied between 735 and
1,006 gene copies ng™' DNA among all treatments, while the abun-
dance of nirS varied between 287 and 773 gene copies ng™'
DNA. For nitrous oxide reductase, nosZ-II (between 1785 and
3,204 gene copies ng”' DNA) was much more abundant than
nosZ-I (between 98 and 161 gene copies ng™' DNA).

3.4 Correlations with denitrification rates

Denitrification potential was correlated with a number of edaphic
and microbial factors. Both DOC and MBC were strongly and signifi-
cantly correlated with denitrification (r = 0.695 and 0.656, respectively;
Table 2). However, the correlation of MBC with denitrification appeared
to be driven by low biomass levels in bulk soil compared to rhizospheres,
and it did not account well for differences between rhizosphere soils.
When rhizosphere denitrification was expressed as a percentage of activ-
ity in the surrounding bulk soil (i.e., the rhizosphere effect), biomass
itself was not a strong driver (r = 0.073) and only DOC explained a sig-
nificant amount of variation (r = 0.615). Inorganic N did not explain a
significant amount of variation in denitrification, but organic N content
was significantly correlated with both gross N,O production and the
rhizosphere effect. Of the four denitrification genes assayed, only nirS
abundance was significantly correlated with total N,O production
(Figure 5). No other denitrification gene was significantly correlated
with total N,O production.
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Differences in soil dissolved organic carbon (DOC), microbial biomass
carbon (MBC), ammonium (NH,*), nitrate (NO57), and dissolved
organic nitrogen (DON) between soil compartments. Maize, clover,
and ryegrass refer to rhizosphere soil from respective plant types.
Error bars are standard error (n = 4). Letters indicate significant
differences between means at a = 0.05.

4 Discussion
4.1 Rhizosphere effect on denitrification

We hypothesized that denitrification would be enhanced in
the rhizosphere due to root-derived C inputs and that this effect
would vary between species. Indeed, rhizosphere soils had up to
twice as much denitrification as bulk soil (Figure 1). This is in
agreement with previous findings that have also found elevated
rates of denitrification potential in plant rhizospheres (Smith and
Tiedje, 1979; Hojberg et al., 1996; Philippot et al., 2006; Hamonts
et al.,, 2013), though this is not always the case (Graf et al., 2016;
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Ai et al.,, 2017). Importantly, we demonstrate in this study that
rates of denitrification differ among plant rhizospheres within the
same soil: maize rhizosphere soil had significantly greater activity
than clover (12.73 versus 9.13 mg N,O-N kg™' soil d™'). These
plant-based differences could be due to differences in amounts of
exudate C or unique root-exudation profiles between plants. The
composition of carbohydrates, organic acids, amino acids, and
secondary metabolites within root exudates often differs between,
and even within, plant species (Badri and Vivanco, 2009; Jones et
al., 2009). Previous work has shown that denitrifiers possess dis-
tinct rates of activity depending on the type of available C (Henry
et al., 2008; Curtright and Tiemann, 2023). Accordingly, differ-
ences in denitrifier communities and in situ denitrification rates
within rhizospheres have been correlated to root-exudate compo-
sitions (Wu et al., 2017; Maurer et al., 2021).

Differences in root-exudate composition can shape the struc-
ture of rhizosphere microbial communities (Zhalnina et al., 2018),
and rates of denitrification could be determined in part by the
unique composition of the denitrifier community within each rhi-
zosphere. We found that the genetic potential for denitrification—
specifically, nirS gene abundance—was greater in maize
rhizospheres compared to bulk soil as well as between the rhizo-
sphere of maize, clover, and ryegrass (Figure 4). However, we did
not find any significant differences in the abundance of other deni-
trification genes between the rhizosphere and bulk soil. Other
studies have shown differences in various denitrification genes in
the rhizosphere compared to bulk soil, but the effects are incon-
sistent (Hamonts et al., 2013; Ai et al., 2020; Wang et al., 2021;
Saghai et al., 2022). In our study, nirS was the most dynamic deni-
trification gene of the four that we measured, varying the most
between soil compartments. The cover crop treatment had a sig-
nificant effect on nirS abundance in maize rhizosphere and bulk
soil (Table 1). Others have also found that nirS is more responsive
than its homolog nirK to changes in environmental conditions
(Jones and Hallin, 2010; Hamonts et al., 2013; Ai et al., 2017;
Langarica-Fuentes et al., 2018). This may be due to niche differen-
tiation where denitrifiers carrying »irS are more responsive to the
rhizosphere environment than other denitrifiers and better able to
adjust to differing conditions between soil compartments.

