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Abstract
Rising concentrations of carbon dioxide (CO2) is likely to have important effects on growth and development of plants and on
their relationship with symbiotic microbes. A rise in CO2 could increase demand by plant hosts for nutrient resources, which may
increase host investments in beneficial symbionts. In the legume-rhizobia mutualism, while elevated CO2 is often associated with
increased nodule growth and investment in N2-fixing rhizobia, it is yet unclear if this response depends on the mutualistic quality
of the rhizobia. To test if host carbon allocation towards more-beneficial nodules are similar to less-beneficial (but still effective)
nodules when plant N demand changes, we manipulated plant C and N status with elevated CO2 and additional nitrate. We used
two isogenic Rhizobium etli strains that differ in their ability to synthesize an energy reserve compound, poly-beta-
hydroxybutyrate (PHB), as well as their efficiencies for nitrogen fixation and nodulation rates, resulting in two Phaseolus
vulgaris host groups with either large number of small nodules or small number of large nodules. The addition of nitrate
negatively affected carbon allocation towards nodules, and elevated CO2 reversed this effect, as expected. However, this
alleviation of nodule inhibition was greater on plants that started with greater numbers of smaller nodules. If smaller nodules
indicate less-efficient or low-fixing rhizobia, this study suggests that increased demand for nitrogen in the face of elevated CO2

has the potential to disproportionately favor less-beneficial strains and increase variation of nitrogen fixation quality among
rhizobia.
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1 Introduction

Nitrogen fixation is one of the most important metabolic re-
actions for life on Earth (Canfield et al. 2010). This chemical
reaction is performed solely by prokaryotic microbes and is
further selected by macro-hosts, such as plants or termites,
that depend on the symbiotic associations with these mi-
crobes for nitrogen (Mylona et al. 1995). For example, plant
species in the legume family (Fabaceae) form root nodules in
which symbiotic rhizobial bacteria fix atmospheric nitrogen
in exchange for the host plant carbon. A single legume plant

can associate with multiple rhizobial strains simultaneously
and allocates more or less carbon (C) to different nodules
based on relative qualities of the nitrogen fixation per nodule
mass (i.e., giving more C to nodules that provide more N;
Kiers et al. 2006). If host resource allocation to each nodule
positively correlates with relative fitness of rhizobial geno-
types in those nodules, the host can effectively impose selec-
tion for the most-beneficial nitrogen-fixing strains (West et al.
2002). A product of this host selection, or “host sanctions”
(sensu West et al. 2002), is the positive alignment (i.e., cor-
relation) between legume and rhizobial fitness during single-
strain inoculation because plants with highly-beneficial nod-
ules not only grow more (i.e., have higher fitness) themselves
but also allocate more carbon to their nodules (i.e., increasing
fitness of the rhizobia; Friesen 2012; Kiers et al. 2013).
However, when plants are infected by multiple strains
(Kiers et al. 2013) or have alternative sources of nitrogen
(Streeter and Wong 1988) or when rhizobia can manipulate
host carbon allocation (Ratcliff and Denison 2009), the fit-
nesses of host and symbiont may not align (i.e., a more fit
plant does not necessarily have uniformly larger nodules than
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a less fit plant; Sachs and Simms 2006) and the mutualistic
traits may no longer be under strong selection for either spe-
cies (Heath and Stinchcombe 2014).

The fitnesses of a legume host and its rhizobial symbionts
may not be positively correlated when traded resources are no
longer in high demand (i.e., worth the cost or most important)
for one or both partners. For example, legume and rhizobial
fitnesses are not aligned in environments with high levels of
soil nitrogen (e.g., Streeter and Wong 1988), which decreases
plant demand for fixed nitrogen (N) from rhizobia. This is
likely because even the most highly-beneficial rhizobia re-
quires more energy to fix N2 than the energy required of a
plant to take up nitrate directly through its roots (Ryle et al.
1979) and legumes become ‘less willing’ to pay the high cost
of N2 fixation if they can find less-expensive alternatives
(Oono et al. 2020; Westhoek et al. 2021). Exceptional cases
may be in host species whose demand for N have no clear
upper bounds (Camargos and Sodek 2010; Regus et al. 2014;
Menge et al. 2015). Other environmental factors, such as her-
bivory, light availability, and atmospheric CO2 concentra-
tions, also change the plant demand for fixed N by altering
the status of plant carbon (i.e., C:N ratios) and, subsequently,
affect rhizobial fitness. For example, plants in the shade with
decreased photosynthetic rates and C resources have de-
creased demand for fixed N and make smaller nodules
(Houx et al. 2009; Lau et al. 2012; Taylor and Menge 2018;
Friel and Friesen 2019; Heath et al. 2020) whereas plants
exposed to elevated CO2 with increased C resources have
increased demand for fixed N and make larger nodules (e.g.,
Schortemeyer et al. 1999; Ainsworth and Long 2005; Rogers
et al. 2006; Bertrand et al. 2007, 2011; Prévost et al. 2010;
Sanz-Sáez et al. 2012; Sanz-Sáez et al. 2015). Herbivory,
which decreases plant C, like shade, can also decrease invest-
ments in symbiotic associations, leading to lower nodule bio-
mass (Vance et al. 1979). However, Heath and Lau (2011)
found that herbivory did not affect nodule size and even in-
creased nodule number per plant, suggesting there was an
increase in demand for fixed N, perhaps to synthesize more
secondary defense compounds (Polley et al. 1989). While a
significant body of literature focuses on the direct effects of a
particular environmental factor (e.g., elevated CO2, light
availability, soil N) on the legume-rhizobia fitness alignment
(e.g., Phillips et al. 1976; Streeter and Wong 1988; Cabrerizo
et al. 2001; Heath and Tiffin 2007), fewer studies have tested
the interactive effects of two or more factors (but see Wong
1980 for nitrate x sugar; Sa and Israel 1998 for phosphorus x
CO2; Sanz-Sáez et al. 2010 for CO2 x NH4NO3; Thomas et al.
2000; Zhang et al. 2011; Butterly et al. 2016 for nitrate x CO2;
Lau et al. 2012; Friel and Friesen 2019 for light x nitrate).
Furthermore, no past studies, to our knowledge, has explicitly
explored the interactive effects of nitrate and CO2 on rhizobial
fitness because most are focused on understanding plant yield
or growth. In this study, we explored the direct and interactive

