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Plant traits related to nitrogen uptake influence plant—
microbe competition

DELPHINE MOREAU, BARBARA PivaTo, Davib Bru, HUGUES Busser, FLORENCE DEAU, CELINE FAIVRE,

ANNICK MATENCEK, FLORENCE STRBIK, LAURENT PHILIPPOT,' AND CHRISTOPHE MOUGEL?

INRA, UMRI1347 Agroécologie, BP 86510, F-21000 Dijon, France

Abstract. Plant species are important drivers of soil microbial communities. However,
how plant functional traits are shaping these communities has received less attention though
linking plant and microbial traits is crucial for better understanding plant-microbe
interactions. Our objective was to determine how plant-microbe interactions were affected
by plant traits. Specifically we analyzed how interactions between plant species and microbes
involved in nitrogen cycling were affected by plant traits related to nitrogen nutrition in
interaction with soil nitrogen availability. Eleven plant species, selected along an oligotrophic—
nitrophilic gradient, were grown individually in a nitrogen-poor soil with two levels of nitrate
availability. Plant traits for both carbon and nitrogen nutrition were measured and the genetic
structure and abundance of rhizosphere microbial communities, in particular the ammonia
oxidizer and nitrate reducer guilds, were analyzed. The structure of the bacterial community in
the rhizosphere differed significantly between plant species and these differences depended on
nitrogen availability. The results suggest that the rate of nitrogen uptake per unit of root
biomass and per day is a key plant trait, explaining why the effect of nitrogen availability on
the structure of the bacterial community depends on the plant species. We also showed that
the abundance of nitrate reducing bacteria always decreased with increasing nitrogen uptake
per unit of root biomass per day, indicating that there was competition for nitrate between
plants and nitrate reducing bacteria. This study demonstrates that nitrate-reducing
microorganisms may be adversely affected by plants with a high nitrogen uptake rate. Our
work puts forward the role of traits related to nitrogen in plant-microbe interactions, whereas
carbon is commonly considered as the main driver. It also suggests that plant traits related to
ecophysiological processes, such as nitrogen uptake rates, are more relevant for understanding
plant-microbe interactions than composite traits, such as nitrophily, which are related to a

number of ecophysiological processes.
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INTRODUCTION

Microorganisms living in the rhizosphere, the area of
soil that immediately surrounds and is affected by plant
roots, have long been recognized to profoundly affect
plant nutrition and health (Hiltner 1904, Hartmann et
al. 2008). Recent studies have shown that belowground
microbial communities are also important drivers of
plant biodiversity and productivity (Van Der Heijden et
al. 2008). It has been shown that the species composition
of the arbuscular mycorrhizal fungal community has a
significant effect on plant biomass and that plant
diversity increases with increasing fungal species rich-
ness (van der Heijden et al. 1998). On the other hand,
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several properties of the rhizosphere soil are modified
during plant growth (Philippot et al. 2013) and therefore
plants can, in turn, influence soil microbial diversity and
activity (Aira et al. 2010, Orwin et al. 2010, de Vries et
al. 2012, Zancarini et al. 2012, Zancarini et al. 2013).
While most studies have focused on the effect that
different plant species have on microbial community
composition (Yin et al. 2012, Tsiknia et al. 2013), less
attention has been paid to plant functional traits.
Functional traits are morphological, physiological, or
phenological properties that are measurable at the
individual level (Violle et al. 2007). Pioneer studies were
based on the comparison of plant species from different
functional types, i.e., monocotyledonous, dicotyledon-
ous, or legume species (Bezemer et al. 2006, Bremer et al.
2007, De Deyn et al. 2009), or of plant species from
different habitats (Bouasria et al. 2012). For example, by
studying grassland species with different growth strat-
egies, Orwin et al. (2010) showed that bacterial-
dominated soil microbial communities were associated
with plant species with low root N content. Community-
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Studied species, their EPPO code, classification (monocotyledon, M; dicotyledon, D;

legume, L), Ellenberg’s indicator value describing the N richness of their preferred habitat, and
their calculated nitrophily index describing the response of plant growth to added soil N.

