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Abstract

Purpose The steady rise of atmospheric CO, con-
centrations enhances symbiotic N, fixation and plant
growth. However, it is largely unknown whether more
P is required to enhance N, fixation under elevated
CO,. We examined if plants under elevated CO,
require more P to support enhanced N, fixation.
Methods White lupin (Lupinus albus L. cv. Kiev)
was grown in nutrient solution under ambient (380
ppm) and elevated (700 ppm) CO, levels at 0, 2, 5,
12, 25 and 50 uM P. Nodulation, nodule function, N,
fixation and plant growth were assessed at 4 and 6
weeks post inoculation. Excess cation uptake and pro-
ton release were also analysed due to its importance
in P acquisition.

Results Elevated CO, increased the critical P con-
centration in nutrient solution for N, fixation, indi-
cating plants under elevated CO, need to acquire
additional P to support greater N, fixation. Elevated
CO, improved N, fixation in P-deficient plants by
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increasing specific nitrogenase activity. Elevated CO,
also enhanced excess cation uptake which increased
proton release by roots.

Conclusions As elevated CO, increased the plant
demand for P, it increased the critical P concentra-
tion in nutrient solution for N, fixation, thereby plants
require more P to mitigate the effect of P deficiency
on N, fixation. Despite this, elevated CO, could
enhance N, fixation in P-limiting environments.

Keywords Climate change - Nitrogen fixation -
Nitrogenase - Nodulation - Phosphate - Rhizosphere
acidification

Introduction

Atmospheric CO, concentrations are projected to
reach 700-800 ppm by the year 2100 (IPCC 2021).
Rising CO, concentrations stimulates photosyn-
thetic activity in many C; crop species and induces
significant increases in plant production (Ains-
worth and Long 2005). The elevated CO,-induced
increase in plant growth requires plants to enhance
N uptake to support this process (Lam et al. 2012).
Symbiotic N, fixation is a process where plants
form a symbiotic relationship with N,-fixing bac-
teria such as Frankia or Rhizobium species. These
bacteria are supplied C from the host plant and
fix atmospheric N, into NH; using nitrogenase
enzyme complex, which is then supplied to plants
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and utilised for plant growth (Sachs et al. 2018). To
meet the increase in N demand under elevated CO,,
plants commonly increase N, fixation, particularly
in agricultural leguminous (Aranjuelo et al. 2014;
Lam et al. 2012) and actinorhizal species (Chen and
Markham 2021; Tobita et al. 2010).

Elevated CO, increases N, fixation via two main
mechanisms. First, elevated CO, increases nodule
formation and nodule development. Li et al. (2017)
demonstrated that elevated CO, could drastically
increase nodule number and fresh weight which
played a critical role in supporting increased N, fixa-
tion. Improved nodulation under elevated CO, can be
facilitated by enhancing flavonoid exudation which
could promote infection of plant roots by rhizobia and
hence increase nodule formation (Haase et al. 2007).
Second, elevated CO, enhances photosynthesis, lead-
ing to more primary metabolites (malate and sucrose)
being allocated to nodules, to increase nitrogenase
activity (Haase et al. 2007; Parvin et al. 2020). There-
fore, in some plant species elevated CO, can increase
N, fixation without an increase in nodule number or
nodule biomass as found by Butterly et al. (2015).
The mechanism by which elevated CO, enhances N,
fixation will likely depend on plant nutritional status
and plant species (Jin et al. 2012; Palit et al. 2020).

Nodules have significantly higher P concentra-
tion compared to host plants, which outlines the
importance of P for N, fixation (Schulze et al. 2006).
Phosphorus is essential for nodule formation, nodule
development and nodule function with P deficiency
directly inhibiting N, fixation in some crop species
(Le Roux et al. 2008; Tang et al. 2001). Phosphorus
deficiency also decreases host plant growth which
reduces plant demand for N and induces a down-reg-
ulation in nitrogenase activity (Sulieman et al. 2013).
Given that elevated CO, increases N, fixation but P
deficiency decreases N, fixation, these two factors
play two opposing roles in N, fixation. The response
of N, fixation to elevated CO, in P-deficient plants
will depend on whether P deficiency directly limits
N, fixation (Almeida et al. 2000; Tang et al. 2001). If
nodule function is directly impaired by P deficiency,
elevated CO, may not enhance N, fixation in P-defi-
cient plants (Sa and Israel 1998). However, Nguyen
et al. (2006) found that elevated CO, could enhance
N, fixation in P-deficient Acacia trees, suggesting that
elevated CO, enhances biomass production in P-defi-
cient plants, and may increase N, fixation.
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Given that elevated CO, enhances plant biomass
and promotes production of P-rich nodules, plants
may require more P to support enhanced N, fixation
under elevated CO, (Rogers et al. 1993). To deter-
mine the amount of P required to achieve maximum
N, fixation, P response curves can be generated under
different CO, treatments (Pang et al. 2011). As ele-
vated CO, can enhance nodulation, greater P supply
may be necessary to support greater nodule growth
and N, fixation under elevated CO, (Lam et al. 2012).

