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ABSTRACT

Legumes produce root nodules containing symbiotic rhizobial bacteria that convert atmospheric molec-
ular nitrogen into ammonia or related nitrogenous compounds. The host plant supplies photosynthetic
products to root nodules forming a mutualistic system. Legumes have physiological mechanisms for reg-
ulating nodule production with chemical signals produced in leaves, called the autoregulation of nodu-
lation. In this paper, we discuss the optimal number of root nodules that maximizes the performance
of the host plant. Here, we study two models. In the stationary plant model, the acquired photosynthetic
products minus cost and loss are used for reproduction. In the growing plant model, the excess material is
invested to produce leaves, roots, and root nodules, resulting in the exponential growth of the whole
plant. The analysis shows that having root nodules is beneficial to the plant for a high leaf nitrogen con-
tent, faster plant growth rate, a short leaf longevity, a low root/shoot ratio, and low soil nutrient concen-
tration. We discuss the long-distance control of nodulation-autoregulation and dependence on the
environmental conditions of terrestrial plants considering these results.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nitrogen is an indispensable component of proteins that form
the structure of plant bodies, enzymes catalyzing various biochem-
ical reactions, and the major components of chloroplasts. Nitrogen
is often demanded strongly by terrestrial plants and is limited in
soil, as shown by fertilization experiments (Vitousek and
Howarth, 1991; Vitousek et al., 2002).

Some plant species receive nitrogen from symbiotic bacteria
that fix atmospheric molecular nitrogen. Host plant and bacteria
interact and form structures called “root nodules”, which contain
symbiotic nitrogen-fixing bacteria. The most famous example of
nodule symbiosis is the one between legumes (Fabaceae family)
and rhizobial bacteria.

Since host plants supply nutrition to their symbiont out of the
photosynthetic products, having an excessive number of root nod-
ules is maladaptive. This is demonstrated by harl mutants of Lotus
japonicus (Nishimura et al.,, 2002) and the klv mutant, the latter
being slow in growth, and smaller in size (dwarf phenotype), as
well as having deformed leaf veins and markedly delayed flower-
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ing (Oka-Kira et al., 2005). In environments with abundant soil
nitrate, the plants reduce the number of nodules to produce. There
are mutants that cannot perform this adaptive response to
enhanced soil nitrate concentrations (Carroll et al., 1985; Krusell
et al., 2002; Okamoto et al., 2009; Reid et al., 2011).

Wild-type plants of legumes are equipped with a mechanism
called the “autoregulation of nodulation” to maintain the number
of root nodules at adaptive levels (Ferguson et al., 2010; Reid
et al., 2011). This includes several phytohormones, such as auxin
(van Noorden et al., 2006; Suzaki et al., 2012), cytokinin (Sasaki
et al,, 2014), and jasmonic acid (Suzuki et al., 2011). Recently,
detailed molecular mechanisms have been studied (e.g., Okamoto
et al., 2009, 2013). One notable aspect of the autoregulation of
nodulation is that the regulation of the root nodule number is per-
formed by phytohormones produced in the leaves, which is called
“long-distance control” (Carroll et al., 1985; Krusell et al., 2002;
Searle et al., 2003; Tsikou et al., 2018).

The ecology of nodule symbiosis has also been studied. One
field study of Acacia koa showed that young trees (six years old)
possessed more root nodules than did older trees (20 years old)
(Pearson and Vitousek, 2001). In terrestrial ecosystems, nitrogen
is an important factor limiting tree growth (Vitousek and
Howarth, 1991; Vitousek et al., 2002). However, in the temperate
and boreal forests, few trees adopt nodule symbiosis, except in
the early stages of primary succession (Chapin et al, 1994).
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Menge et al. (2008) explained the rarity of nodule symbiosis in old
growth temperate/boreal forests by the large cost associated with
nodule symbiosis by the host plant. In contrast, many tropical for-
ests show a high activity of nitrogen-fixing bacteria (Vitousek et al.,
2002; Hedin et al., 2009), which seems to be in conflict with the
higher availability of soil nitrogen in tropical forests than in tem-
perate or boreal forests (Martinelli et al. 1999). To understand
the observation, studies of systems-ecological modeling have been
performed, considering various aspects including the cost of nitro-
gen fixation, spatial structure, limitation of other nutrients, and
intensive competition (Vitousek and Field, 1999; Rastetter et al.,
2001; Fisher et al., 2010: Menge and Levin, 2017).

