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ABSTRACT

All higher plants show developmental plasticity in response to
the availability of nitrogen (N) in the soil. In legumes, N starva-
tion causes the formation of root nodules, where symbiotic
rhizobacteria fix atmospheric N2 for the host in exchange for
fixed carbon (C) from the shoot. Here, we tested whether plas-
tic responses to internal [N] of legumes are altered by their
symbionts. Glasshouse experiments compared root pheno-
types of three legumes,Medicago truncatula,Medicago sativa
and Trifolium subterraneum, inoculated with their compatible
symbiont partners and grown under four nitrate levels. In addi-
tion, six strains of rhizobia, differing in their ability to fix N2 in
M. truncatula, were compared to test if plastic responses to in-
ternal [N] were dependent on the rhizobia or N2-fixing capabil-
ity of the nodules. We found that the presence of rhizobia
affected phenotypic plasticity of the legumes to internal [N],
particularly in root length and root mass ratio (RMR), in a
plant species-dependent way. While root length responses of
M. truncatula to internal [N] were dependent on the ability
of rhizobial symbionts to fix N2, RMR response to internal
[N] was dependent only on initiation of nodules, irrespective
of N2-fixing ability of the rhizobia strains.
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INTRODUCTION

The architecture of the root system shows considerable plastic-
ity in response to the environment. This plasticity enables the
plant to better optimize nutrient and water capture especially
in poor soil fertility conditions. For example, initiation and
elongation of lateral roots respond strongly to the presence of
nitrogen (N) and phosphorus (Forde 2002; Linkohr et al.
2002; Walch-Liu et al. 2006). Additionally, the growth and
development of lateral roots are sensitive to changing extrinsic
and intrinsic factors (Forde & Lorenzo 2001; Walch-Liu et al.
2006). Extrinsic factors, such as concentrations and distribution
of external N in the soil, and intrinsic factors, such as the

internal [N] of the plant and carbon (C) supply from the shoot,
can influence the development of root system (Walch-Liu et al.
2006).

In most legumes, the root system additionally forms new
root organs called nodules in symbiosis with N2-fixing rhizobia,
but this only occurs in the absence of sufficient external N in the
soil (Streeter 1988). It is not well understood how the plant
integrates environmental and microbial signals to optimize
the formation of lateral roots and nodules on the whole root
system. In particular, it is not known how the presence of
N2-fixing nodules alters the response of the rest of the root
system to external (nitrate in soil) or internal (within the plant)
changes in N availability. This question is part of a broader
discussion on whether and how beneficial microbes alter plant
phenotypic plasticity responses to environmental change
(Goh et al. 2013). There are two possibilities for how rhizobia
could alter plant phenotypic plasticity: (1) indirectly through
the suppression of the environmental stress, for example, by
provision of fixed N (i.e. internal [N]) in a N-poor environment
and (2) directly through an effect of rhizobia on the phenotype
in question, for example, by altering plant hormone status or
directly providing plant hormones or other signals (van Loon
2007; Spaepen&Vanderleyden 2011) and thus causing a devel-
opmental change. In this study, we askedwhether rhizobia alter
the phenotypic plasticity of legume root systems to internal [N]
and whether this relationship is influenced by the efficiency of
the symbiosis (i.e. N2 fixation and nodule density). We defined
‘internal [N]’ as the elemental N content in the total organic
matter, including inorganic and organic N.

Like non-legumes, legumes are able to respond to external
nitrate availability by altering their root mass ratio (RMR)
and root architecture in non-nodulating conditions (Pate et al.
1979; Atkins et al. 1980; Dunbabin et al. 2001). Meta-analyses
have shown that plants in general allocate relatively more
biomass to the root, that is, have a higher RMR, under low
external N conditions, and this response was found to be simi-
lar among different plant species (Tilman & Wedin 1991; van
der Werf et al. 1993; Reynolds & D’Antonio 1996; Poorter
et al. 2012), including legumes (Rufty et al. 1984; Paponov
et al. 2000). The relative changes in allocation to roots during
external N limitation are required for the expansion of the root
system to enhance external N capture from soil. In addition toCorrespondence: U. Mathesius; e-mail: ulrike.mathesius@anu.edu.au
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changes in RMR, altered expansion of the root system is con-
trolled through altering the density and length of lateral roots
in response to external N availability (Forde 2002; Linkohr
et al. 2002; Walch-Liu et al. 2006; Krouk et al. 2010).

In legumes, however, biomass partitioning is complicated by
the presence of root nodules. Although a study on legumes by
Schortemeyer et al. (1999) has demonstrated that nodulated
Acaciamelanoxylon also show a significant inverse relationship
between RMR and plant’s internal [N] concentrations, it is
unclear how legumes allocate biomass within the root system,
that is, lateral roots and nodules.

One aspect that can influence the formation of either lateral
roots or nodules in legumes is the demand for C relative to the
ability of nodules to supply necessary internal [N]. N fixation
requires C resources from the host (Dixon & Kahn 2004),
and the symbiosis is inhibited when sufficient external N is
available directly from the soil. External nitrate has been
shown to inhibit nodulation by inhibiting nodule growth and
development, reducing the level of nitrogenase activity in nod-
ules and promoting premature nodule senescence (Bauer 1981;
Carroll & Gresshoff 1983; Streeter 1988; Laguerre et al. 2012).

A 13C-labelling study by Jeudy et al. (2010) showed that root
nodules inMedicago truncatula had the highest sink strength as
compared with leaves or roots regardless of the external nitrate
concentration (0 or 5mMKNO3) supplied to these plants. Ad-
ditionally, C allocation to nodules in nodulated M. truncatula
under external N-limited conditions was significantly higher
than in plants supplied with sufficient external nitrate (Jeudy
et al. 2010).