Species (cultivar and lines for EPPO Nitrophily
crop and model species) codef Class N indicator} index
Teucrium botrys L. TEUBO D 2 10
Bromus hordeaceus L. BROMO M 3 16
Geranium molle L. GERMO D 4 21
Alopecurus myosuroides Huds. ALOMY M 6 34
Echinochloa crus-galli (L.) Beauv. ECHCG M 8 13
Matricaria perforata Mérat. MATIN D 8 38
Centaurea cyanus L. CENCY D NA 18
Brassica napus L. (cv Kadore) BRSNN D NA 29
Triticum aestivum L. (cv Caphorn) TRZAS M NA 26
Brachypodium distachyon (L.) P.Beauv. BRCDI M NA 8
Medicago truncatula Gaertn. (line A17) MEDTR M, L NA 2

Notes: The Ellenberg (1974) indicator value ranges from 0 to 9, representing N-poor to N-rich
soils. The nitrophily index increases with increasing plant species response to soil N availability.
NA indicates N indicator values that are not available.

t European and Mediterranean Plant Protection Organization: https://www.eppo.int/

DATABASES/eppt/eppt.htm
i Ellenberg (1974).

weighted means of plant functional traits were also
found to explain soil microbial community composition
at a landscape scale (de Vries et al. 2012). As traits
describe how organisms interact with their biotic and
abiotic environment, the importance of using plant traits
to understand the differential plant species responses to
plant—soil feedbacks has been demonstrated (Baxendale
et al. 2014). Further, plant functional traits involved in
plant-microbial interactions have been summarized in
several comprehensive reviews (Mendes et al. 2013,
Philippot et al. 2013).

As soil microorganisms are usually limited by the
supply of easily decomposed carbon (Hodge et al. 2000),
the carbon released by the plant in the rhizosphere is
commonly considered as one of the main drivers of
plant-microbe interactions (Berg and Smalla 2009).
However, nitrogen (N) can also play an important role
as it is usually limiting to plant growth and conversion
between the different forms of N depends on processes
performed by soil microorganisms (Vitousek and
Howarth 1991, Frank and Groffman 2009). Thus, it
has been shown that invasion by plants can alter N
cycling by increasing the abundance and activity of
ammonia-oxidizing soil microbial communities (Hawkes
et al. 2005). Some plants are also able to inhibit
nitrifying microorganisms, which in turn reduces the
amount of N lost through leaching and denitrification
(Subbarao et al. 2012). Plant species also have different
affinities for N, referred to as nitrophily, and can
therefore be ranked along an oligotrophic—nitrophilic
gradient. The most oligotrophic species are commonly
found in N-limited soils (Ellenberg 1974) and have a
poor growth response to soil N availability (Moreau et
al. 2013). These differences in nitrophily between species
are associated with functional differences involving a
trade-off between species with a preferential allocation
of carbon to root structure (i.e., root biomass) for the

most oligotrophic species while carbon is preferentially
allocated to root activity (i.e., N uptake rate) for the
most nitrophilic ones (Moreau et al. 2014). As such,
plant species with different N nutritional strategies could
be considered as good models for investigating the
importance of N-related traits in plant-microbe interac-
tions.

In this, study, our objective was to determine how
plant-microbe interactions, particularly interactions
between plants and N-cycling microbes, were affected
by plant traits related to N nutrition. For this purpose,
11 plant species were selected along an oligotrophic—
nitrophilic gradient, and were grown individually in a N-
poor soil with two N treatments: 0 and 14 mmol/L of
nitrate. Plant traits involved in plant N and carbon
nutrition were measured as they are intrinsically linked.
The genetic structure and abundance of rhizosphere
microbial communities involved in N-cycling (nitrate
reducers and ammonia oxidizers) were analyzed. We
hypothesized that plant traits related to N uptake play a
key role in plant-microbe interactions and that soil N
availability plays an important role in these interactions.