Contrary to our hypothesis, we did not observe significantly
lower dN,O values in rhizosphere soils compared to bulk soils;
dN,O varied between 75 and 100% in both bulk soil and rhizo-
sphere soil. These were relatively high dN,O values, which are
often observed under conditions with high O, or low pH (Cavigelli
and Robertson, 2000; Senbayram et al., 2012; Qu et al., 2016).
However, those conditions did not prevail in our study, which
utilized denitrification potential assays. The response of N,O
reducers to rhizosphere conditions can be multifaceted. While
studies have found that genes for N,O reduction are often enriched
in the rhizosphere (Ai et al., 2020; Saghai et al., 2022), the poten-
tial for N,O reduction is not always increased (Graf et al., 2016).
In our study, we did not observe any differences in nosZ-I or nosZ-
II between soils; however, nosZ-II was much more abundant than
nosZ-I across all soils (Figure 4). N,O-reducing organisms with
nosZ-1I more often lack the genes for generating N,O (Graf et al.,
2014; Hallin et al., 2018). A community composed primarily of
nosZ-1I organisms may therefore, under certain conditions, result
in a decoupling of N,O production and N,O reduction that could
result in a higher prevalence of incomplete denitrification;
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TABLE 2 Correlation coefficients between potential denitrification activities and soil chemical

parameters.

Activity DOC MBC NO; NH, DON
Total N,O

0.695%** 0.656%** —0.065 0.013 0.620%%*
Production
dN,O —0.334 —0.402* 0.055 0.234 —0.231
Rhizosphere

0.615%* 0.073 0.252 0.211 0.526*
Effect

dN,0 is the proportion of N,O remaining following N,O reduction to N,. The rhizosphere
effect was the relative increase in total denitrification activity (N,O production and N,O
reduction) in the rhizosphere compared to the surrounding bulk soil. Significance of the
correlations is indicated by asterisks (*, p value < 0.05; **, p value < 0.01; ***, p value <
0.001). The rhizosphere effect was correlated against concentrations of C and N in the
rhizosphere.

however, a correlation between nosZ-II organisms and a soil’s N,O
sink potential has also been observed in other cases (Jones et al.,
2014; Domeignoz-Horta et al., 2015).

4.2 Factors affecting denitrification

We sought to determine the most important environmental
factors that accounted for the increased denitrification rates in the
rhizosphere. We found that, while MBC content explained much
of the variation between bulk and rhizosphere soils, it was DOC
that was able to account for differences between rhizosphere soils
of different plants (Table 2). The increased content of MBC in the
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rhizosphere is expected given how the rhizosphere is a hotspot
that can stimulate microbial growth (Jones et al., 2009; Sasse et al.,
2018). Further, the correlation between DOC and the rhizosphere
effect between different rhizosphere soils supports the mechanism
that DOC from root exudates have a large role in determining the
activity of the rhizosphere community (Badri and Vivanco, 2009;
Zhalnina et al., 2018).

Denitrification potential was positively correlated with the
abundance of nirS (Figure 5). In previous studies, nirS tends to be
more often correlated with denitrification rates than nirK (Enwall
et al., 2010; Hamonts et al., 2013; Assémien et al., 2019). This
could lend support to the idea that nirS denitrifiers are more
active, even if they are lower in abundance than nirK-type denitri-
fiers (Hamonts et al., 2013; Ai et al., 2017). Correlations between
denitrification gene abundance and process rates are only incon-
sistently observed (Rocca et al., 2015; Shan et al., 2021). In gen-
eral, the link between gene abundance and process rates is
indirect, especially in the soil microbial community (Prosser,
2015; Fierer, 2017). Complementary approaches, such as stable-
isotope probing and transcriptomics, can provide more nuanced
insight to the connection between genetic potential and denitrifi-
cation activity (Hungate et al, 2015; Peng et al., 2024).
Nevertheless, QPCR can still reveal important patterns in com-
munity assembly across varying conditions, especially in habitats
that would promote rapid microbial growth, such as the rhizo-
sphere (Fierer et al., 2021).

Competition for N is particularly strong in the rhizosphere
(Kuzyakov and Xu, 2013), and we hypothesized that this would drive
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Correlation between the abundance of denitrification genes and gross N,O production (nirK and nirS) or N,O reduction (nosZ-1 and nosZ-Il). Maize,
clover, and ryegrass refer to rhizosphere soil from respective plant types.

an increase in N,O reduction as a way of conserving scarce
N. However, we found that inorganic N availability was not consis-
tently lower in rhizosphere soil (Figure 3). In fact, concentrations of
NH,* and NO;™ were highest in ryegrass rhizospheres. Maize rhizo-
spheres did tend to have the lowest concentrations of inorganic N,
but this was not significantly different from bulk soil concentrations.
This may have been due in part to dry soil conditions at the time of
sampling, which could have reduced plant uptake of inorganic N
(Comerford, 2005; Kuzyakov and Xu, 2013). While all soils were
quite dry, the ryegrass rhizosphere soils were slightly drier than the
others (4% vs. 7% GWC, data not shown). Ryegrass rhizosphere also
tended to have the highest concentration of inorganic N and lowest
abundance of nirS denitrifiers (Figures 3, 4), demonstrating a poten-
tial response to the somewhat drier conditions.