Apart from alteringC demand andN supply, a second aspect
that could influence the decision to form lateral roots or nod-
ules is the plant developmental control over both organs. Early
studies showed that red clover (Trifolium pratense L.) acces-
sions that formed higher numbers of lateral roots also devel-
oped more nodules for a given root length, leading the author
to speculate that lateral root initiation sites could be targeted
by rhizobia to form nodules (Nutman 1948). This was
supported by the observation that plants inoculated with
rhizobia consistently formed fewer lateral roots than uninocu-
lated plants under N-free conditions in test tubes (Nutman
1948). A similar inverse relationship between nodule and
lateral root numbers was observed in Medicago tribuloides
Desr. grown in an N-deficient medium (Dart & Pate 1959).
This study suggested that legumes alter lateral root formation
because of the presence of nodules. Indeed, lateral roots and
nodules share similar developmental steps (Hirsch & LaRue
1997), and application of purified Nod factors from rhizobia
can stimulate lateral root emergence inM. truncatula in the ab-
sence of rhizobia (Oláh et al. 2005). Nod factors are lipochitin
oligosaccharides produced and secreted by rhizobia, essential
for successful nodulation in legumes (Oldroyd & Downie
2008). In addition, a number of genes and regulatory peptides
affect both lateral root and nodule development (e.g. Bright
et al. 2005; Imin et al. 2013; Huault et al. 2014). The develop-
mental link between lateral root and nodule development is
not fully understood but is likely to involve hormonal changes
induced by Nod factors, in particular changes in auxin and
cytokinin signalling (Mathesius 2008; Ferguson & Mathesius

2014). Therefore, in addition to competing for resources, the
formation of lateral roots could be influenced by rhizobia at a
developmental level. This is underlined by the fact that both
auxin and cytokinin signalling are also influenced by environ-
mental factors like external N availability (e.g. Guo et al.
2005; Tamaki & Mercier 2007; Tian et al. 2008; Krouk et al.
2010; Ruffel et al. 2011; Jin et al. 2012). However, so far, the
tripartite interaction of legume host, internal [N] status and
rhizobial effect on root architecture has not been systematically
studied.

Here, we tested whether the inoculation of legumes with
rhizobia altered their phenotypic plasticity responses to inter-
nal N concentration (internal [N]) in the plant.We defined phe-
notypic plasticity as the change in phenotypic response because
of a gradient in the internal environment, in this case internal
[N] (Nicotra et al. 2010). We first compared phenotypic plastic-
ity in response to internal [N] in uninoculated and inoculated
plants of three closely related legume species, M. truncatula
(Gaertn.) (barrel medic), Medicago sativa (L.) (alfalfa) and
Trifolium subterraneum (L.) (subclover) grown under four
external nitrate concentrations. In addition, the effects of six
Sinorhizobium strains differing in their ability to form func-
tional N2-fixing nodules were tested under the same four
nitrate regimes in M. truncatula to examine phenotypic
plasticity to internal [N] in plants varying in the amount of fixed
internal [N] on the root architecture and biomass allocation.

MATERIALS AND METHODS

Seed germination and plant growth conditions

M. truncatula cv. Jemalong A17, M. sativa cv. Aurora and T.
subterraneum cv. Karridale seeds were scarified separately
using sand paper. Seeds were surface sterilized in 6.25% (w/v)
sodium hypochlorite for 10min on a rotating wheel. Seeds
were then washed with sterile water five times and imbibed
in sterile water for at least 3 h. Seeds were transferred onto
1.5% (w/v) water agar plates, vernalized at 4 °C for 2 days
and germinated at 25 °C in the dark overnight. Seedlings were
transferred into each pot (Grape Vine Tubes (70mm
(W)× 70mm (L) × 200mm (H), 0.64L) (Garden City Plastics,
Australia)) containing fine perlite (Australian Perlite Pty
Ltd., Australia) placed in individual plastic containers (BBC
Plastics, Australia) acting as a pot saucer to contain nutrient
solution and to minimize cross-contamination of rhizobia on
uninoculated plants in the glasshouse. Fine perlite was
pre-washed with tap water and pre-soaked with nutrient solu-
tion (no nitrate) overnight prior to seedling transfer. Small
black gravel stones (0.5 cm diameter) were placed onto each
pot to prevent surface algae growth.

Plants were grown in a glasshouse with natural lighting and
temperature conditions set at 25 °Cday/20 °C night (Barker
et al. 2006). Each pot was watered with 200mL of Fåhraeus
medium (Barker et al. 2006), pH adjusted to 6.5, twice a week.
Excess nutrient solution was removed from the pot saucer after
a minimum of two and maximum of 3h of soaking to prevent
water logging in pots.
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Rhizobial growth condition and inoculation

For the experiment investigating the effect of [N] on three
legume species (experiment 1), Rhizobium leguminosarum
bv. trifolii strain ANU843, Sinorhizobium meliloti strain 1021
and S. meliloti strain WSM 1022 were cultured separately on
Bergersen’s modified medium (BMM) agar (Rolfe et al.
1980). Each legume species was paired with a compatible and
effective symbiont partner: M. truncatula – S. meliloti 1022
(Terpolilli et al. 2008), M. sativa – S. meliloti 1021 (Sulieman
& Schulze 2010) and T. subterraneum – R. leguminosarum bv.
trifolii strain ANU843 (Weinman et al. 1991).
For the experiment investigating different strains of S.

meliloti in M. truncatula (experiment 2), we grew S. meliloti
A2102 pTE3 (triple NodD�mutant not producingNod factors;
non-nodulating) (SmpTE3) (Barnett et al. 2004), S. meliloti
Rm0540 ExoY::Tn5 (exoY mutant defective in
exopolysaccharide synthesis and host infection) (Sm0540)
(Müller et al. 1988), S. meliloti A2102 pE65 (constitutive
expression of nodD3 gene; constitutively producing Nod
factors) (SmpE65) (Barnett et al. 2004), S. meliloti 1021
(Sm1021), S. melilotiWSM 1022 (Sm1022) and Sinorhizobium
medicae WSM 419 (Smd419) (Terpolilli et al. 2008) separately
on BMM agar (Rolfe et al. 1980). Antibiotics were added into
the BMM agar/liquid for the following strains: SmpTE3
(10μg/mL of tetracyclin and 100μg/mL of streptomycin),
Sm0540 (80μg/mL rifampicin and 50μg/mL kanamycin),
Sm1021 (100μg/mL of streptomycin) and SmpE65 (10μg/mL
of tetracyclin and 100μg/mL of streptomycin).
For both experiments, rhizobial cultures were prepared by

inoculating a loop of a rhizobial colony into a Falcon tube
containing 20mL of BMM liquid (Rolfe et al. 1980) containing
the respective antibiotic for each strain, a day before inocula-
tion on plants. The culture was allowed to grow overnight at
28 °C in the dark in a shaking incubator at 120 rpm. For plant
inoculation, the rhizobial culture was diluted with BMM liquid
to OD600 ~0.1–0.2 (Howieson et al. 1995). Each pot was
inoculated with 1mL of bacterial culture before transferring
germinated seedlings into each pot (Howieson et al. 1995).