MATERIALS AND METHODS
Plant material and cultural conditions

A greenhouse experiment was conducted in Dijon
(France) using 11 monocotyledonous and dicotyledon-
ous annual plant species (Table 1; see Plate 1). Seven
weed and two crop species were selected to cover a
gradient of nitrophily (Ellenberg 1974, Moreau et al.
2013, 2014). Medicago truncatula (Cook 1999) and
Brachypodium distachyon (Draper et al. 2001) were also
included as model species for genetics and genomics.
Seeds were germinated in an incubator with a photope-
riod of 12 h, with day and night temperatures of 25°C
and 15°C, respectively. Thereafter, a single germinated
seed was sown into 1-L pots. The plants were grown
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with either 0 mmol/L or 14 mmol/L of N provided in the
form of nitrate. Thirteen plants were grown for each
combination of species and N treatment. Pots contained
a silty clay loam soil (Mas d’Imbert, France) with
physical and chemical characteristics determined as 11%
sand, 51% silt, 38% clay, pH = 8, 14.5 g/kg of organic
carbon, 1 g/kg of organic N. This soil had a low mineral
N content (0.018 g/kg NO5~ and 0.002 g/kg of NH,"),
making it possible to manipulate the soil N content. An
N-free nutrient solution was made up of 2.4 mmol/L
K,HPO,, 2.0 mmol/L MgSO, + 7H,0, 5.0 mmol/L
CaCl,, 1.4 mmol/L K,SO,, and 0.2 mmol/L NaCl. An
N-rich nutrient solution was made up of 5.35 mmol/L
KNO;3, 0.2 mmol/L K,HPO,, 4.0 mmol/L Ca(NOs), +4
H,0, 0.33 mmol/L Mg(NOs), + 6 H,O, 0.90 mmol/L
KH,POy, 0.75 mmol/L MgSQy,, and 0.20 mmol/L NaCl.
For both solutions, pH was adjusted to 6.5. The nutrient
solutions were dispensed by watering the pots automat-
ically. Soil moisture was adjusted on a daily basis to soil
water capacity. Additional light was supplied by sodium
lamps (MACS 400 W, Mazda, Schenectady, New York,
USA) to obtain a constant photoperiod of 14 h. Air
temperature (PT100 sensors; Pyro-Contréle, Vaulx-en-
Velin, France) and incident photosynthetically active
radiation (PAR; silicium sensors; Solems, Palaiseau,
France) measurements were taken every 600 s and stored
in a data logger (DL2e; Delta-T Devices, Cambridge,
UK). The air temperature was 18.2° = 3.0°C (mean * 1
SD), and the incident PAR was 11.3 * 0.6 mol'm>-d™"
(mean = 1 SD). Two destructive measurements were
performed at 56 and 77 days after sowing. On each of
these sampling dates, five plants were sampled for each
combination of species and N treatment (n =5 plants per
species and N treatment).

Microbial measurements

The rhizosphere soil was sampled 56 days after
sowing, after manually separating the root system with
adhering soil from the pots. The rhizosphere soil was
obtained by washing the root system in 50 mL of sterile
distilled water with agitation (vortex at 30 Hz for 1 min).
The root system was discarded and the soil was collected
after centrifugation at 9000 g for 10 min. Each sample
was stored at —20°C before DNA extraction. The DNA
extraction procedure was based on chemical and
mechanical extraction as described by Mougel et al.
(2006). Automated RISA fingerprinting was performed
by amplifying the bacterial ribosomal IGS with primers
S-D-Bact-1522-b-S-20 (3’ end of 16S genes) and L-D-
Bact-132-a-A-18 (5" end of 23S genes) (Normand et al.
1996) for bacterial automated ribosomal intergenic
spacer analysis (B-ARISA). The PCR conditions, PCR
template preparation for DNA sequencer loading, and
electrophoresis conditions were as described by Ranjard
et al. (2003).