effects of one environmental factor that directly alters plant C
status - atmospheric CO2 concentrations - with another that
directly affects plant N status - supplemental nitrate - on the
relative benefits and costs of the symbiosis for two rhizobial
strains on bean hosts (Phaseolus vulgaris).

The effects of resource availability on benefit-cost ratios
for legume-rhizobia symbioses can depend on environmental
contexts, such as availability of phosphorus or micronutrients
(Niklaus and Körner 2004; Hungate et al. 2004; van
Groenigen et al. 2006). Generally, however, nitrate has been
shown to decrease nodule biomass (Gibson and Pagan 1977;
Streeter and Wong 1988; Heath et al. 2010) and elevated CO2

has been shown to alleviate any inhibitory effects of soil ni-
trogen on nodule growth, either average mass per nodule or
number of nodules per plant (Thomas et al. 2000; Butterly
et al. 2016). What is less clear is how this change in plant
investment towards nodules across environmental gradients
(e.g., a soil N gradient that shifts plant demand for fixed N)
may also depend on the symbiotic quality of the nodule or the
rhizobial genotype. For example, Oono et al. (2020) showed
that plants differentially allocate resources between highly-
and moderately-efficient nodules when plants were given no
supplemental nitrate, but this differential allocation (based on
relative average weight per nodule) was no longer detectable
when plants were given supplemental nitrate (echoing similar
results from Kiers et al. 2006), suggesting host selection for
high-fixing rhizobia was weakened when plant N demand
decreased. We hypothesize that carbon allocation towards
more-beneficial nodules are disproportionately penalized rel-
ative to less-beneficial (but still effective) nodules when plant
N demand decreases. In this study, we decreased plant de-
mand for fixed N by providing supplemental nitrate and also
increased demand for fixed N by elevating atmospheric CO2

in gas-tight transparent chambers in the greenhouse. We then
evaluated whether any changes in the correlation between
rhizobial and legume fitnesses under each of these conditions
were due to the relative benefit-cost ratio of the symbiosis
(i.e., rhizobial strain quality) to the host.

We conducted single-strain inoculation experiments using
one of two isogenic strains of Rhizobium etli, CE3 and
SAM100 (Cevallos et al. 1996). CE3 is derived from the type
strain, CFN42 (Quinto et al. 1982), whereas SAM100 is de-
rived from CE3 but with an insertion in the phaC gene,
preventing its synthesis of the lipid poly-β-hydroxybutyrate
(PHB). This energy-storage lipid compound allows rhizobial
cells to reproduce and survive in the soil (Bergersen and
Turner 1990; Anderson and Dawes 1990). Cevallos et al.
(1996) found that this PHB-negative SAM100 mutant had
prolonged N2-fixation and ability to increase the biomass of
its host, relative to wild-type CE3, suggesting that SAM100 is
a more efficient N2-fixer compared to CE3. Recent work mea-
suring H2 production and CO2 respiration from intact root
systems also corroborate differences in fixation efficiencies
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between the two strains (Oono et al. 2020). However, the
PHB-negative SAM100 nodulates far slower, typically
forming nodules 7–10 days after CE3, and between 33 and
50% fewer nodules per plant than CE3 during single-strain
inoculations. We quantified rhizobial fitness under factorial
combinations of plants growing under ambient or elevated
CO2 and with or without 5 mM of nitrate. We measured host
shoot N as a proxy for host fitness or host benefit and nodule
total biomass as a proxy for host cost. Because rhizobia can
use plant carbon for either reproduction or cellular energy
storage (Denison 2000), we measured rhizobial fitness by av-
erage weight per nodule, which is highly correlated with cells
per nodule within strains (Ratcliff et al. 2011), and PHB per
cell, shown to fuel cell division and to prolong rhizobial sur-
vival in nutrient-limited environments (Ratcliff et al. 2008),
using flow cytometry.

2 Materials and methods

2.1 Rhizobial strains

Rhizobium etli were grown in 125-ml Erlenmeyer flasks con-
taining 50 ml of tryptone-yeast medium and respective antibi-
otics (30 μg/ml of Km and 200 μg/ml of Str for PHB-nega-
tive, SAM100, and 200 μg/ml of Str for wild-type, CE3) at
room temperature with shaking until the flasks were cloudy.
Cells were resuspended into starvation buffer (Wei and Bauer
1998) before inoculation.