Glasshouse experimental design

An efficient resolvable row–column design for a three-factor
experiment, constructed using the design generation package
CycDesigN (VSN International; http://www.vsni.co.uk, UK),
was used. The three factors for experiment 1 were plant geno-
type with three levels, inoculation with two levels and nitrate
treatments with four levels. There were a total of 240 individual
plants following this design: 3 plant genotypes× 2 inoculation
status× 4 nitrate treatments × 10 replicates. Seedlings were
transferred on the 21 of October 2013 and grown for 4weeks
post-germination and were harvested on the 18 November
2013. The three plant genotypes chosen for this experiment
were M. truncatula, M. sativa and T. subterraneum. They are
closely related species in the Trifolieae tribe. To ensure that
the N2 fixation in these closely related legume species were
similar, N2 fixationwas tested using the

15Ndilutionmethod (refer
to the succeeding texts).

A similar efficient resolvable row–column design for a two-
factor experiment was constructed for experiment 2 using M.
truncatula cv. JemalongA17 plants. The two factors tested here
were rhizobial strains with six levels and nitrate treatments with
four levels. There were a total of 288 individual plants following
this design: 6 rhizobial strains×4 nitrate treatments×6 repli-
cates. Seedlings were transferred on 6 September 2012 and
grown for 4weeks post-germination and were harvested on
3 October 2012. The differences in N2 fixation ability in these
strains was compared using the 15N dilution method (refer to
the succeeding texts).

Isotopic 15N nitrate treatments

Potassium nitrate (KNO3) was used as the source of nitrate
added into Fåhraeus medium. Four different concentrations
were used, 0, 0.1, 2 and 10mM, which we designated as ‘low
nitrate’ (0 and 0.1mM) and ‘high nitrate’ (2 and 10mM) levels.
KNO3 was enriched with 15N at 1 atom % for the 0.1, 2 and
10mM treatments. Potassium chloride (KCl) was used to
balance the ionic strength of the nutrient solution
(Schortemeyer et al. 1999). Plants were watered twice a week
with nutrient solution containing specific nitrate concentrations
according to the experimental design. Nitrate treatments
started two days after rhizobial inoculation.

Plant phenotyping

Each plant was harvested and was placed onto a moist tissue
towel and kept in a paper bag at 4 °C until measured and proc-
essed (maximum of 5days). This step was required to allow gas
exchange to prevent rotting and/or conversion of N metabo-
lites into other forms (FAO/IAEA 2001). Roots were excised
at the hypocotyl, and shoots were separated into stems, petioles
and leaves. For inoculated plants, nodule numbers were
counted manually under a stereo light microscope (Wild
Heerbrugg, Switzerland). Nodules were then separated from
root system for nodule dry biomass measurement. Plants were
dried in an oven for a minimum of 3days at 65 °C and weighed.

Root growth measurements

Nodules were separated from each harvested root. Then, each
root system was scanned and tap root length; number and
length of different order lateral roots were measured using
WinRhizo software (Regent Instruments Inc., Canada). Total
root length (TRL) was calculated as the sum of tap root length
and all orders of lateral root length (LRL). Primary LRL
(1° LRL) was the sum of first-order LRL, and secondary and
higher order LRL (≥2° LRL) was calculated as the sum of
secondary and higher order LRL. Primary lateral root density
(1° LRD) was the sum of first-order lateral root numbers
(LRNs) divided by tap root length (1° LRD=1° LRN/tap root
length). Secondary and higher order LRD (≥2° LRD)was calcu-
lated as the sum of secondary and higher order of LRNs divided
by the sum of first-order LRL (≥2° LRD=2° LRN/1° LRL).
RMR was calculated as the ratio of root dry biomass (including
nodules) to total plant dry biomass. Nodule density was the

Nodules can alter phenotypic plasticity to N 885

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment, 39, 883–896

http://www.vsni.co.uk


sum of nodule numbers divided by tap root length. Note that
nodules were mainly observed on the tap root of each plant;
very few nodules were found on primary lateral roots.

Total N content

Shoot dry matter used for N content analysis contained stem,
petiole and leaves. Root dry matter used for N content analysis
contained roots and nodules. Dried plant material was ground
using a TissueLyser LT (Qiagen, Australia). For each plant
sample, 2.0–2.5mg of finely ground and dehydrated (at 65 °C
overnight) was weighed into a tin foil capsule and the weight
recorded. Samples were analysed at Commonwealth Scientific
and Industrial Research Organisation (CSIRO) Plant Industry,
Analytical ChemistryUnit forN content (%N) and 15N content
using a Europa 20-20 isotope ratio mass spectrometer coupled
with an automated nitrogen carbon analyser for solids and
liquids preparation system (Europa Scientific Instruments, UK).
The references have been calibrated for total N% using White
Wings flour as the reference. Δ15N was measured versus air.

Measurements of N fixation using 15N dilution
method

Atom%(calculated based on stable N isotopic values, δ15N) ob-
tained from themass spectrometer outputwas used to determine
the relative N derived from the atmosphere (Ndfa) and the
amount of N concentration derived fromN2 fixation (%N fixed)
(FAO/IAEA 2001). Ndfa was determined by this equation:
Ndfa= 1� (atom excess of N2-fixing plant / atom excess of
reference plant). The%N fixedwere calculated according to this
equation: %N fixed=Ndfa×%N content of N2-fixing plants.