The abundances of the total bacterial and crenarcheal
communities, the bacterial and Thaumarchaeal ammo-
nia oxidizers, and the nitrate reducers were determined
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by quantitative PCR (qPCR) as previously described
(Lopez-Gutierrez et al. 2004, Leininger et al. 2006, Bru
et al. 2007, Tourna et al. 2008). The small ribosomal
subunit gene (16S rRNA) and the genes encoding the
key enzymes catalyzing ammonia oxidation in bacteria
(AOB) and Thaumarchaea (AOA) and nitrate reduction
(narG and napA) were used as molecular markers. The
reactions were carried out in an ABI prism 7900
Sequence Detection System (LifeTechnologies, Carls-
bad, California, USA). Quantification was based on the
increase in fluorescence intensity of the SYBR Green dye
during amplification. The real-time PCR assay was
carried out in a 20-pL reaction volume containing the
SYBR green PCR Master Mix (Absolute QPCR SYBR
Green Rox Thermo, Courtaboeuf, France), 1 pmol/L of
each primer, 100 ng of T4 gene 32 (MP Biomedicals,
Illkirch, France), and 0.5 to 2 ng of DNA. Two
independent quantitative PCR assays were performed
for each gene. Standard curves were obtained using
serial dilutions of linearized plasmids containing the
studied genes. The PCR efficiency for the various assays
ranged between 83 and 100%. Two to three no-template
controls were run for each quantitative PCR assay and
the no-template controls gave zero or negligible values.
The presence of PCR inhibitors in the DNA extracted
from the soil was estimated by mixing a known amount
of standard DNA with soil DNA extract or water prior
to qPCR. The measured cycle threshold (Ct) values
obtained for the various DNA extracts and the controls
with water were not significantly different, indicating
that there was no inhibition.

Plant measurements

At both sampling dates, four functional traits were
measured on each plant: plant leaf area (LI-3100 Area
Meter, LI-COR, Lincoln, Nebraska, USA), shoot and
root biomass (determined after drying for 48 h at 80°C),
and the amount of N in the whole plant comprising both
shoots and roots (Dumas procedure; Dumas 1831). In
addition, the projected plant area was estimated every
week for three consecutive weeks, starting 56 days after
sowing, for three plants for each combination of species
and N treatment. The projected leaf area was estimated
non-destructively from photographs of individual plants
taken with a top view camera. The photographs were
analyzed using semi-automatic image analysis (Mathey
et al. 2011, Moreau et al. 2013) to estimate the projected
plant area for each plant. This total projected plant area
was considered as a proxy of the area of the plant
exposed to direct radiation.

The plant leaf area measured at the second sampling
date was used to calculate the nitrophily index for each
species as the ratio of leaf area at high soil N to leaf area
at low soil N (Moreau et al. 2013). In addition, four
other traits were calculated to account for the capacity
of the plants to capture and use carbon and N resources
(Moreau et al. 2014) between sampling dates 1 and 2, as
follows:
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Radiation use efficiency (RUE, g of biomass/MJ of
intercepted PAR) was calculated as:

(PB2 — PBI)
RUE=-——— 1
U TIR m

where PB is whole-plant biomass including shoots and
roots (g/plant), 1 and 2 refer to the sampling dates, and
2IR is the sum of intercepted PAR during this period
(MJ/plant). Light interception was calculated as the
product of leaf area and incident radiation (Granier and
Tardieu 1999). The sum of daily intercepted PAR during
the period between the two sampling dates was
calculated as XIR = Z,l.):, PAi X PARi, where D is the
day during the period, PAi is projected area on day i
(cm?/plant) and PAR; is the incident PAR on day i
(MJ-m2-d~"). PAi was calculated by interpolation after
modeling the change in the measured projected leaf area
with time using a sigmoid logistic curve (Debouche
1979).

Root weight ratio (RWR, g of root biomass/g of plant
biomass) was calculated as:

(RB2 — RBI)

RWR=-— -~/
(PB2 — PBI)

(2)
where RB is root biomass (g/plant).