2.2 Plant growth conditions and treatments

Seeds of dwarf beans (cv. Royal Burgundy) were surface ster-
ilized with 0.09% hypochlorite (3% commercial bleach) for
5 min, rinsed in deionized water, and allowed to germinate in a
Petri dish with wet tissues. Germinated seeds were transferred
to 8 in.-deep cone-tainers (160 mL) containing vermiculite
within one week of seed preparation and watered daily with
10 mL nitrogen-free Fahraeus nutrient media (Fahraeus
1957). At the end of the experiment, there were no signs of
‘root-binding’ in the cone-tainers, suggesting that the volume
of the cone-tainers were sufficient for this dwarf variety.
Beans were placed in one of four continuously-stirred tank
reactors (CSTR; Heck et al. 1978) located in a greenhouse
bay at University of California - Santa Barbara. Briefly, air
from each of the CSTR chambers are sequentially sampled
every eight minutes for two minutes each by an infrared gas
analyzer (EGM-4, PP Systems International, Inc., Amesbury,
MA). Rates of CO2 gas flow from a gas cylinder are modified
electronically to specific chambers until CO2 concentrations
are at target levels. The CSTR received either ambient (aver-
aging 463 ppm) or elevated (averaging 820 ppm) atmospheric
CO2. For the elevated CO2 treatment, we chose a

concentration sufficiently higher than what the ambient cham-
bers occasionally experienced during the day (~600 ppm) be-
cause the chambers were not equipped with CO2 scrubbing.
Experiments in open-air chambers in the field or in highly-
controlled indoor growth chambers would also have been
valuable, although field studies rarely have the ability to con-
trol the microbial soil community and indoor chambers may
not provide adequate solar radiation to meet the demands of
plants growing in elevated CO2. In this study, we weighed the
risk of potential contamination in greenhouse settings to the
benefits of testing under natural light. We recorded environ-
mental parameters, such as relative humidity, temperature,
photosynthetically activated radiation (PAR), and real-time
CO2 levels for each chamber throughout the experiment (see
Suppl. Fig. 1–3). To avoid having plants exposed to
prolonged microclimatic differences of individual CSTR
chambers, CO2 treatments were randomly assigned to the four
chambers every week and every plant sample was randomly
moved to the newly assigned chambers of the respective CO2

treatment every few days. Each chamber contained 61 plants;
19 controls with no rhizobial inoculations, 21 plants with just
PHB-negative (SAM100) strain, and 21 plants with just wild-
type (CE3). Because SAM100 cannot synthesize PHB and
appear to not survive in the rhizosphere for as long as the
wild-type after initial inoculation, we inoculated plants
assigned to the SAM100 treatment twice with fresh inoculum,
three and eight days after planting to saturate potential nodu-
lation for both strain treatments. We had also observed in
preliminary studies that inoculating plants only once with
SAM100 could lead to poor survival of the plants due to
insufficient nodulation. Furthermore, we did not begin apply-
ing the supplemental nitrate treatments (5 mM potassium ni-
trate to the Fahreausmedia) until 2 weeks after initial rhizobial
inoculation to encourage nodulation since we were most in-
terested in the effect of nitrate on average nodule size, not
nodule numbers. After eight weeks (Oct. 6 -Dec. 7, 2016),
we harvested the plants, measured the legume dry weights
(shoot and root separately), average nodule mass (based on
10 random nodules), number of nodules per plant, shoot δ15N
for measuring relative contribution of fixed N with the natural
abundance method (Unkovich et al. 2008), percent N in
shoots, and average PHB per cell for wild-type (CE3) nodules.

2.3 Dry mass and stable isotope analyses

Individual plants were divided into roots and shoots, dried in
an oven at 65 °C for at least 48 h, and weighed. Total dried
root weights were measured with nodules. Dried samples of
shoots were homogenized roughly with scissors before being
ground by a Wig-L-Bug Grinding Mill using ball bearings.
Approximately 1 mg of the ground samples were packed in tin
capsules and their weights were recorded. The isotope ratio
mass spectrometry was performed on a Costech ECS 4010
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CHNSO at the UCSB Marine Science Institute Analytical
Lab. Acetanilide and USGS40 standards were used for isotope
analysis of the ground samples. The natural abundance of 15N
to 14N, an indication of relative contribution from nitrogen
fixation and soil, is reported as δ15N using atmospheric
15N:14N as the reference ratio (Unkovich et al. 2008).
Fifteen bean seeds without seed coats were also destructively
analyzed for δ15N and nitrogen content.

2.4 Rhizobial fitness

Approximately ten random nodules per plant were weighed to
estimate average rhizobial fitness per nodule per plant. The
nodules were chosen from the roots using a random number
generator. Nodules were rinsed with sterile deionized water
three times before being crushed in bulk (10 nodules per tube)
in ascorbic acid buffer (Arrese-Igor et al. 1992). Rhizobial
extracts via centrifugation were stained with Nile red and
analysed for mean PHB (pg) per rhizobial cell in the flow
cytometer following method in Ratcliff et al. (2008) on a
Guava ExpressPlus. Samples were run with seven standards
whose PHB concentrations had been determined by a gas
chromatograph (min: 0.056 pg/ul, max: 0.334 pg/ul) or with
a common set of 20 samples to standardize variations among
flow cytometry runs (min: 0.0609, max: 0.1653 pg/uL). For
each run, a standardization equation was estimated with the
standard samples to calculate the PHB concentration (pg/ul) of
the samples. Rhizobial cells were gated with the Guava acqui-
sition software by comparing with a negative control (stained
blank sample).