Across all soil compartments, inorganic N concentrations did not
explain a significant amount of variation in dN,O (Table 2). This is in
contrast to previous studies that have shown that dN,O is sensitive to
soil NO;~ concentrations (Firestone et al., 1979; Qin et al., 2017;
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Senbayram et al., 2018). Although N availability may influence the
potential for N,O reduction, a strong concentration gradient did not
exist between the different soils used in the study. Of course, it is also
important to note that these assays were designed to measure deni-
trification potential, and non-limiting amounts of NO;~ were added.
Therefore, differences in dN,O in this study would only reflect the
potential for N,O reduction; in situ efficiencies may be quite different
under field concentrations of NO;™.

Within maize rhizosphere and bulk soil, cover cropping had a
significant effect on dN,O, with bulk soil planted with ryegrass
having the highest dN,O values (Table 1; Figure 2). Perhaps relat-
edly, there was also a trend of ryegrass reducing the abundance of
nosZ-I in maize rhizosphere and bulk soil, but these differences
were not significant (Figure 4). Although we found that interseed-
ing cover crops such as ryegrass tended to result in a lower pro-
portion of N,O being reduced, cover cropping reduced the overall
denitrification potential, meaning that cover cropping will not
likely increase the potential for net N,O emissions. Intercropping
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effects on denitrifiers can be mediated through changes to C and
nutrient inputs (Finney et al., 2016) or by broader impacts on the
microbial community, such as increased extracellular enzyme
activity (Curtright and Tiemann, 2021). However, C and nutrient
levels were not significantly affected by intercropping in this study
(Table 2), making it difficult to identify the mechanisms behind
the intercropping effect on dN,O. Further work can explore these
and additional possible drivers, such as C quality and chemical
composition, micronutrient availability, anaerobicity, spatial het-
erogeneity, and microbial interactions.

5 Conclusion

Overall, we observed higher potential for N,O production in
the rhizosphere, with this effect differing among plant species. We
also observed a greater abundance of nirS in maize rhizosphere
compared to bulk soil. This provides further evidence for the
importance of plant-derived compounds for influencing the rhi-
zosphere denitrifier community. We also show that denitrification
potential is significantly different among the rhizospheres of plant
species intercropped together within the same plot. The availabil-
ity of DOC was the strongest driver of this effect. dN,O did not
differ significantly between bulk and rhizosphere soils, but this
value was affected by intercropping, where intercropping led to a
less efficient denitrification pathway. In conclusion, this study
demonstrates the importance of root-derived C inputs on increas-
ing the potential for denitrification in a field system.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

AC: Writing - review & editing, Methodology, Writing — original
draft, Visualization, Investigation, Conceptualization. LT: Supervision,
Methodology, Writing - review & editing, Project administration,
Funding acquisition, Conceptualization.

References

Aj, C, Liang, G., Wang, X., Sun, J., He, P,, and Zhou, W. (2017). A distinctive root-inhab-
iting denitrifying community with high N,O/(N,0+N,) product ratio. Soil Biol. Biochem.
109, 118-123. doi: 10.1016/j.s0ilbio.2017.02.008

Ai, C, Zhang, M., Sun, Y, Zhang, L., Zeng, L, Liu, Y, et al. (2020). Wheat
rhizodeposition stimulates soil nitrous oxide emission and denitrifiers harboring
the nosZ clade I gene. Soil Biol. Biochem. 143:107738. doi: 10.1016/j.s0ilbio.2020.
107738

Assémien, F L., Cantarel, A. A. M., Florio, A., Lerondelle, C., Pommier, T., Gonnety, J. T,
etal. (2019). Different groups of nitrite-reducers and N2O-reducers have distinct ecologi-
cal niches and functional roles in west African cultivated soils. Soil Biol. Biochem. 129,
39-47. doi: 10.1016/j.s0ilbio.2018.11.003

Badri, D. V., and Vivanco, J. M. (2009). Regulation and function of root exudates. Plant
Cell Environ. 32, 666-681. doi: 10.1111/j.1365-3040.2009.01926.x