N uptake efficiency (NUE, g of N per g of root
biomass per day) was calculated as:

(PNZZ;;’NI) )

where PN is the amount of N in the whole plant (g/
plant) and XRB is the cumulated daily root biomass (g/
plant). Daily root biomass was calculated as a constant
daily increase of root biomass calculated as (RB2 —
RB1)/21, where 21 is the number of days between
sampling dates.

Morphogenetic efficiency (ME, cm? of leaf area/g of
N) was calculated as:

NUE =

(LA2 — LAI)

Y e —
(PN2 — PNI)

(4)
where LA is the leaf area (cm?/plant).

Statistical analyses

Principal component analysis (PCA) and between
group analysis (BGA), a multivariate analysis method
derived from PCA (Dolédec and Chessel 1987), were
performed on the genetic structure data of bacterial
communities associated with the rhizosphere for all
combinations of the plant species and N treatments.
Unlike PCA, BGA is a classification method: groups
of samples are defined before the analysis run and
BGA looks for functions that best separate the groups.
A Monte Carlo test (multivariate permutation test)
was used after BGA to check the significance of the
differences between groups. Calculations were carried
out and graphs were produced using the free aded
package for R (Thioulouse et al. 1997). The effect of
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the plant species, the N treatment, and their combi-
nations on the genetic structure of bacterial commu-
nities were tested as described by Zancarini et al.
(2012).

Two-way analysis of variance (ANOVA) was per-
formed to assess the effects of the plant species, N
treatment, and interaction on the plant trait values and
abundances of the microbial communities.

The correlation between the abundance of the
functional microbial communities and plant traits was
analyzed independently for each N treatment using
Pearson correlation coefficients and the Holm method
(Aickin and Gensler 1996). Correlations were analyzed
in four steps for each N treatment: (1) abundances of N
cycling microbial communities vs. NUE, (2) abundances
of total bacteria and Crenarchaea vs. NUE, (3)
abundance of N cycling vs. traits other than NUE,
and (4) abundances of bacteria and Crenarchaea vs.
traits other than NUE.

Significance was determined using «=0.05 and analyses
were performed using R x64 3.0.3 (R Development
Core Team 2014).

RESULTS
Plant traits

At both sampling dates, the four plant traits
describing plant growth (plant leaf area, shoot bio-
mass, root biomass, and plant N) differed significantly
between plant species and increased from low to high
soil N supply in species-specific proportions. At the
second sampling date (Fig. 1) for high soil N, there
were significant differences in plant N between species,
Brassica napus being about seven times higher than B.
distachyon. Plant N increased from low-N to high-N
soils from a factor of about three for the legume species
M. truncatula to a factor of 59 for Geranium molle. The
nitrophily index describing the response of plant
growth to soil N availability varied significantly
between plant species ranging from two for M.
truncatula (the most oligotrophic species) to 38 for
Matricaria perforata (the most nitrophilic species)
(Table 1). These significant differences in plant growth
traits between plant species and between N conditions
were associated with significant differences in traits for
plant carbon and N uptake and use (RUE, RWR,
NUE, and ME; Fig. 2). The greatest differences
between species were for NUE at low N, with a ratio
of about 70 between Triticum aestivum (the lowest
NUE) and M. truncatula (the highest NUE). Soil N
had the greatest positive effect on NUE, but the effect
depended on the plant species. For example, NUE for
M. truncatula was the same in low-N conditions as
high-N conditions, but for Teucrium botrys it was
about 80 times higher in high-N conditions than in low-
N conditions. For RWR and ME, there were a few
negative mean trait values that were not significantly
different from zero.
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Fic. 1. Values (mean + 1 SE) at the second sampling date