2.5 Statistics

We used linear models with interaction terms (lm; stats pack-
age, R 3.5.2) to test for the effects of CO2 concentration,
supplemental nitrate, rhizobial inoculation, and their

interactions on plant benefit (root and shoot biomass, shoot
nitrogen, shoot δ15N), plant cost (number of nodules, total
nodule biomass per plant), and rhizobial benefit (average bio-
mass per nodule and PHB per cell) of the symbiosis. We
considered shoot nitrogen, a proxy for plant benefit, to also
be a proxy for symbiotic cost for the rhizobia if no supple-
mental nitrate was provided. We considered the benefit-cost
ratio between shoot N and total nodule biomass as the symbi-
otic efficiency or the symbiotic quality of the strain (Oono and
Denison 2010). Because the majority of uninoculated control
treatments still produced some nodules, we remain open to the
potential that all plants could be infected with both strains.
However, we found expected differences in nodule numbers
and nodule sizes between the two inoculum treatments under
ambient conditions with no nitrate, suggesting that plants were
dominated by the strain of the inoculum and had minimal
cross-contamination. When group means were significantly
different, we conducted post-hoc testing with Tukey’s HSD
at a significance level of 0.05.

3 Results

3.1 Effects of CO2 and nitrate on plant biomass and
nitrogen

Although elevated CO2 (0.38 ± 0.07 s.d. for aCO2 vs. 0.47 ±
0.12 for eCO2; p = 0.132) and nitrate (0.38 ± 0.09 no N vs.
0.48 ± 0.11 with N, p = 0.014) increased the average shoot
biomasses with similar effect sizes, only nitrate had statistical-
ly significant effects when accounting for all factors (Table 1).
And although additional elevated CO2 and nitrate both in-
creased the average root biomass (0.21 ± 0.04 for aCO2 vs.
0.25 ± 0.07 for eCO2, p = 0.876; 0.22 ± 0.06 no N vs. 0.25 ±
0.06 with N, p = 0.901), neither effects were statistically sig-
nificant (Suppl. Table 1). Elevated CO2 and nitrate had greater

Table 1 Linear model summary testing effect of nitrate (0 vs. 5 mM
potassium nitrate), CO2 (elevated vs. ambient), inoculum (wild-type vs.
PHB-negative), and their interactions on shoot dry biomass (residual df =
127). Estimates are based on plants growing in no nitrate under ambient

CO2 conditions with the wild-type (CE3) as the reference group.
Estimates and standard errors are analyzed from non-normalized values.
Shoot nitrogen concentrations were square-root transformed for normal
distribution. The t-values and p-values are based on normalized values

Shoot biomass Shoot N% Shoot N

Estimate Std. Error t-value p Estimate Std. Error t-value p Estimate Std. Error t-value p

Nitrate 0.071 0.028 2.495 0.014 0.042 0.206 0.207 0.837 1.608 0.996 1.615 0.111

CO2 0.042 0.028 1.516 0.132 −0.331 0.200 −1.540 0.128 −0.266 0.970 −0.274 0.785

Strain 0.045 0.029 1.564 0.120 −0.544 0.196 −2.712 0.008 −0.839 0.949 −0.883 0.380

Nitrate * CO2 0.084 0.040 2.104 0.037 −0.137 0.278 −0.536 0.594 0.616 1.345 0.458 0.648

N * Strain −0.087 0.043 −2.027 0.045 0.859 0.295 2.609 0.011 1.004 1.426 0.704 0.484

CO2 * Strain −0.017 0.039 −0.421 0.675 0.074 0.277 0.062 0.951 0.001 1.339 0.000 1.000

CO2 * Strain * N 0.098 0.058 1.703 0.091 −0.480 0.400 −0.973 0.334 −0.767 1.935 −0.396 0.693
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than additive effects on above- (significant CO2 x nitrate
interaction, p = 0.037, Table 1) and below-ground plant bio-
mass (significant CO2 x nitrate interaction, p = 0.009, Suppl
Table 1). The positive effect of additional nitrate on shoot
biomass also depended on the strain (significant nitrate x
strain interaction, p = 0.045, Fig. 1a). Beans are reported to
have one of the poorest capacities for nitrogen fixation among
legumes (Isoi and Yoshida 1991), possibly explaining whywe
saw an increase in host biomass by nitrate but no increase by
elevated CO2 alone.

We found no significant dilution effect by elevated CO2 to
decrease nitrogen concentrations (N%) in shoot tissues overall
(1.86 ± 0.58 s.d. for aCO2 vs. 1.42 ± 0.40 for eCO2; p = 0.128,
Table 1), likely due to large variations within each treatment
(Fig. 1b). Plants inoculated with the PHB-negative had lower
N% than plants inoculated with the wild-type (1.50 ± 0.61 vs.
1.74 ± 0.42, p < 0.008), but this was highly dependent on the
nitrate treatment (significant nitrate x strain interaction, p =
0.011). Additional nitrate increased shoot N% for plants inoc-
ulated with the PHB-negative strain (from 1.27 ± 0.28 to 1.79
± 0.79 s.d.) but not for plants inoculated with the wild-type
strain (from 1.77 ± 0.40 to 1.72 ± 0.45 s.d.). Ultimately, this
led to no detectable effects for any of the treatments or their
interactions on the total nitrogen in shoots, as calculated by
multiplying N% with respective dry shoot biomass (Table 1,
Fig. 1c). Plants without supplemental nitrate had lower total
shoot nitrogen on average, but the effects were not statistically

significant (5.67 ± 1.76 s.d. without N vs. 7.92 ± 2.33 with N;
p = 0.111, Fig. 1c).