Frontiers in Sustainable Food Systems

10.3389/fsufs.2026.1792407

Funding

The author(s) declared that financial support was received for this
work and/or its publication. Funding for this work was provided by
USDA-NIFA (Award Number 2017-67013-26257) and the Foundation
for Food and Agriculture Research (Award Number 430834).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fsufs.2026.1792407/
full#supplementary-material

Brooker, R. W,, Bennett, A. E., Cong, W. E, Daniell, T. J., George, T. S., Hallett, P. D., et al.
(2015). Improving intercropping: a synthesis of research in agronomy, plant physiology
and ecology. New Phytol. 206, 107-117. doi: 10.1111/nph.13132

Brooker, A., Renner, K., and Basso, B. (2020). Interseeding cover crops in corn: establish-
ment, biomass, and competitiveness in on-farm trials. Agron. J. 112, 3733-3743. doi:
10.1002/agj2.20355

Butterbach-Bahl, K. Baggs, E. M. Dannenmann, M., Kiese, R, and
Zechmeister-Boltenstern, S. (2013). Nitrous oxide emissions from soils: how well do we
understand the processes and their controls? Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.
368:20130122. doi: 10.1098/rstb.2013.0122

Cavigelli, M. A., and Robertson, G. P. (2000). The functional significance of denitrifier
community composition in a terrestrial ecosystem. Ecology 81, 1402-1414. doi:
10.1890/0012-9658(2000)081[1402:TFSODC]2.0.CO;2

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1792407
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fsufs.2026.1792407/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fsufs.2026.1792407/full#supplementary-material
https://doi.org/10.1016/j.soilbio.2017.02.008
https://doi.org/10.1016/j.soilbio.2020.107738
https://doi.org/10.1016/j.soilbio.2020.107738
https://doi.org/10.1016/j.soilbio.2018.11.003
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1111/nph.13132
https://doi.org/10.1002/agj2.20355
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1890/0012-9658(2000)081[1402:TFSODC]2.0.CO;2

Curtright and Tiemann

Comerford, N. B. (2005). “Soil factors affecting nutrient bioavailability,” in Nutrient
Acquisition by Plants, ed. H. BassiriRad (Berlin/Heidelberg: Springer-Verlag), 1-14.

CTIC (2020). National Cover Crop Survey Annual Report 2019-2020. West Lafayette,
Indiana, USA: CTIC (Conservation Technology Information Center), 1-63.

Curtright, A. ], Renner, K. A., and Tiemann, L. K. (2023). Availability of dissolved organic
carbon drives differences in microbial nitrogen-cycling processes between two sites with
cover crops interseeded into corn. Soil Sci. Soc. Am. J. 88:52j2.20604. doi: 10.1002/saj2.20604

Curtright, A. J., and Tiemann, L. K. (2021). Intercropping increases soil extracellular enzyme
activity: a meta-analysis. Agric. Ecosyst. Environ. 319:107489. doi: 10.1016/j.agee.2021.107489

Curtright, A. ., and Tiemann, L. K. (2023). Chemical identity of carbon substrates drives
differences in denitrification and N2O reduction within agricultural soils. Soil Biol.
Biochem. 184:109078. doi: 10.1016/j.s0ilbio.2023.109078

Doane, T. A., and Horwéth, W. R. (2003). Spectrophotometric determination of nitrate
with a single reagent. Anal. Lett. 36, 2713-2722. doi: 10.1081/AL-120024647

Domeignoz-Horta, L. A, Spor, A., Bru, D., Breuil, M. C., Bizouard, E, Léonard, J., et al.
(2015). The diversity of the N2O reducers matters for the N,O:N2 denitrification end-
product ratio across an annual and a perennial cropping system. Front. Microbiol. 6:971.
doi: 10.3389/fmicb.2015.00971

Enwall, K., Throbéck, I. N., Stenberg, M., Soderstrém, M., and Hallin, S. (2010). Soil
resources influence spatial patterns of denitrifying communities at scales compatible with
land management. Appl. Environ. Microbiol. 76, 2243-2250. doi: 10.1128/aem.02197-09

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/nrmicro.2017.87

Fierer, N., Wood, S. A., and de Bueno Mesquita, C. P. (2021). How microbes can, and
cannot, be used to assess soil health. Soil Biol. Biochem. 153:108111. doi: 10.1016/j.
50ilbi0.2020.108111

Finney, D. M., and Kaye, J. P. (2017). Functional diversity in cover crop polycultures
increases multifunctionality of an agricultural system. J. Appl. Ecol. 54, 509-517. doi:
10.1111/1365-2664.12765

Finney, D. M., White, C. M., and Kaye, J. P. (2016). Biomass production and carbon/
nitrogen ratio influence ecosystem services from cover crop mixtures. Agron. J. 108,
39-52. doi: 10.2134/agronj15.0182