Atom excess was calculated by subtracting 0.3663%,which is
the atmospheric natural abundance atom%, from the atom%
obtained from mass spectrometer output. The reference plant
used in this calculation was the uninoculated plant grown at
the same condition as the inoculated plant, positioned within
the same block. The amount of fixed N (%N fixed) was used
for statistical analysis.

Statistical analysis

Linear mixed model and analysis of linear parallelism in
Genstat 16th Edition (VSN International; http://www.vsni.co.uk,
UK) were used to analyse all data. Data that did not meet
the linear regression assumptions for normality, and homoge-
neity were either log-transformed or logit-transformed.

Out of 240 plants in experiment 1, six of the uninoculated
plants were found to be nodulating and were eliminated from
statistical analysis. Data for each legume species,M. truncatula,
M. sativa and T. subterraneum, were analysed separately. Anal-
ysis of multiple regression performed in Genstat 16th Edition
was used to compare the linear relationships between mea-
sured phenotypes and internal [N]. The %N in roots (internal
[N]) was computed as the ‘response variate (Y)’, and other root
phenotypes were computed as ‘explanatory variate (X)’, using

inoculation status as a grouping factor. The uninoculation
status was used as the reference to test the differences in linear
relationship between uninoculated and inoculated plants for
each legume species. To test for the effect of external nitrate
treatments, linear mixed modelling was performed. Interac-
tions between inoculation (I) and nitrate (N) were computed
as fixed model (I×N), and block was used as a random model.
Significant differences for these variables were analysed using
F statistics andwere reported asF probability. Post hoc analysis
using Fisher’s LSD was conducted for all significant variables.

In experiment 2, out of 288 plants, two plants died during the
course of 4weeks experiments and cross-contamination
occurred in one plant as evidenced by nodules forming in the
SmpTE3-inoculated plant (NodD� mutant rhizobial strain).
These data were also removed from statistical analysis. Analy-
sis of multiple regression performed in Genstat 16th Edition
was used to compare the linear relationships between mea-
sured phenotypes and %N in roots (internal [N]). The %N in
roots (internal [N]) was computed as the response variate
(Y), and other variables were computed as explanatory variate
(X), using rhizobial strains as a grouping factor. The
non-nodulating SmpTE3 strain was used as a reference for
linear relationship comparisons between nodule-forming
rhizobial strains and non-nodulating strain (SmpTE3). Linear
mixed modelling was performed to test the effect of strains
on plant phenotypes in response to external nitrate treatments.
Interactions between nitrate (N) and rhizobia strains (S) were
computed as fixed model (N×S), and block was used as a
random model. Post hoc analysis using Fisher’s LSD was
conducted for all significant variables.

Adjusted fitted plots for linear relationships between root
phenotypes and %N in roots (internal [N]) were plotted in
Genstat 16th Edition. Bar graphs were plotted in GraphPad
Prism version 5.0 (GraphPad Software, Inc., USA), using the
mean and standard error of mean (SEM) values of ten
replicates for experiment 1 and six replicates for experiment 2.

RESULTS

Differences in internal [N] between uninoculated
and inoculated plants

Before assessing the phenotypic plasticity in response to inter-
nal [N] in the three legume species, we first examined the
changes in internal [N] in response to external nitrate treat-
ments. As expected, addition of nitrate significantly increased
internal [N] (Fig. 1). The significant interactions between inoc-
ulation and nitrate treatments suggested that inoculation with
rhizobia significantly increased both the shoot and root internal
[N] concentrations (%N), especially for low external nitrate
treatments (Fig. 1, Supplemental Tables S1–S3). Nodule den-
sity and nodule dry biomass (Fig. 2) were significantly greater
for low external nitrate treatments in all three legume species.
This was correlated with a high internal [N] proportion derived
from N fixation in both shoot and root (Fig. 1, Supplemental
Table S4) for low external nitrate treatments, determined
through the 15N isotopic dilution assay (note that this method
could not determine N2 fixation at 0mM nitrate addition
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because no nitrate, hence no 15N isotope, was added to these
plants). Consistently, nodule density, nodule dry biomass and
N2 fixation were significantly reduced at 2 and 10mM nitrate

(external N) in all three species, suggesting that external nitrate
was the major contributor to the internal [N] at high external
nitrate treatments (Fig. 1). External N as well as inoculation

Figure 1. N content and N2 fixation in roots and shoots of three legume species. Differences in amount of N content and N derived fromN2 fixation
in shoot of uninoculated (open bars) and inoculated (hatched bars)M. truncatula (a),M. sativa (c) and T. subterraneum (e) and root of uninoculated
and inoculatedM. truncatula (b),M. sativa (d) and T. subterraneum (f) in response to nitrate treatment. At 0mM, it was assumed that all N content is
derived fromN2 fixation and seed resources. Yellowbars represent the amount offixedNbynodules. Different letters on each bar represent significant
differences of %N content between nitrate levels within one plant genotype (labelled a, b, c, d and e) and significant differences of %N derived from
nitrogen fixation by nodules in inoculated plants (labelled x, y and z) (Fisher LSD, mean ± SEM).

Figure 2. Nodule density responses to nitrate treatment in three legume species. Nodule density response to external nitrate treatment in M.
truncatula (a), M. sativa (b) and T. subterraneum (c). Nodule dry biomass response to nitrate treatment in M. truncatula (d), M. sativa (e) and T.
subterraneum (f). Different letters represent significant differences across nitrate concentrations and inoculation (Fisher LSD, mean ± SEM).
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also significantly altered root and shoot biomass, root length
and lateral root density (Supplemental Figs. S1 and S2; Supple-
mental Tables S1–S3). Based on these observations, it is likely
that the additional provision of internal [N] by rhizobia, espe-
cially for plants grown under low external nitrate, could have
altered the phenotypic responses to internal [N] for biomass al-
location to roots (RMR) and other root architectural pheno-
types, as compared with uninoculated plants.

Rhizobia alter phenotypic plasticity to internal [N] in
a species-dependent way

It is possible that the mechanism by which rhizobia alter these
root phenotypes is merely by increasing internal [N], and

consequently, a change in phenotype in response to rhizobia
might in fact be a response to internal [N] changes. Therefore,
to test whether the inoculation status altered not just the phe-
notypes of the root system but also the phenotypic responses
to internal [N] (N concentrations in roots (%N in roots)), we
investigated the correlation between RMR, TRL, tap root
length, LRL and LRL with the internal [N].