3.2 Effects of CO2 and nitrate on nodulation and
rhizobial fitness

The number of nodules was smallest on plants growing with
5 mMof nitrate under ambient CO2 conditions and greatest on
plants growing without nitrate under ambient CO2 conditions,
with nitrate having a significant effect on its own (p < 0.001,
Fig. 2a, Table 2). However, a consistent effect on nodule
number by elevated CO2 was not found across all treatments
(p = 0.244). Elevated CO2 only had a positive effect on nodule
numbers when nitrate was supplied (significant nitrate x CO2

interaction, p = 0.002, Fig. 2a, Table 2). Finally, although we
found nodules on uninoculated controls and all plants could
potentially be co-infected, we found a strong effect by the
inoculum treatment on nodule number (p < 0.001). As expect-
ed from a prior study (Oono et al. 2020), plants inoculated
with PHB-negative strain had fewer nodules, averaging 32
nodules (s.d. ±19), while plants inoculated with the wild-
type strain averaged 94 nodules per plant (s.d. ±38). If plants
inoculated with the PHB-negative strain were contaminated
with the wild-type strain, we would expect much greater num-
bers of nodules per plant. Since the PHB-negative strain is a
poor nodulator, we would not expect plants inoculated with
the wild-type strain to be significantly contaminated with the

Fig. 1 Effects of CO2, nitrate and inoculum treatments on shoot and
root dry weights, shoot nitrogen percent and total nitrogen. a) Dry
weights of above- (shoot) and below-ground (root) host tissues were dried
and weighed. Bars are standard errors (15–20 plants per group). b) Shoot
tissues were analyzed for nitrogen with isotope mass spectrometer. Bars
are standard errors (7–12 plants per group, sample numbers are lower than

dry mass because not all samples were analyzed by the mass spectrome-
ter) c) Total shoot N was calculated by multiplying percent nitrogen with
total dried shoot biomass. Letters in all panels indicate results from post-
hoc Tukey’s HSD tests after overall significances were confirmed with
linear models with interaction terms (Table 1, Suppl. Table 1)
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PHB-negative strain. Furthermore, the alleviating effect of
CO2 on the inhibition of nodule number by additional nitrate
was consistent between the rhizobial strains (no significant
strain x CO2 x nitrate interaction, p = 0.643, Table 2). For
the wild-type strain, nitrate decreased nodule numbers by
44% on average under ambient conditions and only by 6%
under elevated CO2 conditions. For PHB-negative strain, nitrate
decreased nodule numbers by 68% on average under ambient
conditions and only by 19% under elevated CO2 conditions.

Nitrate did not have a consistent effect on average nodule
weights (p = 0.144) whereas CO2 levels increased average
nodule weights for both inoculum (on average ± s.d., from
1.5 ± .6 to 2.8 ± 1.1 mg for wildtype or from 2.1 ± 1.8 to 2.6
± 1.6 mg for PHB-negative) and nitrate (from 2.4 ± 1.5 to 3.2
± 1.4 mg for no N or from 1.0 ± 0.6 to 2.3 ± 1.3 mg with N)
treatments (p = 0.009; Fig. 2b, Table 2). Nitrate only de-
creased average nodule weights for plants inoculated by the
PHB-negative strain (from 3.3 ± 1.7 to 1.3 ± 1.0 mg), and had
little effect for plants inoculated by the wild-type strain (from
2.2 ± 1.1 to 2.1 ± 1.2 mg; nitrate x strain, p = 0.001). Similar to
nodule numbers, we found expected differences in average

nodule weights depending on inoculum treatment (p =
0.004). Plants inoculated with the PHB-negative strain had
significantly larger nodules (3.0 mg ±1.8) than those inoculat-
ed with the wild-type strain (1.7 mg ± 0.7) under conditions of
no nitrate and ambient CO2 levels, which agrees with all pre-
liminary studies when comparing these strains. The difference
in nodule size is likely due to differences in nitrogen fixation
efficiency between the strains (Oono et al. 2020) and because
nodules with greater fixation efficiencies receive more plant
carbon (Cevallos et al. 1996). Consistent and large differences
in nodule weight between the two strains further suggest that
our plants inoculated with the PHB-negative strain were un-
likely to be significantly contaminated with the wild-type
strain.

The total nodule weight per plant, as calculated by multi-
plying nodule number by the average weight per nodule, de-
creased with additional nitrate (p < 0.001), increased under
elevated CO2 (p = 0.035) and was generally less on plants
inoculated with the PHB-negative strain (p = 0.009; Table 2,
Fig. 2c). The inhibitory effect of nitrate on total nodule weight
depended on the CO2 condition, where total nodule weights

Table 2 Linear model summary testing effect of nitrate (0 vs. 5 mM
potassium nitrate), CO2 (elevated vs. ambient), inoculum (wild-type vs.
PHB-negative), and their interactions on nodule number, average weights
per nodule and total nodule biomass per plant for each strain treatment
separately (residual df = 128). Estimates are based on plants growing in

no nitrate under ambient CO2 conditions with the wild-type (CE3) as the
reference group. Estimates and errors are based on non-transformed anal-
yses. Nodule number of PHB-negative strain was square-root trans-
formed for normal distribution. The t-values and p-values are based on
normalized values

Nodule number Average nodule weight Total nodule weight

Estimate Std. Error t-value p Estimate Std. Error t-value p Estimate Std. Error t-value p

Nitrate −50.59 9.28 −4.821 <0.001 −0.503 0.402 −1.469 0.144 −0.118 0.031 −4.168 <0.001