Proton release, excess-cation uptake and N, fixa-
tion are closely linked. When N, fixation is the main
source of N, plants absorb more cation nutrients than
anion nutrients which results in net release of pro-
tons, thus promoting rhizosphere acidification (Tang
et al. 1999). In addition to N, fixation, P deficiency
promotes proton release in many leguminous plant
species (Sas et al. 2001). With greater N, fixation
and elevated CO,-induced increases in plant growth,
this could lead to greater uptake of cations over ani-
ons, particularly in P-limiting environments and
hence lead to greater rhizosphere acidification. For
plants to access sorbed and precipitated forms of P
in soil, transformation is required before root uptake.
Enhanced rhizosphere acidification could promote the
solubilisation and desorption of non-labile P sorbed
to non-crystalline materials or precipitated with met-
als such as Ca (Barrow 2017; Hinsinger et al. 2003).
In soils, optimal P mobilisation occurs at pH 6 which
is also the optimal pH for nodulation in Lupinus spe-
cies (Andersson et al. 2015; Tang and Robson 1993).

White lupin is a crop species highly adapted to
P-deficient soils. In response to P deficiency, white
lupin produces dense rootlets along lateral roots,
termed cluster roots (Lambers et al. 2006; Wang et al.
2019). Not only do cluster roots increase the surface
area of roots for P uptake, these are also the site of
intense rhizosphere acidification and organic anion
efflux (Neumann et al. 2000). These P acquisition
mechanisms allow white lupin to mobilise significant
quantities of non-labile P from inorganic sources,
particularly under elevated CO, (Braum and Helmke
1995; O’Sullivan et al. 2020). Furthermore, N, fixa-
tion in white lupin is highly resilient to P-deficient
conditions. For example, despite not being supplied
with any P, N, fixation was uninhibited after 21 d of
growth (Schulze et al. 2006). As white lupin can sus-
tain N, fixation in low-P soils, it is unknown if ele-
vated CO,-induced increases in biomass production
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will affect N, fixation in P-deficient white lupin
(O’Sullivan et al. 2021).

This study aimed to investigate the effects of ele-
vated CO, on the critical P concentration in nutrient
solution, nodules and shoots for N, fixation in white
lupin. The critical P concentration was defined as the
concentration of P needed to achieve maximum N,
fixation. We hypothesised that (i) elevated CO, would
increase the N, fixation in P-deficient plants, (ii) ele-
vated CO, would increase the P requirement for N,
fixation, and (iii) enhanced plant growth and N, fixa-
tion under elevated CO, would promote excess cation
uptake and proton release.

Materials and methods

Plants were grown in solution culture to facilitate
the measurements of nodule formation, nodule func-
tion and proton release. Uniform-sized seeds of white
lupin (Lupinus albus L. cv. Kiev) were germinated at
20 °C for 5 d in 30-L tubs containing aerated solution
of 1 mM CaCl, and 5 pM H;BO;. After germination,
12 seedlings were transferred to each 5-L container of
nutrition solution. The nutrient solution had the fol-
lowing composition (uM): 600 K,SO,; 600 CaCl,;
200 MgSO,; 10 FeNaEDTA; 5 H;BO;; 1 MnSO,; 1
ZnSOy, 0.2 CuSOy; 0.2 CoCl,; 0.03 Na,MoO, (based
on Sas et al. 2001). To generate a P response curve,
P was supplied as KH,PO, at 6 levels: 0, 2, 5, 12, 25
and 50 uM P. These P levels were in range of previ-
ous studies to induce P-deficiency and to cover ade-
quate P supply in white lupin (O’Sullivan et al. 2021).
After seedling transferring to nutrient solution, a
dense water suspension of Bradyrhizobium sp. strain
WU425 was applied at approximately 2x10% cells
L~'. The nutrient solution was renewed after 2 d, and
the rhizobial inoculum was reapplied. Uniform seed-
lings were equally divided amongst 6 CO,-controlled
growth chambers with 20 °C days for 16 h and 18 °C
nights under 380 ppm and 700 ppm CO, concentra-
tions for ambient and elevated CO, levels, respec-
tively (Fitotron SGC 120, Weiss Technik, Lough-
borough, UK; Climatron 1100-SL-H, Thermoline,
Australia). Each treatment was replicated 3 times. In
total, there were 36 hydroponic containers distrib-
uted amongst 6 growth chambers. Light intensity
at the canopy level was around 400 pmol m=2 s~
Containers were randomised within cabinets every

2 d and were rotated weekly between cabinets. The
ambient CO, concentration was maintained by using
a NaOH CO, scrubber. The elevated CO, concentra-
tion is in range of the predicted CO, level by 2100 in
addition to other CO, enrichment studies (Jiang et al.
2020; TPCC 2021). To minimize the effect of seed P
and induce early P response and stimulate N, fixa-
tion, cotyledons were removed 10 d post inoculation.
Nutrient solutions were continuously aerated and
renewed every 2 d. Nutrient solution pH was adjusted
daily to 6 using standardised 0.1 M KOH, which is
the optimal pH for nodulation in Lupinus species
(Tang and Robson 1993). The amount of KOH con-
sumed for pH adjustment and the pH of the discarded
nutrient solutions were recorded and used to deter-
mine proton release.