Analysis of RMR responses to internal [N] showed a signif-
icantly negative correlation in all species, as expected (Fig. 3).
This is consistent with the RMR response to high external
nitrate treatments in both inoculated and uninoculated plants,
which suggests that RMR generally decreased in the presence
of high internal [N] (Fig. 4). The RMR response was very
similar to the response in the ratio of root N to total plant N
content (Supplemental Fig. S3), indicating no major shifts in

Figure 3. Correlation of root mass ration (RMR) with internal [N] in three legume species and inM. truncatula inoculated with six Sinorhizobium
species. Correlation plots for RMR versus %N in roots (internal [N]) in M. truncatula (a),M. sativa (b), T. subterraneum (c) and six rhizobia strains
(S. meliloti NodD� (SmpTE3), S. meliloti exoY mutant (Sm0540), S. meliloti pE65 (SmpE65), S. meliloti 1021 (Sm1021), S. meliloti WSM 1022
(Sm1022) or S.medicaeWSM 419 (Smd419)) inoculated ontoM. truncatula (d). RMR calculated for inoculated plants include both root and nodule
dry biomasses. Bold P values represent significant correlation between the two variables. In (d), significant differences between each strain as
compared with SmpTE3 are showed as *P< 0.05, **P< 0.01 and ***P< 0.001.
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the relative allocation of N to roots in response to nitrate or
inoculation. Interestingly, the slopes of the RMR relationship
differed between inoculated and uninoculated plants, in a
species-specific way. In M. truncatula, the plastic RMR
response was significantly attenuated in inoculated plants
comparedwith uninoculated plants (Fig. 3a). InM. sativa, there
was no significant difference in the RMR response to [N] after
inoculation (Fig. 3b), while in T. subterraneum, inoculated
plants all had high internal [N] and no relationship between
RMR and internal [N] was observed (Fig. 3c).
In addition to RMR responses, we examined if there were

any similar trends in relationship between root phenotypes
and internal [N] compared between uninoculated and
inoculated plants. We found a significant positive relationship
between TRL with internal [N] in all three species in uninocu-
lated plants (Fig. 5a, b, c), indicating that while increases in [N]
reduce the relative allocation of biomass to the root system, the

total investment into the root system increases because of the
increased overall plant growth at higher [N]. There was no
significant difference between the responses of inoculated and
uninoculated plants forM. truncatula andM. sativa, suggesting
that inoculation did not alter the TRL responses to internal [N]
(Fig. 5a, b). Again, it was evident that internal [N] in inoculated
T. subterraneum roots was consistently high in all treatments,
such that there was no significant correlation between internal
[N] andTRL observed in this species (Fig. 5c). Similar trends in
each species were also observed for 1° LRL (Fig. 5d, e, f) and
1° LRD (Fig. 5g, h, i). When we examined tap root length,
≥2° LRL and ≥2° LRD, we observed similar trends as TRL
response to internal [N], for all three legume species
(Supplemental Fig. S4).

Collectively, these results suggested that inoculation of
legumes with rhizobia, that is, the presence of N2-fixing
nodules, did not significantly alter root architectural pheno-
typic responses (TRL, 1°/≥2° LRL, 1°/≥2° LRD and tap root
length) to internal [N] in M. truncatula or M. sativa. The only
response affected by rhizobial inoculation was the RMR re-
sponse to internal [N] in M. truncatula. In T. subterraneum,
theN2 fixationwas so efficient that inoculated plants all showed
such a high internal [N] such that no relationship between root
phenotypes and internal [N] was found.

To further investigate whether any of the phenotypic
responses to internal [N] are dependent on the density or N2

fixation ability of nodules, we inoculated M. truncatula plants
with six different strains of rhizobia differing in their ability to
induce N2-fixing nodules on the host.

Rhizobia differing in the ability to form functional
nodules have varying effects on phenotypic
plasticity responses to internal [N]

We performed a similar experiment as for the three legume
species described in the preceding texts but in this case varied
the strain of rhizobia inoculated ontoM. truncatula. As a nega-
tive control, we used a non-nodulating strain defective inNodD
(SmpTE3; Barnett et al. 2004), which did not form any nodules
and did not fix any N2. We used this strain as a negative control
rather than uninoculated roots in case any other signals from
rhizobia other than Nod factors influenced any of the
phenotypes. Five nodulating strains were compared: the S.
meliloti exoY mutant (Sm0540), which is defective in
exopolysaccharide formation and only forms small, uninfected
nodules (Müller et al. 1988); the commonly used S. meliloti
wild-type strains 1021 (Sm1021) and 1022 (Sm1022) (Terpolilli
et al. 2008); an S. meliloti strain constitutively activating Nod
factor synthesis because of a flavonoid-independent NodD
protein (SmpE65; Barnett et al. 2004) and the S.medicae strain
WSM 419 (Smd419; Terpolilli et al. 2008).

We first examined the different abilities to form functional
nodules in these strains by comparing the nodule density,
nodule dry biomass, internal [N] in both shoot and root of
inoculated plants and plant dry biomass. We found that the
strains varied significantly in their ability to nodulate their host.
This was evident in both nodule density and nodule dry

Figure 4. Root mass ratio (RMR) responses to nitrate treatment in
three legume species. RMR responses to nitrate availability in M.
truncatula (a), M. sativa (b) and T. subterraneum (c). RMR calculated
for inoculated plants include both root and nodule dry biomasses.
Different letters represent significant differences across nitrate
concentrations and inoculation (Fisher LSD, mean ± SEM).
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biomass (Fig. 6a, b). Internal [N] concentrations in shoot
and root were significantly higher in plants inoculated
with Sm1022 and Smd419 as compared with other strains
(i.e. SmpTE3, Sm0540, SmpE65 and Sm1021) (Fig. 6c, d, Sup-
plemental Table S5). Significant differences between strains
were also seen in their ability to contribute fixed internal [N]
to root and shoot tissues (Fig. 6c, d; Supplemental Table S5).