CO2 −11.86 9.15 −1.171 0.244 1.049 0.396 2.647 0.009 0.088 0.031 2.133 0.035

Strain −72.53 9.28 −7.297 <0.001 1.291 0.402 2.949 0.004 −0.079 0.031 −2.641 0.009

Nitrate * CO2 44.77 13.04 3.165 0.002 0.742 0.564 1.506 0.134 0.097 0.044 2.964 0.004

N * Strain 22.65 14.00 −0.056 0.955 −1.706 0.606 −3.455 0.001 0.011 0.047 −1.330 0.186

CO2 * Strain 7.27 12.79 0.327 0.744 −0.461 0.554 −0.866 0.388 −0.081 0.043 −1.278 0.203

CO2 * Strain * N −23.92 18.84 −0.464 0.643 −0.491 0.815 −0.129 0.898 −0.072 0.063 −0.919 0.360

Fig. 2 Effects of CO2 and nitrate treatments on nodule number and
nodule wet weights per plant.Bars are standard errors (15–20 plants per
group). Letters indicate results from post-hoc Tukey’s HSD tests after

linear models tested for significant differences between treatments. All
tests were performed separately for each strain treatment
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decreased more under ambient conditions (from 0.159 ±
0.105 to 0.055 ± 0.055 g, on average) than under elevated
conditions (from 0.202 ± 0.144 to 0.150 ± 0.131 g, on aver-
age; significant nitrate x CO2 interactions, p = 0.004).

PHB concentrations in the wild-type CE3 cells signifi-
cantly decreased in the presence of additional nitrate
(p < 0.001), but was not affected by elevated CO2 alone
(p = 0.71; Fig. 3, Table 3). The decreasing effect of nitrate
on PHB concentrations per cell diminished marginally under
elevated CO2 conditions from 37% to 21% on average (ni-
trate x CO2, p = 0.118). A small subsample of PHB-negative
nodules were analyzed but no significant fluorescence sig-
nals could be obtained that could be distinguished from neg-
ative controls (unstained cells), as expected. This, again,
substantiates a lack of significant cross-contamination be-
tween the inoculation treatments.

3.3 Effects of CO2 and nitrate on symbiotic benefit-
cost ratio

Total shoot nitrogen was positively correlated with total nod-
ule weight in all conditions (Suppl. Fig. 5a–c) except when
plants were inoculated with the PHB-negative mutant and
treated with additional nitrate (Suppl. Fig. 5d). Many plants
inoculated with PHB-negative mutant and treated with addi-
tional nitrate failed to nodulate sufficiently (often less than 10
nodules per plant) and lacked enough variability in total nod-
ule mass to compare with total shoot nitrogen. Since nodula-
tion was not always successful by the PHB-negative mutant
when plants were given additional nitrate, we analyzed the
benefit-cost ratio of the symbiosis to the host (shoot N: total
nodule biomass) just among the plants without any additional
nitrate. We confirmed that while the PHB-negative mutant
continued to give similar benefit per cost ratios across CO2

treatments, the wild-type gave less benefit per cost under ele-
vated CO2 (significant interaction term CO2 x strain,
p = 0.029, Table 4, Fig. 4), suggesting that inoculation with
the less-efficient wild-type strain did not meet the greater N
demand by the host under elevated CO2 conditions despite
increased nodule investment.

The stable isotope signatures of nitrogen were significantly
different between the nitrate treatments (p < 0.001), but was
also different between inoculum treatments (p = 0.009; Suppl.
Table 2, Suppl. Fig. 4). Hence, we were unable to compare the
changes in relative contribution between biological nitrogen
fixation and nitrate from ambient to elevated CO2 conditions
between the two inoculums. Shoot δ15N signatures were
maintained between inoculum treatments (p = 0.009), likely
due to different nodulation rates, further suggesting any
cross-contamination was minimal. Additional sources of var-
iation in δ15N among plants with no nitrate are likely due to
contributions from seedN since we found significant variation
among bean seeds (δ15N averaged 0.24 ‰ with standard de-
viation of 1.14 ‰, n = 15).

4 Discussion

To understand how the value of traded resources affect re-
source mutualisms, we manipulated atmospheric CO2 and
supplemental nitrate to directly affect the carbon and nitrogen
status, respectively, of plant hosts associated with N2-fixing
rhizobia. The addition of nitrate negatively affects nodule size
for the highly-efficient strain, but had little to no effect on the
wild type, leading to a misalignment between legume and
rhizobial fitness. Elevated CO2 alleviated this misalignment
to some degree, by increasing plant N demand and reversing
the effect of nitrate inhibition on total nodule weight, mainly
by increasing nodule numbers. However, this alleviation was
greater on plants that started with greater numbers of smaller
nodules, indicative of the less-efficient or less-beneficial
strain, than for plants with smaller numbers of larger nodules

Table 3 Linear model summary testing effect of nitrate, CO2, and their
interaction on PHB per cell of wild-type CE3 rhizobia (residual df = 65).
Estimates are based on plants growing in no nitrate under ambient CO2

conditions as the reference group. PHB per cell were log-transformed for
normality

Wild-type only

Estimate Std. Error t-value p

PHB per cell Nitrate −0.427 0.102 −4.21 <0.001

CO2 0.037 0.1000 0.37 0.712

Nitrate * CO2 0.226 0.1425 1.58 0.118

Fig. 3 Effects of CO2 and nitrate treatments on PHB concentrations
in wild-type (CE3) cells. Bars represent standard errors (9–12 PHB
measures per group, sample numbers are lower because not all samples
were analyzed by the flow cytometer). Letters indicate results from post-
hoc Tukey’s HSD tests after linear models tested for significant differ-
ences between treatments
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(indicative of the high-efficient or highly-beneficial strain,
summarized in Fig. 5).