Nodules were counted after signs of initial emer-
gence at 10, 12, 14, 16 and 20 d, and 4 and 6 weeks
after inoculation. Plants were destructively sampled
at 4 and 6 weeks after inoculation. These sampling
times were chosen because elevated CO,-induced
increases in plant growth and nitrogenase activity in
soybean began at Week 4 (Sa and Israel 1998). Plant
growth of white lupin at Week 6 was relatively rapid
which coincided with high plant N-demand, intense
nitrogenase activity under P sufficiency and inhibition
of nitrogenase activity by P deficiency (O’Sullivan
et al. 2021; Schulze et al. 2006). These sampling
times represented early (6 leaves emerged) and mid
(9 leaves emerged) vegetative growth stages, respec-
tively. At each harvest, 6 plants were harvested from
each container. Plants were immediately divided
into shoots and roots. To measure nodule nitroge-
nase activity, roots with intact nodules were placed
in sealed 1-L Mason jars and acetylene was injected
through a septum. The final concentration of acety-
lene in the jar was 2.5% (v/v). Gas was sampled from
each jar at 15, 30 and 60 min after acetylene addition
and ethylene was quantified using a gas chromato-
graph fitted with a Varian GS-Q capillary column and
flame ionisation detector (Varian CP-3800 CA USA).
Nitrogenase activity was calculated from the slope of
the linear accumulation of ethylene over the 3 sam-
pling times.

After nitrogenase analysis, nodules were counted
and then removed from roots. Shoots, roots and nod-
ules were placed in a 70 °C oven for 3 days and their
dry weights recorded. Nodule size was calculated
by dividing nodule dry weight over nodule number.

@ Springer
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Shoot and root materials were finely ground and
then digested with HNO; in a microwave digester
(Ethos up, Milestone, Milan, Italy). Nodule sam-
ples were digested using HNO; and HCIO, (4:1) in
an open block digester (Seal Analytical, USA). Plant
digests were analysed for P, S, Ca, Mg, Mn, Zn, K,
Na and Fe using inductively coupled plasma optical
emission spectrometry (Perkin Elmer Optima 8000,
MA, USA). Excess cation uptake (mmol( + plant_l)
was calculated as the number of moles of positive
charges acquired as cations (K*, Ca’*, Mg**, Na®)
minus the number of moles of negative charges
acquired as anions (PO,", SO42‘). Chloride (CI7) was
not included in the analysis; however, chloride only
accounts for small proportion (6%) of excess cation
uptake (Tang and Yu 1999). Elements mobilised from
seed were not accounted in the excess cation uptake
calculations.

Ground shoot and root samples were also analysed
for C and N using dry combustion method (Perki-
nElmer EA2400, CT, USA). As no N was supplied
to plants in nutrient solution, the amount of N, fixed
was the content of N in the entire plant minus the
contribution of N from the seed before cotyledons
were removed.

Statistical analysis

Analysis of variance was performed to determine the
effects of CO, treatment, P supply and their interac-
tion on all measurements except for early nodule for-
mation. The concentrations of P in shoot, root and
nodule, and total P content were log,,-transformed
before analysis to ensure normality of residuals. Lin-
ear mixed-effect modelling was used to determine the
effects of CO,, P supply, and time of nodule count-
ing on early nodule formation with a random inter-
cept used for each replicate. Normality of residuals
for each test was assessed using histograms, Q-Q
plots and the Shapiro-Wilk test. To compare means,
the least significant difference (LSD) was calculated
at the 5% significance level.

A two-phase linear model was used to determine
the critical P concentrations in nutrient solution, nod-
ules and shoots for N, fixation. The breakpoint on
the x-axis was considered the critical P concentra-
tion which was defined as the P concentration where
N, fixation was not increased by additional P. If the
standard error for the critical P concentration did not
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overlap between CO, treatments, the difference was
considered significant.

Analysis of variance and correlations were per-
formed in R version 4.0.5 (R Core Team 2021) and
post-hoc tests and linear mixed effect modelling was
carried out using the predictmeans (Luo et al. 2020)
and nlme (Pinheiro et al. 2021) packages in R, respec-
tively. The two-phase linear model was performed in
GENSTAT (v19; VSN International, Hemel Hemp-
stead, UK).

Results
Plant biomass

Elevated CO, significantly increased shoot dry weight
at 4 and 6 weeks after transplanting by 13% and 18%,
respectively (P <0.001, Fig. 1). Increasing P supply
from 0 to 50 uM P increased shoot dry weight by 49%
and 157% at 4 and 6 weeks, respectively (P <0.001,
Fig. 1a, b). At Week 4, root dry weight was greatest in
plants supplied 2 pM P whereas at Week 6, increasing
P supply increased root dry weight between 0 and 5
uM P but then plateaued between 5 and 50 uM P. The
root dry weight was 76% greater at 50 pM P com-
pared to nil-P control (P <0.001, Fig. 1d).