for traits describing plant growth of 11 species selected along an
oligotrophic—nitrophilic gradient (but shown alphabetically
here) and grown with low soil N (open bars) and high soil N
(solid bars) availability. ANOVA results (n =5 plants for each
combination of species and N treatments) for the significant
main effects and interactions are shown as *** P < 0.001. See
Table 1 for full scientific names by species code.
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(B) root weight ratio, RWR; (C) N uptake efficiency, NUE; and
(D) morphogenetic efficiency, ME. Significant main effects and
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**% P <0.001. See Table 1 for full scientific names by species code.
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GERMO (open circles), ALOMY (open triangles), MATIN (solid circles), BRSNN (stars), TRZAS (crosses), BRCDI (open squares),
and MEDTR (solid squares). We excluded Echinochloa crus galli from this analysis because its bacterial community was very different
from that of all other plant species under both N treatments. Resolution of the RISA profiles of Centaurea cyanus L. was not sufficient
for digital image analyses and the corresponding samples were therefore discarded. Values in parentheses in each axis label are the

percentage of variation explained by that axis. See Table 1 for full scientific names by species code.

Bacterial community structure and abundance of
functional microbial communities

The RISA data was analyzed by PCA to assess the
effects of both plant species and soil N availability on
rhizosphere bacterial communities. The RISA profiles of
C. cyanus had a resolution that was too low for subsequent
analyses and were therefore discarded. The first compo-
nent of the PCA, which represented about 35% of the total
variance, was principally explained by the interaction
between plant species and N treatment (P < 0.001) while
the second component was explained by the N treatment
alone (P =0.004). The RISA data obtained for low- and
high-N treatments was analyzed by BGA separately. The
two BGAs showed that the genetic structure of the
rhizosphere bacterial communities was affected by plant
species independent of soil N availability (P < 0.001; see
Appendix). Since the bacterial community in E. crus galli
rhizosphere was very different from that of all the other
plant species for both N treatments, a new BGA excluding
E. crus galli was performed to assess the differences
between the other plant species (Fig. 3). This showed
significant differences in the rhizosphere bacterial com-
munities for the other plant species. Moreover, the genetic
structure of bacterial communities associated with the
various plant species was different for the low N treatment
and the high N treatment (Fig. 3). This result was
confirmed by calculating the Euclidean similarity between
both N treatments for each plant species showing that the
bacterial genetic structure depended on N fertilization for
all plant species (average value = 1 SE: 0.81 = 0.01). The
similarity was lowest for 7. botrys (0.70 = 0.03), indicating
that the bacterial communities in 7. botrys rhizosphere

were more affected by the N treatment than those in the
rhizosphere of the other plant species while M. truncatula
had the highest similarity between N treatments.

As expected, the total bacterial community was
largely predominant with 16S rRNA copy numbers
ranging from 3.3 to 6.1X10° numbers of copies per ng of
DNA (Fig. 4). The Thaumarchaeal community was on
average only about 5% of the bacterial community. The
plant species had a significant effect on the abundance of
microorganisms for all the communities studied except
AOB (Fig. 4). The abundance of nitrate reducers
carrying napA in the rhizosphere of T. botrys was, for
example, about three times lower than that of B. napus
at high soil N. Soil N availability affected the abundance
of Crenarchaea, AOB, and AOA with a lower abun-
dance at high N availability than at low soil N
availability for each of these communities on average
(Fig. 4).

Relationships between plant traits and abundance of
microbial communities

The abundance of functional microbial communities
was analyzed in relation to plant functional traits. All
microbial communities except AOB were considered, as
the plant species did not have any significant effect on
the abundance of AOB. Plant traits describing plant
growth (shoot and root biomass, plant N, and plant leaf
area) and the nitrophily index were not correlated with
the abundance of microbial communities for either soil
N treatment (P > 0.05). Of the traits describing carbon
and N uptake and use (RUE, RWR, NUE, and ME),
NUE was significantly negatively correlated with the
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FiG. 4. Abundance of functional microbial communities with low soil N (open bars) and high soil N (solid bars). (A) 16S rRNA
bacteria, (B) 16S rRNA Crenarchaea, (C) ammonia-oxidizing bacteria, AOB; (D) for Thaumarchaea, ammonia-oxidizing Archaea,
AOA; (E) narG-nitrate reducers, narG; (F) nap A-nitrate reducers, napA. Significant main effects and interactions from ANOVA (n
=5 plants per species and N treatment) are given as * P < 0.05; ** P < 0.01; *** P < 0.001. Error bars show +SD. See Table 1 for

full scientific names by species code.

abundances of napA- and narG-nitrate reducers for high
soil N availability (Fig. 5).