It should be noted that no N2 fixation was recorded by the
NodD� mutant strain (SmpTE3) or the exoY mutant
(Sm0540) as expected. The high internal [N] concentrations
were also correlated with the changes in plant dry biomass.
Both Sm1022 and Smd419 strains had minor contributions on
the total plant dry biomass, with significant increases in dry bio-
mass only at low nitrate concentrations (0 and 0.1mM) for

Figure 5. Correlation of root length and lateral root density with internal [N]. Correlation plots for total root length (TRL) versus %N in roots
(internal [N]) inM. truncatula (a),M. sativa (b) andT. subterraneum (c). Correlation plots for primary order lateral root length (1° LRL) versus%N in
roots (internal [N]) inM. truncatula (d),M. sativa (e) andT. subterraneum (f). Correlation plots for primary lateral root density (1° LRD) versus%N in
roots (internal [N]) inM. truncatula (g),M. sativa (h) and T. subterraneum (i). Bold P values represent significant correlation between the two
variables. Significant differences between uninoculated and inoculated are shown in bold.
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Smd419 and at 0mM nitrate for Sm1022 (Supplemental Fig. S5,
Supplemental Table S5). Based on these results, we identify
the strains according to their ability to form functional
nodules: the non-nodulating strain (SmpTE3), non-fixing
strain (Sm0540), low N2-fixing strains (Sm1021, SmpE65)
and high N2-fixing strains (Sm1022, Sm419).
We then examined the root architecture phenotypes of

plants inoculated with different Sinorhizobium strains in
response to internal [N], using plants inoculated with a
non-nodulating strain (SmpTE3) as the non-nodulated
reference. RMR showed a similar negative correlation with
internal [N] in plants inoculated with the non-nodulating
strain as in uninoculated plants (Fig. 3d). All of the other
rhizobia strains caused a significantly attenuated RMR
response to internal [N] compared with the non-nodulating
strain, SmpTE3, that is, nodulation caused the RMR to be
smaller than in the non-nodulated reference at low internal
[N] and to be larger than in the reference at high internal
[N]. This was even the case for roots inoculated with the
non-fixing strain (Sm0540), which did not fix N2 and only
formed very small nodule bumps (Supplemental Fig. S6).
This suggests that the effect of rhizobia on the altered
RMR response to [N] was likely not because of a significant
allocation of C to the nodules (Fig. 6b) or provision of fixed

internal [N] by those nodules (Fig. 6c, d) but that it was a
response to a signal from the early initiation of nodules
(Supplemental Fig. S6).

When we examined other root architecture phenotypes,
the responses to internal [N] varied depending on the
strains. TRL was strongly positively correlated with internal
[N] for all six strains, with a significantly different response
in roots inoculated with one of the low N2-fixing strains
(SmpE65) and both high N2-fixing strains (Sm1022 and
Smd419) compared with the non-nodulating strain SmpTE3,
as indicated by the asterisks in Fig. 7a. No significant rela-
tionship between tap root length and internal [N] was found
for any of the six strains (Fig. 7b). A comparison of 1°/≥2°
LRL and 1°/≥2° LRD responses to internal [N] showed sim-
ilar positive correlations for all six strains (Fig. 7c, d, e, f).
There was a significantly steeper positive correlation of 1°
LRL in plants inoculated with high N2-fixing strains
(Sm1022 and Smd419) compared with the non-nodulating
SmpTE3 strain (Fig. 7c). This meant that at lower internal
[N], TRL and 1° LRL was significantly shorter than
expected. Notably, these were the strains causing the highest
nodule dry biomass (cf. Fig. 6b), suggesting that this
response might be because of a high C sink of these active
nodules (Jeudy et al. 2010).

Figure 6. Nodulation phenotypes and nitrogen content inM. truncatula inoculated with six different Sinorhizobium strains. Nodule density (a) and
nodule dry biomass (b) in A17 inoculated with six different strains of rhizobia. Nitrogen content in shoot (c) and root (d) in A17 inoculated with six
different strains of rhizobia, S.melilotiNodD� (SmpTE3), S.meliloti exoYmutant (Sm0540), S.meliloti pE65 (SmpE65), S.meliloti 1021 (Sm1021), S.
melilotiWSM 1022 (Sm1022) or S.medicaeWSM 419 (Smd419). Data are arranged from the non-fixing, low fixing, to medium and high fixing strains
from left to right. Hatched bars represent amount of fixed N by nodules. The%N fixed by nodules were not measured at 0mMKNO3 as these plants
were not treated with K15NO3, and their δ15N was close to 0‰. Different letters represent the significant differences across nitrate treatments and
rhizobial strains. (Fisher LSD, mean ± SEM).
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Figure 7. Correlation of root architecture phenotypes with internal [N] inM. truncatula inoculated with six Sinorhizobium strains. Correlation plots
for root architectural phenotypes and %N in root (internal [N]), total root length (TRL) (a), tap root length (b), primary order lateral root
length (1° LRL) (c), higher order lateral root length (≥2° LRL) (d), primary order lateral root density (1° LRD) (e) and higher order lateral
root length (≥2° LRD) (f), for A17 plants inoculated with six rhizobia strains (S. meliloti NodD� (SmpTE3), S. meliloti exoY mutant (Sm0540),
S. meliloti pE65 (SmpE65), S. meliloti 1021 (Sm1021), S. meliloti WSM 1022 (Sm1022) or S. medicae WSM 419 (Smd419)). Bold P values
represent significant correlation between the two variables. Significant differences between each strain as compared with SmpTE3 are showed as
*P< 0.05, **P< 0.01 and ***P< 0.001.
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DISCUSSION