Nodulation and nitrogenase activity

Elevated CO, but not P supply influenced early nod-
ule formation. Elevated CO, enhanced early nodule
emergence by 20, 17 and 6% at 12, 14, and 16 days
after inoculation (P = 0.016, Fig. S2). The effect of P
supply on nodule number was only apparent at Week
6 with plants supplied 50 uM P having 14% more
nodules compared to plants without P supply (P =
0.024, Table 1). Nodule dry weight was affected by
P supply but not CO, level at Week 4 (P <0.001) and
Week 6 (P <0.001) (Table 1). At Week 4, plants sup-
plied 0 uM P displayed reduced nodule dry weight
compared to all other P treatments (Fig. 2a). The
effect of P supply on nodule dry weight was stronger
at Week 6 compared to Week 4, with increased P sup-
ply increasing nodule dry weight up to 5 uM P. Nod-
ule dry weight was over 2-fold greater at 50 uM P
than O pM P (Fig. 2b). Nodule size was unaffected by
CO, treatment but increased with increasing P supply
at both Weeks 4 (P <0.001) and 6 (P <0.001) with
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Table 1 Significance levels
CO P 1 CO, x P 1
(P values) of the effects of 2 i 2 SUPPY
CO, level, P supply and Measurement Week4  Week6  Week4  Week6  Week4  Week 6
their interactions on dry
weights of shoots, roots and Shoot dry weight <0.001 <0.001 <0.001 <0.001 0.301 0.279
niodule.s, nodule nun}b.er and Root dry weight 0.913 0.248 <0.001 <0.001  0.210 0.631
size, nitrogenase activity, Nodule dry weight 0485 0323  <0.001 <0.001 0845  0.784
specific nitrogenase activity,
whole plant N concentration Nodule number 0.664 0.900 0.124 0.024 0.532 0.967
and whole plant N content Nodule size 0.851 0.277 <0.001 <0.001 0.461 0.784
after 4 and 6 weeks of plant Nitrogenase activity 0.015 0.729 <0.001  <0.001  0.084 0.041
growth Specific nitrogenase activity ~ <0.001  0.002 0.001 <0.001  0.381 0.506
Shoot N concentration <0.001 0.484 0.149 <0.001 0.726 0.389
Root N concentration 0.351 0.623 0.247 0.002 0.999 0.578
Plant N content 0.201 <0.001  0.028 <0.001  0.056 0.891

nodule size being 68% and 180% larger at 50 uM P
than O P at Weeks 4 and 6, respectively (Fig. 2e, f).

Elevated CO, increased total nitrogenase activity
across all P treatments by 28% at Week 4, but only
increased total nitrogenase activity in plants supplied
25 and 50 uM P by 9 and 11%, respectively, at Week
6 (Fig. 3a, b). Nitrogenase activity was enhanced with
increasing P supply from 0 to 5 uM P at Week 4 (P
<0.001) and from O to 12 uM P at Week 6 (P <0.001)
before it was plateaued to 50 uM P. Elevated CO,
increased specific nitrogenase activity by 47% and
9% at Week 4 (P <0.001) and Week 6 (P = 0.002)
(Fig. 3c, d; Table 1). Specific nitrogenase activity
increased with increasing P supply from O to 5 pM
P at Week 4 and from O to 12 uM at Week 6 and then
plateaued at higher P supplies (Fig. 3d).

Nitrogen concentration and content

Nitrogen mobilised from the seed to plant was
approximately 8 mg and was not affected by CO, or
P treatment (P >0.05), this was determined by cal-
culating the difference between seed N content and
removed cotyledon N content (data not shown). Ele-
vated CO, significantly reduced shoot N concentra-
tion by 14% after 4 weeks of growth (P < 0.001) but
was unaffected by CO, level after 6 weeks of growth
(P = 0.484, Table 1). The effect of P supply on shoot
N was only observed at Week 6 (P <0.001, Table 1).
Shoot N concentration decreased by 45% with
increasing P supply from O to 5 uM P (Fig. 4b). Root
N concentration was not affected by CO,, P supply or
their interaction at Week 4, and was only affected by

@ Springer
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Fig. 2 Dry weight (a, b), number (¢, d) and size (e, f) of
nodules in white lupin grown under ambient (380 ppm) and
elevated (700 ppm) CO, concentrations. Plants were sup-
plied with 0, 2, 5, 12, 25 and 50 pM P, and were harvested 4

P supply at Week 6 where plants supplied O uM P had
a root P concentration 12% higher than other P sup-
plies (Fig. 4; Table 1).

Elevated CO, did not significantly affect the N
content of plants at Week 4 (P = 0.201) but increased
N content by 15% by Week 6 (P <0.001; Fig. 4e,
f). Increasing P supply also increased N content of
plants. The 50 uM P resulted in 44% greater N con-
tent than those receiving no P.