The importance of nitrogen to plants has been studied by phys-
iological ecologists. In the leaves of terrestrial plants, a large frac-
tion of nitrogen is contained in the chloroplasts. In particular,
Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), a key
enzyme for fixing CO,, occupies a considerable fraction of the total
nitrogen in leaves. Rubisco is the most abundant enzyme on earth
(Ellis, 1979; Raven, 2013). The need for a large amount of nitrogen
in the leaves is caused by the inefficiency of Rubisco. The amount
of leaf nitrogen is almost proportional to the net photosynthesis
rate when a sufficiently strong light is available, although various
chlorophyll binding proteins also use a fraction of nitrogen in
leaves (Mooney et al,, 1981; Gulmon and Chu, 1981). However,
under low light intensity, the photosynthetic rate is more weakly
affected by the amount of nitrogen in leaves (Gulmon and Chu,
1981). Hence, nitrogen is very important for leaves receiving high
light intensity, but not so much for leaves in low-light
environments.

In this paper, we explore the idea that these diverse behaviors
of the legumes controlling the root nodulation might be the opti-
mal strategy of the host plant, considering the benefit of receiving
nitrogen from the N-fixing bacteria and the cost of producing and
maintaining the nodulation. Theoretical models based on similar
idea have been successful in revealing various behaviors of the ter-
restrial plants, including the schedule of reproduction and growth
(Gadgil and Bossert, 1970; Vincent and Pulliam, 1980: Iwasa and
Cohen, 1989), the shoot/root balance (Iwasa and Roughgarden,
1984), and the allocation of alkaloid defense as a function of leaf
age (Iwasa et al., 1996) among others.

To focus on the key logic, we deliberately choose the simplest
possible model that can handle the questions we ask: what are
the conditions in which the plant finds it profitable to possess root
nodules, and, if so, what the optimal number of nodules produced
by a plant would be. We adopt the models in which the benefit of
nitrogen to the plant is explicitly considered. We develop two
mathematical models for the root nodule regulation that achieves
the best performance of the whole plant. In the “stationary plant
model”, we consider a plant in the reproductive phase with the
numbers of leaves and nodules unchanged over time. Out of the
photosynthesis products obtained, the plant pays the maintenance
costs for leaves and nodules, replenishes the loss of leaves, and
allocates the remaining amount of material to reproductive activi-
ties, forming flowers and fruits. The amount of excess material is
the measure for the plant’s performance. In contrast, the “growing
plant model” describes a plant in the vegetative growth phase,
which invests all the excess material obtained to increase its size.
The growth rate of the whole plant is the measure of performance.
The concept of “dilution effect” is a key to understand the differ-
ence in the leaf nitrogen content and the number root nodules
between growing-plant model and the stationary-plant model in
the same environmental conditions. We discuss the implications
of the models to the autoregulation of nodulation pathways, and
to the patterns of root nodulation dependence on the environment.
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2. Stationary plant model

We consider a whole plant individual with the roots and shoot.
Let y be the number of leaves. We assume that all the leaves are
equal in size, the amount of nitrogen, and photosynthetic capacity.
Please see Table 1 for the symbols.

The photosynthetic rate achieved per leaf per day increases
with the light intensity at foliage, which is denoted by L. It also
increases with the amount of nitrogen per leaf N (i.e. leaf nitrogen
content, or leaf nitrogen concentration) (Gulmon and Chu, 1981).
The enhancement of the photosynthetic rate by a higher nitrogen
content is very strong for high light intensity but much weaker
for low light intensity. This can be expressed by the following sim-
ple equation:

. alLN
[photosynthesis rate per leaf] = BLL N (1)