Firestone, M. K., Smith, M. S., Firestone, R. B., and Tiedje, J. M. (1979). The influ-
ence of nitrate, nitrite, and oxygen on the composition of the gaseous products of
denitrification in soil. Soil Sci. Soc. Am. J. 43, 1140-1144. doi: 10.2136/sssaj197
9.03615995004300060016x

Gillam, K. M., Zebarth, B. ]., and Burton, D. L. (2011). Nitrous oxide emissions from
denitrification and the partitioning of gaseous losses as affected by nitrate and
carbon addition and soil aeration. Can. J. Soil Sci. 88, 133-143. doi: 10.4141/
cjss06005

Graf, D. R. H. H,, Jones, C. M., and Hallin, S. (2014). Intergenomic comparisons highlight
modularity of the denitrification pathway and underpin the importance of community
structure for N,O emissions. PLoS One 9, 1-20. doi: 10.1371/journal.pone.0114118

Graf, D. R. H. H,, Zhao, M., Jones, C. M., and Hallin, S. (2016). Soil type overrides plant
effect on genetic and enzymatic N,O production potential in arable soils. Soil Biol.
Biochem. 100, 125-128. doi: 10.1016/j.50ilbi0.2016.06.006

Groffman, P. M., Altabet, M. A., Bohlke, J. K., Butterbach-Bahl, K., David, M. B.,
Firestone, M. K., et al. (2006). Methods for measuring denitrification: diverse
approaches to a difficult problem. Ecol. Appl. 16,2091-2122. doi: 10.1890/1051-0761
(2006)016[2091:mfmdda]2.0.co;2

Groffman, P. M., Butterbach-Bahl, K., Fulweiler, R. W,, Gold, A. J., Morse, J. L.,
Stander, E. K., et al. (2009). Challenges to incorporating spatially and temporally explicit
phenomena (hotspots and hot moments) in denitrification models. Biogeochemistry 93,
49-77. doi: 10.1007/s10533-008-9277-5

Groffman, P. M., Hollan, E. A., Myrold, D. D., Robertson, G. P, Zou, X., Holland, E. A,,
et al. (1999). “Denitrification,” in Standard Soil Methods for Long-Term Ecological
Research, (Oxford: Oxford University Press), 272-288.

Hallin, S., Jones, C. M., Schloter, M., and Philippot, L. (2009). Relationship between
n-cycling communities and ecosystem functioning in a 50-year-old fertilization experi-
ment. ISME J. 3, 597-605. doi: 10.1038/isme;j.2008.128

Hallin, S., Philippot, L., Loffler, F. E., Sanford, R. A., and Jones, C. M. (2018). Genomics
and ecology of novel N,O-reducing microorganisms. Trends Microbiol. 26, 43-55. doi:
10.1016/j.tim.2017.07.003

Hamonts, K., Clough, T. J., Stewart, A., Clinton, P. W,, Richardson, A. E., Wakelin, S. A.,
et al. (2013). Effect of nitrogen and waterlogging on denitrifier gene abundance, com-
munity structure and activity in the rhizosphere of wheat. FEMS Microbiol. Ecol. 83,
568-584. doi: 10.1111/1574-6941.12015

Henry, S., Texier, S., Hallet, S., Bru, D., Dambreville, C., Chéneby, D., et al. (2008).
Disentangling the rhizosphere effect on nitrate reducers and denitrifiers: insight into the
role of root exudates. Environ.  Microbiol. 10, 3082-3092. doi:
10.1111/.1462-2920.2008.01599.x

Hojberg, O., Binnerup, S. J., and Serensen, J. (1996). Potential rates of ammonium oxida-
tion, nitrite oxidation, nitrate reduction and denitrification in the young barley rhizo-
sphere. Soil Biol. Biochem. 28, 47-54. doi: 10.1016/0038-0717(95)00119-0

Frontiers in Sustainable Food Systems

10.3389/fsufs.2026.1792407

Hungate, B. A., Mau, R. L., Schwartz, E., Caporaso, J. G., Dijkstra, P, Van Gestel, N., et al.
(2015). Quantitative microbial ecology through stable isotope probing. Appl. Environ.
Microbiol. 81, 7570-7581. doi: 10.1128/AEM.02280-15 26296731

Jenkinson, D. S., Brookes, P. C., and Powlson, D. S. (2004). Measuring soil microbial
biomass. Soil Biol. Biochem. 36, 5-7. doi: 10.1016/j.s0ilbio.2003.10.002