Nutrient uptake, excess cation uptake and proton
release

Elevated CO, decreased shoot P concentration by
15% at Week 4 (P = 0.004) and decreased it by 3%
across all P rates at Week 6 (P = 0.049, Table 2). The
shoot P concentration increased linearly with increas-
ing P supply from O to 50 uM with plants grown at 50
UM having 9 and 5 times higher shoot P concentra-
tion, compared to the O uM, at Weeks 4 and 6, respec-
tively (Table 2). Root P concentration was unaffected
by elevated CO,. Nodule P was only affected by P
supply with nodule P concentrations being 3 and
5 times larger at 50 uM P than O uM P at Weeks 4

@ Springer

(a, ¢, e) and 6 (b, d, e) weeks after transplanting. Vertical bar
indicates the least significant difference (P = 0.05) for any two
means where the main effect and/or interaction are significant.
Error bars indicate the standard error of the mean (n = 3)

and 6, respectively. Plant P content was not affected
by elevated CO, at Week 4 (P = 0.061). By Week 6,
elevated CO, increased plant P content only at 25 and
50 uM P, leading to a significant CO, X P interaction
(P = 0.004). Plant P content was influenced by P sup-
ply with plants supplied with 50 uM P containing 9
and 14 times more P than plants without P supply at
Weeks 4 and 6, respectively (Table 2).

At Week 4, elevated CO, enhanced excess cation
uptake by 4% irrespective of P supply (P = 0.002).
By Week 6, elevated CO, interacted with P sup-
ply to increase excess cation uptake with increases
only occurring in plants supplied 0 (14%) and 12
uM P (18%) (P = 0.007; Table 3). Elevated CO,
also increased specific excess cation uptake by 4% at
Week 4 (P = 0.020) but did not affect it at Week 6
(P = 0.332). At both Weeks 4 and 6, excess cation
uptake increased with increasing P supply from O to 5
UM but decreased when P supply increased from 5 to
50 uM (Table 3).

Elevated CO, enhanced proton release by 4% and
3% at Weeks 4 and 6, respectively (Table 3). Increas-
ing P supply decreased proton release with the high-
est proton release at 2 uM P at both sampling times
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Fig. 3 Whole plant nitrogenase activity (a, b) and specific
nitrogenase activity (c, d) of white lupin grown for 4 (a, ¢) and
6 (b, d) weeks under ambient (380 ppm) and elevated (700
ppm) CO, concentrations. Plants were supplied with 0, 2, 5,

(P <0.001). Elevated CO, increased specific pro-
ton release only in plants supplied O and 25 uM P at
Week 4. By Week 6, specific proton release was only
affected P supply (P <0.001) with 35% decrease in
specific proton release when P supply increased from
0 to 50 uM.

Elevated CO, increased the molar ratio of pro-
ton release to N, fixation (H*/N) by 5% at Week 4
(P = 0.023) but decreased it by 11% at Week 6 (P
<0.001). The highest H*/N ratio was observed at 5
uM P at Week 4, and at O pM P at Week 6 (Table 3).
Irrespective of CO, and P treatments, proton release
and excess cation uptake were positively correlated
(Fig. S1).

Critical P concentration for N, fixation
The critical P concentration is the concentration of

P in nutrient solution, nodules or shoots needed to
achieve maximum N content. Elevated CO, increased

| I I | | |
0 10 20 30 40 50

P supply (uM)

12, 25 and 50 uM P. Vertical bar indicates the least significant
difference (P = 0.05) for any two means. Error bars indicate
the standard error of the mean (n = 3)

the critical P concentration in nutrient solution for
N, fixation, with plants requiring 3.7 and 6.4 uM P
supply under ambient and elevated CO,, respec-
tively, to reach maximum N content (Fig. 5a). It also
increased the critical P concentration in shoots for N,
fixation by 17%. However, elevated CO, did not affect
the critical P concentration in nodules, being 4.95-
5.17 mg g~! to achieve maximum N content (Fig. 5b,
Table S1).

Discussion

P effect on N, fixation

Phosphorus deficiency inhibited N, fixation as dem-
onstrated by the positive relationship between P sup-
ply and plant N content (Fig. 4f). As no N was sup-

plied to the plants, most of the N was derived from
N, fixation. The reduction in N, fixation induced by

@ Springer
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Fig. 4 The concentrations of N in shoots (a, b) and roots (c,
d) and total N content (e, f) of white lupin grown under ambi-
ent (380 ppm) and elevated (700 ppm) CO, concentrations.
Plants were supplied with O, 2, 5, 12, 25 and 50 uM P. Plants
were harvested 4 (a, ¢) and 6 (b, d) weeks after transplanting.