4.1 Nitrate and elevated CO2 on legume benefit

Even though plants inoculated with the wild-type strain
formed 2.7–4.8 times more nodules than the PHB-negative
strain within each treatment category, we did not see signifi-
cant differences in host growth between strains, even under
elevated CO2. While this may be due to potential cross-con-
tamination, it is more likely because the more-beneficial PHB-
negative strain is a poor nodulator and the less-beneficial wild-
type strain is a fast nodulator (Oono et al. 2020). The lack of
difference in host growth between strains with substantially
different nodulation and fixation traits echoes findings from
Sanz-Sáez et al. (2015), where inoculation by an efficient
rhizobia (fixing more N per C) did not improve soybean yield
under elevated CO2 conditions any more than when plants
were inoculated by a less-efficient rhizobia. Sanz-Sáez et al.
(2015) suggested this was due to the presence of less-efficient
native rhizobia that co-infected plants with the more-efficient

rhizobial strain in the field. However, they still found no dif-
ferences in the magnitude of the positive effect of elevated
CO2 on host growth between more-efficient inoculum treat-
ment and field soil treatment, assumed to consist of many less-
efficient strains, when plants were grown in sterile growth
chambers under elevated CO2.

We suggest two possible reasons why plant growth does
not necessarily increase with more-beneficial strains under
elevated CO2. One reason is that nodules occupied by more-
beneficial strains may be limited in their growth potential. For
example, the average nodule size of the wild-type strain in-
creased by 58% from 1.7 to 2.7 mg while the more-efficient
PHB-negative strain only increased by 29% from 2.8 to
3.6 mg from ambient to elevated CO2 conditions without ni-
trate. The smaller proportional increase may be due to con-
straints of nodule physiology (e.g., increasing N2 or O2 gas
barrier with decreasing nodule surface area to volume ratios)
rather than a lack of host resource allocation. Secondly, more-
beneficial strains, like the PHB-negative strain in this study or
USDA110 used in Sanz-Sáez et al. (2015)’s study, may have
greater N2-fixation but poorer ability to nodulate (i.e., under-
nodulate). A trade-off between PHB-synthesis and N2-fixa-
tion (shown in Hahn and Studer 1986; Willis and Walker
1998; Aneja et al. 2005) can further explain the trade-off be-
tween N2-fixation and nodulation because PHB reserves are
positively correlated with fitness in free-living environments
(Ratcliff et al. 2008). Furthermore, rhizobial traits considered
beneficial for symbiosis are not selected under free-living con-
ditions (Burghardt et al. 2018). Hence, although plants under
elevated CO2 have increased demand for fixed N, increasing
fixed N from only highly-beneficial strains may have limita-
tions if the plant cannot find them thriving in the soil to form
new nodules. A similar explanation could be that, instead of
the PHB-negative strain under-nodulating, the wild-type
strain is hyper-nodulating. Using strains that would not real-
istically survive long in the soil due to a mutation in a key
metabolic pathway (e.g., PHB-negative) may be a limitation
of this study. We also note that variations in host growth
responses to nitrate and elevated CO2 are plant species-
dependent (West et al. 2005) and may also be genotype-
dependent.

Fig. 4 Effects of elevated CO2 treatments on the benefit:cost ratio of
the symbiosis for plant hosts. Bars represent standard errors (9–11
plants per group). Letters indicate results from post-hoc Tukey’s HSD
tests after linear models tested for significant differences between treat-
ments. Strain identity was a factor in this linear model. Only plant sam-
ples whose nitrogen contents were analyzed are included in analysis

Table 4 Linear model summary testing effect of nitrate, CO2, and their
interaction on benefit:cost ratio of the symbiosis, based on shoot N per
total nodule mass (residual df = 70). Estimates are based on plants

inoculated with the wild-type strain growing under ambient CO2 condi-
tions as the reference group. Shoot N per nodule mass was log-
transformed to achieve normal distribution

No nitrate only

Estimate Std. Error t-value p

Shoot N per nodule mass Strain 0.169 0.2772 0.61 0.546

CO2 −0.726 0.2833 −2.56 0.015

Strain * CO2 0.892 0.3910 2.28 0.029
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4.2 Nitrate and elevated CO2 on rhizobial benefit

An increase in total nodule weight under elevated CO2 con-
ditions echos previous results by Thomas et al. (2000) and
Butterly et al. (2016). This common pattern may indicate
that the only mechanism to increase nitrogen supply from
rhizobia is to increase nodule biomass (and number of rhi-
zobial cells therein) perhaps because the maximum rate or
efficiency of nitrogenase activity per cell is more or less
fixed for each rhizobial genotype (as suggested in Cen and
Layzell 2004; Sugawara and Sadowsky 2013). Interestingly,
while both CO2 and nitrate treatments had significant effects
on the total nodule weights, CO2 levels affected total nodule
weights by influencing the average weights per nodule per
plant whereas nitrate affected total nodule weights by
influencing the number of nodules per plant. That said, total
nodule weight or total nodule number in single-strain inoc-
ulation studies are not helpful proxies for rhizobial fitness
because plants would be nodulated by a diverse community
of rhizobial genotypes in the field. While a strain may form
numerous nodules on its host under single-inoculation con-
ditions, this strain would likely form significantly fewer in
competition with others, deeming absolute number of nod-
ules formed or total nodule weights during single-strain in-
oculation irrelevant as a rhizobial fitness proxy for real-
world scenarios. Hence, we prefer to compare average mass
per nodule, which is typically correlated with cells per nod-
ule for the same strain (Ratcliff et al. 2011), or PHB accu-
mulation per cell per nodule.