Jones, C. M., Graf, D. R. H., Bru, D, Philippot, L., and Hallin, S. (2013). The unaccounted
yet abundant nitrous oxide-reducing microbial community: a potential nitrous oxide
sink. ISME J. 7, 417-426. doi: 10.1038/isme;j.2012.125

Jones, C. M., and Hallin, S. (2010). Ecological and evolutionary factors underlying global and
local assembly of denitrifier communities. ISME J. 4, 633-641. doi: 10.1038/ismej.2009.152

Jones, D. L., Nguyen, C., and Finlay, R. D. (2009). Carbon flow in the rhizosphere: carbon
trading at the soil-root interface. Plant Soil 321, 5-33. doi: 10.1007/s11104-009-9925-0

Jones, C. M., Spor, A., Brennan, E P, Breuil, M. C., Bru, D., Lemanceau, P, et al. (2014).
Recently identified microbial guild mediates soil N,O sink capacity. Nat. Clim. Chang. 4,
801-805. doi: 10.1038/nclimate2301

Jones, C. M., Stres, B., Rosenquist, M., and Hallin, S. (2008). Phylogenetic analysis of
nitrite, nitric oxide, and nitrous oxide respiratory enzymes reveal a complex evolutionary
history for denitrification. Mol. Biol. Evol. 25, 1955-1966. doi: 10.1093/molbev/msn146

Kuzyakov, Y., and Xu, X. (2013). Competition between roots and microorganisms for
nitrogen: mechanisms and ecological relevance. New Phytol. 198, 656-669. doi: 10.1111/
nph.12235

Langarica-Fuentes, A., Manrubia, M., Giles, M. E., Mitchell, S., and Daniell, T. J. (2018).
Effect of model root exudate on denitrifier community dynamics and activity at different
water-filled pore space levels in a fertilised soil. Soil Biol. Biochem. 120, 70-79. doi:
10.1016/j.s0ilbio.2018.01.034

Leloup, J., Baude, M., Nunan, N., Meriguet, J., Dajoz, L, Le Roux, X., et al. (2018).
Unravelling the effects of plant species diversity and aboveground litter input on soil
bacterial communities. Geoderma 317, 1-7. doi: 10.1016/j.geoderma.2017.12.018

Ling, N., Wang, T., and Kuzyakov, Y. (2022). Rhizosphere bacteriome structure and func-
tions. Nat. Commun. 13, 836-813. doi: 10.1038/s41467-022-28448-9

Ma, W, Jiang, S., Assemien, E, Qin, M., Ma, B., Xie, Z., et al. (2016). Response of micro-
bial functional groups involved in soil N cycle to N, P and NP fertilization in Tibetan
alpine meadows. Soil Biol. Biochem. 101, 195-206. doi: 10.1016/j.s0ilbio.2016.07.023

Malone, J. P, Stevens, R. J., and Laughlin, R. J. (1998). Combining the 15N and acetylene
inhibition techniques to examine the effect of acetylene on denitrification. Soil Biol.
Biochem. 30, 31-37. doi: 10.1016/S0038-0717(97)00088-6

Maurer, D., Malique, E, Alfarraj, S., Albasher, G., Horn, M. A., Butterbach-Bahl, K., et al.
(2021). Interactive regulation of root exudation and rhizosphere denitrification by plant
metabolite content and soil properties. Plant Soil 467, 107-127. doi: 10.1007/
511104-021-05069-7

McGill, B. M., Sutton-Grier, A. E., and Wright, J. P. (2010). Plant trait diversity buffers
variability in denitrification potential over changes in season and soil conditions. PLoS
One 5:€11618. doi: 10.1371/journal.pone.0011618

Morley, N., and Baggs, E. M. (2010). Carbon and oxygen controls on N2O and N2 pro-
duction during nitrate reduction. Soil Biol. Biochem. 42, 1864-1871. doi: 10.1016/j.
50i1bi0.2010.07.008

Peng, J., Zhou, X., Rensing, C., Liesack, W., and Zhu, Y.-G. (2024). Soil microbial ecology
through the lens of metatranscriptomics. Soil Ecol. Lett. 6:230217. doi: 10.1007/
542832-023-0217-z

Philippot, L., Kuffner, M., Cheneby, D., Depret, G., Laguerre, G., and Martin-Laurent, F.
(2006). Genetic structure and activity of the nitrate-reducers community in the rhizosphere
of different cultivars of maize. Plant Soil 287, 177-186. doi: 10.1007/s11104-006-9063-x

Pivato, B., Bru, D., Busset, H., Deau, F, Matejicek, A., Philippot, L., et al. (2017). Positive
effects of plant association on rhizosphere microbial communities depend on plant spe-
cies involved and soil nitrogen level. Soil Biol. Biochem. 114, 1-4. doi: 10.1016/j.
50i1bi0.2017.06.018