P-deficiency at Week 6 was coupled to reduced host
plant growth, impaired nodule function and decreased
nodule size (Figs. 1b, 2f and 3b). Phosphorus defi-
ciency may directly inhibit nodule development and
function (Tang et al. 2001) or may signal N suffi-
ciency and lead to a reduction in plant N demand
(Sulieman et al. 2013). Zhu et al. (2021) proposed
that P deficiency induced excessive malate accu-
mulation in nodules which directly impaired nodule
metabolism, while Sulieman et al. (2013) suggested
that P deficiency decreased host-plant growth and
hence plant N demand, leading to downregulation of
nitrogenase activity. Given that P deficiency increased
shoot and root N concentrations, this would suggest
that P deficiency reduces plant demand for N leading
to downregulation in nitrogenase for white lupin.

CO, effect on N, fixation and nodulation
In the current experiment, elevated CO, stimulated
N, fixation. This is also supported by a wide range of

CO, enrichment studies. In a meta-analysis, Lam et al.
(2012) demonstrated that elevated CO, increased
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P supply (uM)

P supply (uM)

Vertical bar indicates the least significant difference (P = 0.05)
for any two means where the main effect and/or interaction are
significant. Error bars indicate the standard error of the mean
(n=3)

N, fixation by 38% which is a similar magnitude to
the current experiment (44%) (Fig. 4f). Elevated
CO, increased plant growth, which intensified plant
demand for N. Therefore, N, fixation was enhanced to
support the increased plant growth and avoid elevated
CO,-induced N deficiency. The increase in N, fixa-
tion under elevated CO, was supported by the greater
specific nitrogenase activity but not increased nodula-
tion (Figs. 2b and 3c). Increased nitrogenase activity
without an increase in nodulation indicates that indi-
vidual nodule activity was enhanced by elevated CO,,
which could be achieved through increased allocation
of carbohydrates towards nodules (Parvin et al. 2020;
Rogers et al. 2006). Elevated CO, was also shown to
increase N, fixation in field pea (Butterly et al. 2015)
and Medicago truncatula (Qiao et al. 2021) with-
out affecting nodulation. Therefore, elevated CO,
enhanced N, fixation by increasing plant growth and
enhancing nitrogenase activity within nodules.
Elevated CO, but not P supply influenced early
nodule formation. In the current study, elevated CO,
enhanced early nodulation between 12 and 16 days
after inoculation (Fig. S2). While enhanced nodulation
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Tabl'e 2 The concentrations Week Psupply CO, Shoot P Root P Nodule P P content
of P in shoots, roots and (M) (mg g—l) (mg g—l) (mg g—l) (mg plam—l)
nodules, and whole plant
P content of white lupin 4 0 Ambient  0.84fg 1.55¢f  3.59f 0.77¢
%60331 i} ?O’rz;‘ z ;13126, ise;‘(‘f Elevated  0.73g 1.34f 3.66f 0.67¢
(Week) under ambient (380 2 Ambient  1.33e 1.77e 4.67e 1.24f
ppm) and elevated CO, Elevated  1.05f 1.81e 4.56e 1.18f
(700 ppm). Means (n = 5 Ambient  1.85d 2.57d 6.54d 1.67¢
fgnfgl;‘e”i‘if’é;‘nclg’fggry‘ Elevated 1.64d 2384  6.02d 1.54e
different from each other 12 Ambient  2.60c 5.17c 9.67c 2.60d
(LSD, P =0.05) Elevated 2.40c 5.06¢ 9.58¢ 2.72d
25 Ambient  3.50b 11.43b 12.36b 5.26b
Elevated  2.84bc 10.59b 12.08b 4.42¢
50 Ambient  6.38a 17.00a 14.48a 6.68a
Elevated 5.63a 17.53a 14.88a 7.45a
Significance level
CO, <0.001 <0.001 0.073 0.063
P supply <0.001 <0.001 <0.001 <0.001
CO, x P supply 0.881 0.478 0.939 0.051
6 0 Ambient  1.14e 1.61f 2.46f 1.12h
Elevated  0.82f 1.64ef 2.01g 1.15h
2 Ambient  1.43d 1.86ef 2.66f 2.38¢g
Elevated 1.43d 1.80ef 2.84f 2.55fg
5 Ambient  1.64d 2.10e 4.46e 3.65f
Elevated 1.53d 2.06ef 4.43e 3.65¢f
12 Ambient  2.20c 4.24d 8.65d 5.75e
Elevated  2.14c 4.93d 8.22d 6.53e
25 Ambient  2.74b 9.57¢ 10.97¢ 9.71d
Elevated  2.66b 12.75b 11.25bc 11.67¢
50 Ambient  5.30a 18.65a 13.78ab 17.87b
Elevated 5.20a 19.22a 13.52a 20.86a
Significance level
CO, 0.049 0.241 0.404 <0.001
P supply <0.001 <0.001 <0.001 <0.001
CO, X P supply 0.066 0.547 0.448 0.004

is widely reported in plants grown under elevated CO,,
few studies report the effect of elevated CO, on early
nodule formation (Lam et al. 2012; Li et al. 2017). Root
infection by rhizobia is driven by flavonoid exudation
to attract the free-living rhizobia and to ultimately ini-
tiate infection of plant roots. Given that elevated CO,
increased early nodulation, elevated CO, could have
increased flavonoid exudation and aid in plant’s attrac-
tion of rhizobia, inducing root infection and early nod-
ule formation (Haase et al. 2007; Wang et al. 2018).
The lack of CO, effect on nodule number at Weeks
4 and 6 after treatment (Fig. 2¢, d) could be linked to

the final number of nodules being regulated through
Autoregulation of Nodulation (Ferguson et al. 2019;
Mortier et al. 2012). These results show that elevated
CO, could aid in the attraction and recruitment of ben-
eficial rhizobia during plant establishment even if the
plants were grown in low-P conditions.