Legumes forming symbioses with rhizobia can derive N from
both inorganic external sources or from internal N2 fixation.
This leads to a relative independence from external N availabil-
ity. Nodulation has evolved over the last ~55 million years
(Werner et al. 2014), and in natural ecosystems, most legumes
are typically nodulated. Thus, it is possible that legumes have
evolved altered phenotypic responses to internal [N] compared
with non-nodulating plant species because of the presence of
root nodules, which provide an extra internal N source.
In nodulated legumes, internal [N] was substantially

increased at low external nitrate treatments, as a result of
nodulation, while nodule numbers and provision of fixed N
dropped at high external nitrate, as expected (Carroll &
Gresshoff 1983; Harper &Gibson 1984; Streeter 1985; Streeter
1988; Walch-Liu et al. 2006). The main question of our study
was whether the presence of nodules and/or rhizobia would
alter the plastic responses of the root system and/or biomass
allocation to roots (RMR) to internal [N]. While there were
obvious altered responses in nodulated plants to external
nitrate because of the suppression of the N deficiency stress
by N2 fixation, we were particularly interested in the altered
responses to internal [N] as this response took into account
the fixed N provided by rhizobia (van der Werf et al. 1993).
We note that our N measurements could not differentiate
between different forms of internal N, whether organic or
inorganic; thus, we cannot conclusively identify the internal N
‘signal’ to which the plants are responding with phenotypic
changes.
When comparing the plastic responses with internal [N] in

three legumes, we found significant differences between the
species in their root architecture phenotypes, in response to
rhizobia inoculation and in their responses to internal [N].
One possible explanation for these observed differences could
be because of a direct effect of rhizobial inoculation. Because
these legumes have specific host–symbiont relationships
(Oldroyd &Downie 2008), it is plausible that the specific strain
of rhizobia can exert effects on root architecture on their host,
independent of N2 fixation. This could be because of the pro-
duction of specific Nod factors or other signals by each of the
strains of rhizobia used here (Bhattacharjee et al. 2008). For ex-
ample, application of Nod factors derived from their specific
symbionts to their specific host,M. truncatula – S.meliloti (Oláh
et al. 2005) and Glycine max – Bradyrhizobium japonicum
(Souleimanov et al. 2002), resulted in an increase in TRL and
lateral root formation. A study by Heath & Tiffin (2007) on
M. truncatula – S. meliloti found that the benefits gained from
their mutualistic partners depended on plant and rhizobia
genotypes, the external N environment and the rhizobium
community in which the plants were grown. Hence, it is likely
that the plastic responses to internal [N] in root architecture
of plants could evolve mutually with the specific symbiont
partner. One striking difference between T. subterraneum and
the two Medicago species was that inoculation of T.
subterraneum with its symbiont led to such high internal [N],
even at the lowest external nitrate concentrations, that plastic-
ity responses in inoculated T. subterraneum plants were not

observed (Figs. 3 & 5). Thus, the efficiency of N2-fixation by
the individual symbionts of the three species significantly
affected the N-related phenotypes.

Apart from examining species-specific differences in N
responsiveness, it would also be interesting to investigate in
the future whether the observed results are specific to legumes
forming indeterminate nodules, as studied here, as opposed to
those forming determinate or other types of nodules that differ
in their C and N metabolism (White et al. 2007).

When we compared the root architecture plastic responses
with internal [N] in M. truncatula, inoculated with various
rhizobia strains differing in their ability to form functional
N2-fixing nodules, we found that only plants inoculated with
the high N2-fixing strains resulted in a steeper plastic response
to internal [N] in TRL as compared with other strains. Because
the low external nitrate conditions correlated with the highest
N2 fixation and nodule numbers/biomass in these plants, it is
possible that a shift in C allocation into actively fixing nodules
occurs at the cost of reduced root length (Walch-Liu et al.
2005; Hermans et al. 2006; White et al. 2007). This could be
tested in future experiments through application of isotope-
labelled CO2 and tracing of its relative allocation to roots or
nodules.

Interestingly, when we examined the RMR response to
internal [N] in the three legumes, only M. truncatula showed
an altered response in inoculated plants as compared with
uninoculated plants. Hence, we questioned whether the extra
provision of internal [N] from N2-fixing nodules could contrib-
ute to this observation. We found that plants inoculated with
any of the nodule-forming strains, irrespective of their ability
to fix N2, were less plastic (less steeper slope) in the RMR
response to internal [N] as compared with plants inoculated
with a non-nodulating strain. We suggest that the altered
RMR response to internal [N] was dependent on the ability
of rhizobia to initiate nodules, as evident in the roots inoculated
with a non-fixing strain (Sm0540) that made very small but
non-fixing nodules (Supplemental Fig. S6). This suggests that
the change in pattern of the plastic response in RMR to
internal [N] for nodulated plants is a response because of the
presence of initiated nodules. Future experiments could inves-
tigate the nature of a putative signal from initiated nodules or,
alternatively, signals directly provided by nodulating rhizobia.

Apart from effects of Nod factors on root architecture,
rhizobia also produce many other signals and, like other plant
growth-promoting rhizobacteria, could have effects on
plant growth and development through the production of plant
hormones, siderophores, P-solubilizing enzymes or 1-aminocy-
clopropane-1-carboxylate deaminase to reduce plant ethylene
levels (Bhattacharjee et al. 2008; van Loon 2007). In our exper-
iments using different rhizobial strains that nodulate M.
truncatula, we tried to minimize effects of these additional ac-
tivities by using a ‘reference’ strain, an S.meliloti strain derived
from strain 1021, which carried a specific triple deletion of the
three NodD genes (Barnett et al. 2004). Compared with strains
1021 and pE65, the only difference in this reference strain was
the absence of NodD, affecting primarily expression of genes
involved in Nod factors synthesis, exopolysaccharide synthesis
and N2-fixation (Barnett et al. 2004). Therefore, the observed
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effects of nodulating strains as opposed to the NodD� mutant
reference strain on RMR responses to internal [N] are most
likely because ofNodD-regulated genes involved in nodulation
signalling and N2-fixation. However, it is possible that hor-
monal or other activities of rhizobia not related to Nod factor
signalling and N2-fixation could have contributed to plant
growth changes in the other legumes. The use of rhizobial
mutants deficient in plant hormone or enzyme production
could help to answer this question in the future.