Prosser, J. I. (2015). Dispersing misconceptions and identifying opportunities for the use
of “omics” in soil microbial ecology. Nat. Rev. Microbiol. 13, 439-446. doi: 10.1038/
nrmicro3468

Qin, S., Ding, K., Clough, T. ], Hu, C., and Luo, J. (2017). Temporal in situ dynamics of
N,O reductase activity as affected by nitrogen fertilization and implications for the N,O/
(N,O + N,) product ratio and N20 mitigation. Biol. Fertil. Soils 53, 723-727. doi: 10.1007/
500374-017-1232-y

Qu, Z., Bakken, L. R, Molstad, L., Frostegérd, A, and Bergaust, L. L. (2016).
Transcriptional and metabolic regulation of denitrification in Paracoccus denitrificans
allows low but significant activity of nitrous oxide reductase under oxic conditions.
Environ. Microbiol. 18, 2951-2963. doi: 10.1111/1462-2920.13128

Robertson, G. P. P, and Groffman, P. M. M. (2015). Nitrogen Transformations. 4th Edn.
Amsterdam, Netherlands: Elsevier Inc.

Rocca, J. D, Hall, E. K., Lennon, J. T, Evans, S. E., Waldrop, M. P,, Cotner, J. B., et al.
(2015). Relationships between protein-encoding gene abundance and corresponding
process are commonly assumed yet rarely observed. ISME J. 9, 1693-1699. doi: 10.1038/
ismej.2014.252

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1792407
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.1002/saj2.20604
https://doi.org/10.1016/j.agee.2021.107489
https://doi.org/10.1016/j.soilbio.2023.109078
https://doi.org/10.1081/AL-120024647
https://doi.org/10.3389/fmicb.2015.00971
https://doi.org/10.1128/aem.02197-09
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1111/1365-2664.12765
https://doi.org/10.2134/agronj15.0182
https://doi.org/10.2136/sssaj1979.03615995004300060016x
https://doi.org/10.2136/sssaj1979.03615995004300060016x
https://doi.org/10.4141/cjss06005
https://doi.org/10.4141/cjss06005
https://doi.org/10.1371/journal.pone.0114118
https://doi.org/10.1016/j.soilbio.2016.06.006
https://doi.org/10.1890/1051-0761(2006)016[2091:mfmdda]2.0.co;2
https://doi.org/10.1890/1051-0761(2006)016[2091:mfmdda]2.0.co;2
https://doi.org/10.1007/s10533-008-9277-5
https://doi.org/10.1038/ismej.2008.128
https://doi.org/10.1016/j.tim.2017.07.003
https://doi.org/10.1111/1574-6941.12015
https://doi.org/10.1111/j.1462-2920.2008.01599.x
https://doi.org/10.1016/0038-0717(95)00119-0
https://doi.org/10.1128/AEM.02280-15
https://doi.org/10.1016/j.soilbio.2003.10.002
https://doi.org/10.1038/ismej.2012.125
https://doi.org/10.1038/ismej.2009.152
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1038/nclimate2301
https://doi.org/10.1093/molbev/msn146
https://doi.org/10.1111/nph.12235
https://doi.org/10.1111/nph.12235
https://doi.org/10.1016/j.soilbio.2018.01.034
https://doi.org/10.1016/j.geoderma.2017.12.018
https://doi.org/10.1038/s41467-022-28448-9
https://doi.org/10.1016/j.soilbio.2016.07.023
https://doi.org/10.1016/S0038-0717(97)00088-6
https://doi.org/10.1007/s11104-021-05069-7
https://doi.org/10.1007/s11104-021-05069-7
https://doi.org/10.1371/journal.pone.0011618
https://doi.org/10.1016/j.soilbio.2010.07.008
https://doi.org/10.1016/j.soilbio.2010.07.008
https://doi.org/10.1007/s42832-023-0217-z
https://doi.org/10.1007/s42832-023-0217-z
https://doi.org/10.1007/s11104-006-9063-x
https://doi.org/10.1016/j.soilbio.2017.06.018
https://doi.org/10.1016/j.soilbio.2017.06.018
https://doi.org/10.1038/nrmicro3468
https://doi.org/10.1038/nrmicro3468
https://doi.org/10.1007/s00374-017-1232-y
https://doi.org/10.1007/s00374-017-1232-y
https://doi.org/10.1111/1462-2920.13128
https://doi.org/10.1038/ismej.2014.252
https://doi.org/10.1038/ismej.2014.252