CO, effect on the critical P concentration for N,
fixation

Plants grown under elevated CO, required addi-
tional P supply to support increased N, fixation.
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Table 3 Excess cation uptake (eCat), specific excess cation
uptake, proton (H*) release, specific proton release and the
molar ratio of proton release to N, fixed (H*/N) of white lupin
grown at 0, 2, 5, 12, 25 and 50 uM P for 4 and 6 weeks under

ambient (380 ppm) and elevated CO, (700 ppm). Means (n =
3) followed by a common letter are not significantly different
from each other (LSD, P = 0.05)

Week P supply CO, eCat uptake Specific eCat H* release Specific H* HY/N
M) (mmol, plant™)  uptake (mmol plant™')  release
(mmol, g~! root (mmol g~! root
dry weight) dry weight)
4 0 Ambient  0.80d-g 3.95bc 1.06ef 5.10c-e 0.95bc
Elevated 0.791fg 4.13ab 1.11b-d 5.80a 0.99a-c
2 Ambient  0.90ab 3.58ef 1.19a 4.84ef 0.94bc
Elevated  0.93a 3.69de 1.23a 5.02c-f 1.02ab
5 Ambient  0.84cd 4.10ab 1.15b 5.57ab 1.02a-c
Elevated 0.86bc 4.06a-c 1.14bc 5.4la-d 1.07a
12 Ambient  0.78fg 3.86cd 1.05f 5.16b-e 0.93bc
Elevated 0.84c-e 4.25a 1.10cd 5.42bc 0.88cd
25 Ambient  0.79-g 3.45¢ 1.05f 4.61f 0.77d
Elevated  0.83c-f 3.65d-f 1.09de 5.05de 0.98a-c
50 Ambient  0.6%h 3.63ef 1.00g 5.21b-e 0.92bc
Elevated  0.77g 3.65d-f 1.05f 5.05d-e 0.90b-d
Significance level
Co, 0.002 0.020 0.025 0.038 0.023
P supply <0.001 <0.001 <0.001 <0.001 0.003
CO, x P supply 0.163 0.150 0.369 0.030 0.089
6 0 Ambient  0.96e 3.07 3.13h 9.99a 2.09a
Elevated 1.09d 3.01 3.25¢g 9.06a 1.83bc
2 Ambient  1.57bc 3.35 3.80ab 7.42b 2.07a
Elevated 1.64bc 3.13 3.89a 7.37b 1.88b
5 Ambient  1.88a 3.00 3.77bc 6.22bc 1.82bc
Elevated 191a 3.28 3.87a 6.66bc 1.67de
12 Ambient  1.60bc 3.13 3.57e 7.03bc 1.71 cd
Elevated 1.88a 3.15 3.70cd 6.56bc 1.53f
25 Ambient  1.53c 2.85 3.37f 6.27bc 1.55ef
Elevated  1.67b 3.20 3.62de 6.96bc 1.47¢
50 Ambient  1.56bc 2.96 3.40f 6.44bc 1.57d-f
Elevated 1.52¢ 2.81 3.34fg 5.79%¢ 132¢g
Significance level
CO, <0.001 0.332 <0.001 0.520 <0.001
P supply <0.001 0.231 <0.001 <0.001 <0.001
CO, x P supply 0.007 0.158 0.076 0.417 0.501

Elevated CO, doubled the critical P concentra-
tion in nutrient solution for N, fixation (Fig. 5a;
Table 4). Because elevated CO, did not enhance
nodulation or alter the critical P concentration
in nodules, the additional P supply was allocated
towards shoot biomass production rather than pro-
ducing nodules. The additional P was likely utilised

@ Springer

to support higher photosynthetic rates and to sup-
ply nodules with additional C to enhance nitro-
genase activity, and hence N, fixation (Liu et al.
2018). In a previous study, elevated CO, increased
the critical P concentration for plant growth in cot-
ton (Rogers et al. 1993). The increase in critical P
concentration in nutrient solution for N, fixation
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Fig. 5 Critical P concentrations in nutrient solution (a), nod-
ules (b) and shoots (c¢) for N content of white lupin grown for 6
weeks under ambient (380 ppm) and elevated CO, (700 ppm).
Solid and dashed lines represent the line of best fit using a two-

is likely to be larger in leguminous species which
display enhanced nodulation under elevated CO,.
Therefore, to maximise the benefit of rising atmos-
pheric CO, concentrations on N, fixation, plants
will have to acquire more P. Although it is unclear
if improved P acquisition mechanisms or managing
soil P through cover cropping will negate the need
for additional P inputs under elevated CO, (Hallama
et al. 2019; O’Sullivan et al. 2020, 2021).