How could changes in RMR responses to internal [N] be
achieved by rhizobial inoculation? There is evidence that the
internal N content or concentration of the plant acts via
changes in the phytohormone balance to affect root pheno-
types and root:shoot partitioning. For example, the shoot-
to-root auxin transport in M. truncatula is highly dependent
on C:N ratio of the shoot and is correlated with lateral root
elongation (Jin et al. 2012). In maize, nitrate affects lateral root
growth by altering shoot-to-root auxin transport (Guo et al.
2005) and inhibits root growth as well as decreasing auxin con-
centrations (Tian et al. 2008). Nitrate effects are also mediated
by cytokinin signalling and likely root-shoot-root cytokinin
movement (Sakakibara 2003; Ruffel et al. 2011). Inoculation
of roots with nodulating rhizobia also leads to changes in
shoot-to-root auxin transport (van Noorden et al. 2006), auxin
concentration (Caba et al. 2000), cytokinin accumulation (van
Zeijl et al. 2015) and shoot-to-root cytokinin transport (Sasaki
et al. 2014). Thus, it is possible that rhizobial inoculation affects
N-regulated phenotypes via alteration of phytohormone
signalling and/or transport, but this would need to be tested
in future experiments.Why this altered theRMR response spe-
cifically, whereas lateral root density and elongation responses
to internal [N] were not altered by inoculation in our study will
require further investigation. It is also possible that the time
point of analysis was outside the critical window of develop-
mental plasticity responses for some of the phenotypes
measured (Pigliucci 1998).

In conclusion, our study found that the presence of rhizobia
can affect the phenotypic plasticity of legumes to internal [N],
particularly in root length and RMR. The variation in plastic
responses to internal [N] is not only dependent on the type of
plant species but also on the different rhizobia strains. We have
demonstrated that root length response to internal [N] is
dependent on the rhizobia’s ability to fix N2, probably to main-
tain a balanced C:N ratio. In contrast, we found that RMR
response to internal [N] is dependent only on initiation of nod-
ules, irrespective of N2-fixing ability of the rhizobia strains.
Future research is necessary to elucidate the role of rhizobia
in altering the relationship between C:N ratio balance, RMR
and root length, taking into account ontogeny, in legumes.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. REML result for a two way analysis of inoculation,
nitrate and their interactions inMedicago truncatula.
Table S2. REML result for a two way analysis of inoculation,
nitrate and their interactions effect on biomass, root and shoot
phenotypes inMedicago sativa.
Table S3. REML result for a two way analysis of inoculation,
nitrate and their interactions effect on biomass, root and shoot
phenotypes in Trifolium subterraneum.
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Table S4. REML result of a one way analysis of nitrate effect
on nodule and nitrogen fixing phenotypes in Medicago
truncatula, Medicago sativa and Trifolium subterraneum.
Table S5.REML results for a twoway analysis of nitrate, differ-
ent bacterial strains and their interactions inM. truncatula.
Figure S1. Biomass responses of three legume species to exter-
nal nitrate treatment. Total dry biomass responses to nitrate
availability in M. truncatula (a), M. sativa (b) and T.
subterraneum (c). The amount of nodule dry biomass in com-
parison to the total dry biomass is relatively very small and
thus, generally difficult to observe here. Hatched bars repre-
sent inoculated plants. Different letters represent significant
differences across nitrate concentrations and inoculation
(Fischer LSD, Mean ± SEM).
Figure S2.Root architecture responses of three legumes to
external nitrate treatment. Root length responses to ni-
trate treatment in M. truncatula (a), M. sativa (b) and
T. subterraneum (c). Primary order lateral root density
(1° LRD) responses to nitrate availability in M. truncatula
(d), M. sativa (e) and T. subterraneum (f). Higher order lat-
eral root density (≥ 2° LRD) responses to nitrate availabil-
ity in M. truncatula (g), M. sativa (h) and T. subterraneum
(i). Hatched bars represent inoculated plants. Different let-
ters represent significant differences across nitrate concen-
trations and inoculation for total root length (Fischer
LSD, Mean ± SEM).
Figure S3. Ratio of root N to total plant N in three different
species and in M. truncatula inoculated with different rhizobia
strains. Root N to total plant N ratio in M. truncatula (a), M.
sativa (b), and T. subterraneum (c), each uninoculated or
inoculated with their respective symbionts. Panel (d) shows
the responses of M. truncatula inoculated with one of six

different S. meliloti strains. Different letters represents the sig-
nificant differences across nitrate treatments and rhizobial
strains. (Fischer LSD, Mean ± SEM.
Figure S4. Correlation of root length and lateral root density
with internal [N] in three legume species. Correlation plots
for tap root length versus %N in roots (internal [N]) in M.
truncatula (a), M. sativa (b), T. subterraneum (c). Correlation
plots for higher order lateral root length (≥ 2° LRL) versus
%N in roots inM. truncatula (d),M. sativa (e),T. subterraneum
(f). Correlation plots for higher order lateral root density (≥ 2°
LRD) versus%N in roots inM. truncatula (g),M. sativa (h), T.
subterraneum (i). Bold P- values represent significant correla-
tion between the two variables. Significant differences between
uninoculated and inoculated are in bold.
Figure S5. Phenotypes of M. truncatula inoculated with six
Sinorhizobium strains in response to external nitrate treat-
ment. Primary order lateral root density (1° LRD) (a), higher
order lateral root density (≥ 2° LRD) (b), total root length
(c), dry biomass (d) and RMR (e) in M. truncatula inoculated
with six different strains of rhizobia S. meliloti NodD–
(SmpTE3), S. meliloti exoY mutant (Sm0540), S. meliloti
pE65 (SmpE65), S. meliloti 1021 (Sm1021), S. meliloti WSM
1022 (Sm1022) or S. medicae WSM 419 (Smd419) in response
to variable nitrate treatments. Different letters represents the
significant differences across nitrate treatments and rhizobial
strains. (Fischer LSD, Mean ± SEM).
Figure S6.Nodule phenotypes inM. truncatula inoculated with
five nodulating Sinorhizobium strains. Nodules on roots inocu-
lated with S. meliloti exoY mutant (A), S. meliloti pE65 (B), S.
meliloti 1021 (C), S. meliloti WSM 1022 (D) and S. medicae
WSM 419 (E) in the absence of nitrate at four weeks post inoc-
ulation. Scale bar: 500 µm.
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