Curtright and Tiemann

Saghai, A., Wittorf, L., Philippot, L., and Hallin, S. (2022). Loss in soil microbial diversity
constrains microbiome selection and alters the abundance of N-cycling guilds in barley
rhizosphere. Appl. Soil Ecol. 169:104224. doi: 10.1016/j.apsoil.2021.104224

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do Plant exudates
shape the root microbiome? Trends Plant Sci. 23, 25-41. doi: 10.1016/j.
tplants.2017.09.003

Senbayram, M., Chen, R., Budai, A., Bakken, L., and Dittert, K. (2012). N,O emission and
the N,O/(N,O0+N,) product ratio of denitrification as controlled by available carbon sub-
strates and nitrate concentrations. Agric. Ecosyst. Environ. 147, 4-12. doi: 10.1016/j.
agee.2011.06.022

Senbayram, M., Well, R., Bol, R., Chadwick, D. R., Jones, D. L., and Wu, D. (2018).
Interaction of straw amendment and soil NO,— content controls fungal denitrification
and denitrification product stoichiometry in a sandy soil. Soil Biol. Biochem. 126,
204-212. doi: 10.1016/j.50ilbio.2018.09.005

Shan, J.,, Sanford, R. A., Chee-Sanford, J., Ooi, S. K., Loffler, E. E., Konstantinidis, K. T.,
etal. (2021). Beyond denitrification: the role of microbial diversity in controlling nitrous
oxide reduction and soil nitrous oxide emissions. Glob. Chang. Biol. 27, 2669-2683. doi:
10.1111/gcb.15545

Shapleigh, J. (2013). “Denitrifying prokaryotes,” in The Prokaryotes: Prokaryotic Physiology
and Biochemistry, (Berlin: Springer), 405-425.

Frontiers in Sustainable Food Systems

11

10.3389/fsufs.2026.1792407

Smith, M. S., and Tiedje, J. M. (1979). The effect of roots on soil denitrification. Soil Sci.
Soc. Am. J. 43, 951-955. doi: 10.2136/ss52j1979.03615995004300050027x

Wang, N., Zhao, Y.-H,, Yu, J.-G., Xue, L.-H., Li, H.-B.,, and Yang, L.-Z. (2021). Roles
of bulk and rhizosphere denitrifying bacteria in denitrification from paddy soils
under straw return condition. J. Soils Sediments 21, 2179-2191. doi: 10.1007/
$s11368-021-02942-x

Wu, H., Wang, X,, He, X,, Zhang, S., Liang, R., and Shen, J. (2017). Effects of root exudates
on denitrifier gene abundance, community structure and activity in a micro-polluted con-
structed wetland. Sci. Total Environ. 598, 697-703. doi: 10.1016/j.scitotenv.2017.04.150

Xie, Z., Le Roux, X., Wang, C., Gu, Z., An, M., Nan, H,, et al. (2014). Identifying response
groups of soil nitrifiers and denitrifiers to grazing and associated soil environmental drivers
in Tibetan alpine meadows. Soil Biol. Biochem. 77, 89-99. doi: 10.1016/j.
s0ilbi0.2014.06.024

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., da Nunes Rocha, U., Shi, S., et al. (2018).
Dynamic root exudate chemistry and microbial substrate preferences drive patterns in
rhizosphere microbial community assembly. Nat. Microbiol. 3, 470-480. doi: 10.1038/
541564-018-0129-3

Zumft, W. G. (1997). Cell biology and molecular basis of denitrification. Microbiol. Mol.
Biol. Rev. MMBR 61, 533-616. doi: 10.1128/mmbr.61.4.533-616.1997

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1792407
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.1016/j.apsoil.2021.104224
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.agee.2011.06.022
https://doi.org/10.1016/j.agee.2011.06.022
https://doi.org/10.1016/j.soilbio.2018.09.005
https://doi.org/10.1111/gcb.15545
https://doi.org/10.2136/sssaj1979.03615995004300050027x
https://doi.org/10.1007/s11368-021-02942-x
https://doi.org/10.1007/s11368-021-02942-x
https://doi.org/10.1016/j.scitotenv.2017.04.150
https://doi.org/10.1016/j.soilbio.2014.06.024
https://doi.org/10.1016/j.soilbio.2014.06.024
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1128/mmbr.61.4.533-616.1997

	Carbon availability mediates differences in rhizosphere denitrification potential between intercropped plants
	1 Introduction
	2 Methods
	3 Results
	3.1 Denitrification potential
	3.2 Soil dissolved organic C, inorganic N, and microbial biomass C
	3.3 Abundance of denitrification genes
	3.4 Correlations with denitrification rates

	4 Discussion
	4.1 Rhizosphere effect on denitrification
	4.2 Factors affecting denitrification

	5 Conclusion

	References