Under low light intensity (small L), the photosynthetic rate Eq.
(1) increases as al, proportional to the light intensity, but under
high light intensity (large L), the rate saturates to aN/b (the maxi-
mum photosynthetic rate). The light saturation level of photosyn-
thesis increases linearly with the leaf nitrogen content N, as is
shown in the physiological ecology (Mooney et al., 1981). In con-
trast, if we fix the light level L, the photosynthetic rate Eq. (1)
increases with the leaf nitrogen content N. When N is small, the
photosynthetic rate Eq. (1) increases in proportion to the nitrogen
level as aN/b, but when N is large, the photosynthetic rate satu-
rates to the level aL, which is proportional to the light. This is also
qualitatively the same as the observed measurements (Gulmon
and Chu, 1981).

To understand the meaning of Eq. (1) intuitively, we may
rewrite it as 1/[1/al + b/aN], which is interpreted as the rate reg-
ulated by two limiting processes connected in series: one for cap-
turing energy from sunlight and the other for the assimilation of
carbon dioxide, where the former is controlled by light availability
L and the latter is controlled by the amount of leaf nitrogen. In fact,
very roughly speaking, carbon dioxide assimilation is performed
through two different processes: the first is to acquire energy by
receiving light, in which chlorophyll receives light, and obtain
ATP and NADPH using thylakoid components; and the second is
to produce organic material using this energy. Rubisco plays a
key role in the second process. When the light intensity is low, a
small amount of Rubisco may be sufficient: however, when the
light intensity is high, having a large amount of Rubisco is worthy
for the plant, even if it is costly.

More exact formulas for the leaf photosythetic rate are available
(e.g. Hirose and Werger, 1987; Hikosaka and Terashima, 1995):
however, here, we adopt Eq. (1), which is the simplest possible for-
mula considering the role of leaf nitrogen.

Table 1
A list of the variables and parameters included in the model.
Symbol Definition
X number of root nodules
y number of leaves
P root/shoot ratio (root biomass per leaf)
L light intensity at leaves
N nitrogen content per leaf
K construction cost per leaf
m maintenance cost per leaf
c maintenance cost per nodule
h nitrogen fixation rate per nodule
ng nitrate concentration in soil
g efficiency of soil nitrate absorption per unit root biomass
B loss rate of leaf nitrogen

a,b parameters included in the photosynthesis rate function
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Let x be the number of nodules in the roots. We assume that the
amount of photosynthetic products supplied by the host plant
increases in proportion to the number of nodules: cx, where c is
the maintenance cost per root nodule. Then, the amount of net gain
of photosynthetic product for the plant is as follows:

alLN
F:my—my—cx (2)

where the first term on the right-hand side is for the photosynthetic
products obtained per day by y leaves. The second term is for the
maintenance cost of the leaves with m being the cost per leaf. The
last term is for the maintenance cost of root nodules.

On the other hand, the amount of nitrogen is determined by the
following balance equation:

d
gt () = hx+ gnspy — oNy (3)

where N is the nitrogen per leaf, and Ny is the total amount of leaf
nitrogen. For simplicity, we consider that most of the plant nitrogen
exists in leaves. The left-hand side represents the change in total
nitrogen per day. The first term on the right-hand side represents
the nitrogen fixation per day made by the root nodules, where h
is the amount of nitrogen compounds per day per nodule. The sec-
ond term is for the nitrate sequestration from the soil per day,
where py is the root biomass. The root/shoot ratio (i.e. the root bio-
mass per leaf) is denoted by p, and we here assume that p is a given
constant. Let ng be the nitrate concentration in the soil, and the
amount of assimilated nitrogen compounds acquired from the soil
per day per unit amount of root is gns, where g is the proportionality
coefficient. The last term in the right-hand side of Eq. (3) represents
the loss of nitrogen at a rate proportional to the amount of nitrogen
contained in the leaves Ny.