Although elevated CO, increased the critical P
concentration in nutrient solution for N, fixation, it
also partially alleviated the negative effect of P defi-
ciency on N, fixation. In the current experiment, P
deficiency reduced N, fixation, but elevated CO,
counteracted this effect by stimulating plant growth,
nitrogenase activity and N, fixation under P-limiting
conditions (Fig. 4f). Furthermore, the critical P con-
centration in nodules for N, fixation was unaffected
by CO, treatment despite enhanced N, fixation under
elevated CO, (Table S1, Fig. 5). It appears that plants
exposed to elevated CO, could fix the same amount
of N, as that under ambient CO, but with lower nod-
ule P status. To achieve higher N, fixation in P-defi-
cient nodules, elevated CO, could favour the use of
carbohydrates in the plant and carboxylates that accu-
mulate in nodules under P deficiency to drive nitro-
genase activity (Le Roux et al. 2008; Sa and Israel
1998). Elevated CO, partially reversed the negative

phase linear model for ambient and elevated CO,_ respectively.
C, and C, represent the critical P concentration (+ standard
error) for maximum nitrogen fixation. See Table S1 for regres-
sion analysis summary

effect of P deficiency on N, fixation by enhancing
nodule function via increased specific nitrogenase
activity.

Elevated CO, or P deficiency did not influence N,
fixation at 4 weeks of growth, and thus the critical
P concentration could not be defined. Despite plant
growth being limited by P supply, nodule P concen-
tration was significantly higher than shoot P which
enabled nodule function and N, fixation in the low-P
environment (Table 3). For example, Shulze et al.
(2006) found that N, fixation in white lupin was unaf-
fected by P deficiency after 3 weeks of plant growth.
However, elevated CO, enhanced shoot dry weight
at Week 4 across all P rates but this did not result in
enhanced N, fixation. The results indicate that whilst
nodules formed during an early nodulation process
could support N, fixation under ambient CO, they
are unable to enhance N, fixation under elevated
CO, despite increased shoot dry weight, resulting
in a decrease in shoot N concentration (Haase et al.
2007; Sa and Israel 1998). This could be due to nod-
ule dry weight and nodule size being too small, par-
ticularly when compared to nodule size at Week 6. A
similar effect was observed by Sa and Israel (1998)
who found that elevated CO, did not increase N, fixa-
tion of soybean after 4 weeks of growth. This indi-
cates that elevated CO, is likely to affect the critical
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P concentration for N, fixation when nodules are
mature and P deficiency is intensified.

Excess cation uptake and proton release

Elevated CO, promoted excess cation uptake, result-
ing in enhanced proton release (Table 2, Fig. S1),
which could aid in acquiring non-labile P forms
when plants are grown in P-deficient soils. Legumes
that rely on N, fixation for N take up more cations
than anions, which results in net proton release into
the rhizosphere (Tang et al. 1999). Phosphorus defi-
ciency also leads to rhizosphere acidification to mobi-
lise non-labile P forms (Pueyo et al. 2021). Elevated
CO, might promote excess cation uptake due to
enhanced biomass production of N,-fixing species,
favouring the uptake of cations over anions (McLay
et al. 1997). It also increased specific proton release
at Week 4 under low P supply, which would intensify
rhizosphere acidification, contributing to mobilisa-
tion of non-labile P. Specific excess cation uptake
and specific proton release are closely related, indi-
cating that excess cation uptake contributed to the
enhanced acidification. However, elevated CO, can
also enhance exudation of organic acid anions under
low P, which could further promote proton release
(O’Sullivan et al. 2021). The increase in rhizosphere
acidification under P deficiency may aid in acquiring
non-labile P which could contribute to the increased P
demands needed for N, fixation under elevated CO,.

Conclusions

Elevated CO, increased N, fixation rates whereas P
deficiency decreased it. Under elevated CO,, plants
require greater P supply to support enhanced N,
fixation. To maximise the effect of elevated CO, on
enhancing N, fixation, plants may have to acquire
more P than what is currently required under ambi-
ent CO, concentrations. Therefore, as atmospheric
CO, concentrations rise, there will be greater empha-
sis on managing soil P levels. Enhanced N, fixation
of P-deficient plants under elevated CO, was achieved
through promoting specific nitrogenase activity and not
increasing nodule mass. Elevated CO, also promoted
excess cation uptake and proton release, which would
promote rhizosphere acidification and mobilisation

@ Springer

of non-labile P in the soil when plants are grown in
P-deficient soils. Future research should examine the
underlying physioloigical mechanisism of enhanced N,
fixation of P-deficient plants under elevated CO,.
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