The negative effect of additional nitrate on the average
mass of each nodule depended on the strain. The lower de-
mand for fixed N with the supplemental nitrate prompted
hosts to severely cut carbon resources towards more-
efficient nodules but not necessarily towards less-efficient
nodules. When plant N demand returned under elevated
CO2, highly-efficient strains regained some host resources,
while less-efficient strains gained even more resources than
under ambient CO2 conditions (arrows in Fig. 5). This sup-
ports our hypothesis that carbon allocation towards more-
beneficial nodules are disproportionately penalized relative
to less-beneficial (but still effective) nodules when plant N
demand decreases (summarized in Fig. 5).

While nitrate did not significantly suppress average nodule
mass of wild-type nodules, nitrate significantly suppressed
PHB accumulation, similar to results in Oono et al. (2020).
Hence, we demonstrate that rhizobia cannot necessarily hoard
more PHB just because their hosts have greater biomass with
additional nitrate. If rhizobial PHB can be controlled by plant
hosts, and rhizobia from larger plants are not any more likely
to gain more PHB and survive longer in the soil than rhizobia
from smaller plants, this weakens a key mechanism of
cheating by rhizobia.

4.3 Nitrate and elevated CO2 on legume-rhizobia fit-
ness alignment

Host and symbiont fitnesses generally remained positively
correlated in our single-strain conditions, except when plants

Fig. 5 Summary graph of changes in relative fitness as plant demand
for fixedN changes under new environmental conditions.Treatments for
supplemental nitrate (+KNO3), no nitrate (-N), elevated CO2 (eCO2) and
ambient CO2 (aCO2) are positioned along the x-axis denoting plant demand
for fixed N.We assume that plants with nitrate under ambient CO2 have the
lowest demand for fixed N and plants without supplemental nitrate under
elevated CO2 have the greatest demand for fixed N. We did not distinguish
whether plants under elevated CO2with nitrate had greater or lesser demand
for fixed N than plants under ambient CO2without nitrate. Hence, these two
treatments occupy an intermediate space on the x-axis. Since our study only

included single-strain inoculations, we only plot the nodule growth among
treatments for each strain separately (a) for mediocre wild-type and (b) for
more-efficient PHB-negative strain. Dotted arrow indicates path by which
host legumes inhibit nodule growth under nitrate supplementation but then
reverses this effect under elevated CO2. Nodule size of PHB-negative strain
increases under elevated CO2 but this effect is not a complete rescue as is for
the wild-type strain. While the effect of each treatment has similar trends
(e.g., increasing or decreasing) on nodule growth regardless of strain iden-
tity, the relative changes could depend on strain or benefit-cost ratio of the
nodules

217The direct and interactive effects of elevated CO2 and additional nitrate on relative costs and benefits...



were inoculated with the PHB-negative strain and given 5mM
of nitrate (Suppl. Fig. 5d). The nodule size for the PHB-
negative strain remained considerably inhibited even under
elevated CO2 (Fig. 2b, Fig. 5). This cannot be explained by
a compensation with nodule numbers or PHB accumulation
because the PHB-negative strain forms fewer nodules than the
wild-type and cannot synthesize or accumulate PHB. This
further suggests that the strength of selection for mutualistic
quality depends on the quality (i.e., benefit-cost ratio) of the
rhizobial strain and the value of traded resources.

4.4 Plant benefit-cost ratio influences rhizobial fitness

By examining the effects of elevated CO2 and soil N on the
relationship between plant benefit-cost (plant N: nodule bio-
mass) ratio and rhizobial fitness, we assessed how legume
hosts may differentially reward rhizobial strains of varying
symbiotic quality (Fig. 4). Under elevated CO2, the average
weights per nodule are greater or the same for the wild-type
nodules from ambient to elevated CO2 conditions (Fig. 2b),
even though the nodules collectively returned the same
amount of fixed N (Fig. 1c). This supports the hypothesis that
strains that provide lower benefit-cost ratios to their hosts will
be at a greater advantage than those that provide higher
benefit-cost ratios when their host has increased carbon supply
and increased demand for fixed N (Fig. 4). These results are
also similar to those of Sanz-Sáez et al. (2015), who found
nodule dry weight increased in both effective and less-
effective strains under elevated CO2, but the increase in nod-
ule dry weight for the more-effective strain was less, suggest-
ing that elevated CO2 will not give highly-beneficial strains an
advantage over mediocre ones.

5 Conclusion

Plants appear to “loosen their hold” of their carbon in the face
of elevated CO2, as exemplified by the increase in nodule
weights without detectable increases in fixed nitrogen in
plants that were inoculated with the less-efficient strain (Fig.
5). Interpretations of single-strain experiments to understand
the evolution of a rhizobial trait, however, have limitations,
especially when strains differ in nodulation rates (Kiers et al.
2013). We do not anticipate that the relative fitness of a less-
beneficial strain would ever be greater than that of a more-
beneficial strain on the same plant, but conclude that the gap in
their fitnesses will shrink, rather than increase or stay the
same. Future studies will benefit from dual-inoculations or
controlled inoculations that vary the ratio of nodule number
by different strains to determine the effect of increased plant
carbon and nitrogen on rhizobial competition.
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material available at https://doi.org/10.1007/s13199-021-00784-2.
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