Discussion

Rhizosphere bacterial community structure is affected by
soil N availability and plant traits

The structure of the bacterial community in the
rhizosphere was significantly different between plant
species, which is in agreement with a large body of

literature (Bardgett et al. 1999, Marschner et al. 2004).
Of the species studied, E. crus galli exhibited the most
different rhizosphere bacterial community compared to
the other plant species in both N treatments. This result
is probably linked to differences in photosynthesis as E.
crus galli was the only Cy4 plant species in the study and
C; and C,; species have different carbon and N
metabolisms (Greenwood et al. 1990), which is of

importance for root exudation.
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More interesting, the results also indicate that the soil
N level modulates the effect of the plant species on the
structure of the bacterial community (Fig. 3). The
differences in the structure of the bacterial community in
the rhizosphere between N treatments were the highest
for T. botrys, which was also the plant species with the
highest differences in NUE between N treatments. M.
truncatula had the least differences in the bacterial
community and NUE between N treatments. Little
attention has so far been paid to the contribution of N
availability in shaping the microbial community com-
position in the rhizosphere. A recent study compared six
different genotypes of M. truncatula and showed that the
rhizosphere microbial community was affected not only
by the plant genotype but also by N availability
(Zancarini et al. 2012). This is in line with other studies
showing shifts in the bacterial diversity in response to
changes in the N availability (Nemergut et al. 2008,
Fierer et al. 2011). Overall, these studies support our
results, which suggest that plant traits, such as NUE,
that affect N availability in the rhizosphere might also
influence the structure of microbial communities. The
importance of plant traits for microbial communities
was recently demonstrated by de Vries et al. (2012), who
showed that in addition to soil properties, community-
weighted means of plant functional traits explained
variations in microbial community composition.

Competition for nitrate occurs between plants
and nitrate-reducing bacteria

At high N availability, there was a significant negative
relationship between the abundance of nitrate-reducing
bacteria within the total microbial community (ex-
pressed per narG and napA gene copy number per ng
of soil DNA) and N uptake rates by plant roots
(estimated by NUE; Fig. 5). In our study, nitrate was
the main N source for plant growth as it was the only
form of N provided. Nitrate is also of importance for
nitrate-reducing bacteria since these microorganisms use
NOx (e.g., nitrate and nitrite) as alternative electron
acceptors when oxygen is limiting. Nitrate-reducing
bacteria show a large taxonomic and physiological
diversity (Philippot and Hojberg 1999) and as such,
nitrate respiration is the only trait they share. Since the
effect of plants on bacterial communities could only be
detected at the functional gene level and was not
observed when assessing the total bacterial abundance,
we conclude that the interaction between the abundance
of nitrate-reducing bacteria and N uptake rates by
plants was direct and due to competition for nitrate
between plant roots and nitrate-reducing bacteria. Such
importance for bacteria of the ability to respire nitrate in
the rhizosphere has previously been demonstrated by
showing that a nitrate-reducing strain had a competitive
advantage over an isogenic nitrate reductase deficient-
mutant in maize-planted soil (Ghiglione et al. 2002).
This advantage has been attributed to the oxygen-
limited conditions in the rhizosphere due to the
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A) napA

Abundance of microbes (thousands of copies/ng DNA)

20 A
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0.002 0.004 0.006 0.008 0.010 0.012 0.014
NUE (g N-[g root]~"-d"")
Fic. 5. Correlation between N uptake efficiency (NUE) by

plant roots and abundance of (A) napA-nitrate reducing
bacteria and (B) narG-nitrate reducing bacteria. See Table 1
for full scientific names of species. Dotted lines indicate
confidence intervals at 95% (n = 5 plants per species). For
napA, r =—0.76, P =0.0136; for narG, r =—0.76, P =0.0195.

respiration of the plant roots and other rhizosphere
microorganisms as well as to the release of carbon
sources in the form of rhizodeposits (Philippot et al.
2009). In the low N treatment, NUE had no significant
effect on the nitrate reducers suggesting that the nitrate
availability was too limited to provide a competitive
advantage for nitrate reducers over the other microor-
ganisms. In addition, plant preference for N forms
(nitrate, ammonium, or organic N) depends on N
availability (Britto and Kronzucker 2013). Thus, in N-
limited environments, plants can directly acquire amino
acids and peptides released during the breakdown of
organic matter (Nédsholm et al. 1998, Jones et al. 2005,
Nisholm et al. 2009). Therefore, some plant species may
have shifted to sources of N other than nitrate at low N
levels, reducing competition with nitrate-reducing bac-
teria.

We further expected that the nitrophily index would
be a good predictor of plant-microbe interactions.
Instead, most microbial variables that we measured
were unresponsive to the nitrophily index, leaving our
hypothesis unsupported. The fact that soil microbial
guilds were significantly affected by NUE rather than
nitrophily could be explained by the fact that the
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nitrophily index is a composite trait combining a set of
ecophysiological processes (Moreau et al. 2014), where-
as NUE is a trait quantifying the N uptake process. The
results indicate that the microbial traits studied were
related to plant traits associated with a specific
ecophysiological process rather than to plant traits
combining a number of processes.

Because microorganisms have a higher capacity for N
uptake than plants (Kuzyakov and Xu 2013), they were
expected to be more successful at N acquisition in the
rhizosphere. However, a recent study showed that
increasing N uptake rates by plants decreased microbial
turnover due to a higher N limitation (Blagodatskaya et
al. 2014). Similarly, Jensen and Nybroe (1999) described
the plant rhizosphere as an environment with restricted
N availability for microorganisms. In contrast to
previous works studying the effect of plants on the total
microbial community, i.e., mainly microorganisms
assimilating N to convert it into N-containing organic
biomolecules in the same way as plants, this study
focused on microbial guilds able to convert nitrate into
other inorganic N forms to produce energy. Although
we did not find any significant response of the total
bacterial and Thaumarchaeal communities or the
ammonia oxidizers to the plant traits measured, this
study demonstrated that nitrate-reducing microorgan-
isms can be negatively affected by plants with a higher
NUE. This suggests that microorganisms using N forms

The greenhouse experiment conducted on eleven monocotyledonous and dicotyledonous plant species. Photo credit:
A. Matejicek.

as electron acceptors rather than for making biomass,
suffer more from competition for resources with plants.
Detrimental effects of a few plant species on N-cycling
microorganisms have been reported but the presence of
inhibitory compounds within the plant exudates rather
than traits related to the plant N nutrition was
responsible for lower abundance or activity of the
nitrifiers and denitrifiers (Subbarao et al. 2009, Dasson-
ville et al. 2011). To our knowledge, this is the first study
linking plant and microbial N-related traits for under-
standing plant-microbe interactions.

Conclusions

Whereas carbon is commonly considered as the main
driver of plant-microbe interactions, this study puts
forward the role of N in these interactions. We found
that the influence of plant species on the bacterial
community composition depended on N availability,
which has several implications for agro-ecosystems
amended regularly with N fertilizers. The results also
provide an initial insight into the role N-related traits of
both plants and microbes in plant-microbe interactions
by showing that increasing plant N uptake rates
adversely affected the abundance of nitrate-reducing
microorganisms. Similarly, plant N uptake rates were
related to differences in the composition of the microbial
community in the rhizosphere. However, differences in
the microbial communities studied were explained only
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by plant traits such as NUE, quantifying an ecophys-
iological process rather than by composite traits such as
nitrophily. Future research should be undertaken to
provide a more thorough understanding of the N forms
that are assimilated by plants to explain the relation-
ships between plant N uptake and the microbial
communities involved in N cycling.
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