In Eq. (3), é is the rate of nitrogen loss per day per leaf. In plant
physiological ecology, the inverse of ¢ is called the “mean resi-
dence time of nitrogen (abbreviated as MRT). This loss of leaf nitro-
gen might be caused by herbivory, physical disturbances, or aging.
The rate of loss decreases with the leaf longevity (Wright and
Westby, 2003). In addition, plants relocate the nitrogen from aged
leaves to young leaves, and only a fraction of the leaf nitrogen is
lost when a leaf dies of old age. § is 6 = (1 —r,)/[leaf longevity],
where 1, is the fraction of leaf nitrogen recovered until its death.
The between-species variation of §(= 1/MRT) is mostly caused
by the variation in leaf longevity (Aerts and Chapin, 1999).

In the stationary plant model, the balance of nitrogen must be
maintained. We hence set Eq. (3) equal to zero and obtained the
leaf nitrogen content as follows:

-3

Eq. (4) indicates that the amount of nitrogen per leaf is the sum
of two terms: the first is proportional to the number of root nod-
ules per leaf (x/y) and the second is proportional to the soil nitrate
concentration multiplied by the root/shoot ratio (n;p). We also
note that the number of nodules needs to be either positive or
zero: x > 0. This leads to an inequality constraint of nitrogen con-
tent per leaf as N > gn;p/J.

We then search for the optimal number of nodules x that max-
imizes the net rate of gain of the photosynthetic products, given by
F in Eq. (2), under the constraint of Eq. (4) and the inequality con-
straint x > 0. We assume that the number of leaves y and soil
nitrate concentration n; and other parameters are given. (See SI
Appendix A for the analysis).
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2.1. Parameter dependence of the optimal nodulation

According to the analysis in SI Appendix A, we obtain the opti-
mal number of root nodules per leaf as follows:

; = % {&( acb(sh - b) - gnsp} (3)

if the right-hand side is positive. If it is negative, the optimal plant
has no root nodules, x = 0.

Fig. 1A is a contour map of the optimal root nodule number per
leaf (x/y), where the horizontal and vertical axes are the light
intensity L and soil nitrate concentration ng, respectively. We can
see that more root nodules (per leaf) should be produced for strong
light intensity (large L) and poor soil (small ny).

Fig. 1B is a contour map of the leaf nitrogen content N when the
optimal number of nodules is produced. The two axes are the same
as those in Fig. 1A. According to the derivation in SI Appendix A,
the leaf nitrogen content is given as follows:

N=max{L< %’b),gi; } (6)

This indicates that the leaf nitrogen content should be con-
trolled by (proportional to) the light intensity L when nodules
are produced. In contrast, the leaf nitrogen content should be con-
trolled by the soil nitrate concentration n; when no nodules are
produced.

Fig. 2A indicates that there exists a threshold light intensity

LC:gnsp/é(\/abh/céfb) and no nodule should be produced

when L < L.. When L > L, some nodules are produced and the
number of nodules per leaf (x/y) increases linearly with the light
intensity L. Fig. 2B indicates the leaf nitrogen content. When no
nodules are produced, N is a level given by the soil nitrate concen-
tration n;. When nodules are produced, N increases linearly with
the light intensity L.

Fig. 3A indicates the dependence of the optimal number of nod-
ules per leaf x/y on the soil nitrate concentration. The horizontal
axis is for ng, the nitrate concentration in the soil. The optimal nod-
ule number decreases linearly with ns, when n; is smaller than the

threshold level, ny :L(\/abh/cé—b)/gp. No nodule should be

produced when n; > n. Fig. 3B indicates the leaf nitrogen content
N. For ns < ny, N is independent of the soil nitrate level, in which
the plant produces root nodules and obtains nitrogen by the fixa-
tion of atmospheric molecular nitrogen. For n; > ns, the N is
directly proportional to the soil nitrate concentration, n;.

Fig. 4 shows the dependence on the loss rate of leaf nitrogen 4,
which is 1/MRT. Fig. 4A indicates that the number of root nodules
per leaf x/y shows a nonmonotonic dependence on é. No nodules
should be produced either for very fast loss rates or very slow loss
rates. Nodules may be produced for intermediate levels of loss
rate: §; < & < J,. As the loss rate § increases starting from J;, the
optimal nodule number per leaf x/y increases and has a peak at
an intermediate value §. As § increases further, x/y decreases with
8, and finally becomes zero at § = J,. Fig. 4B indicates that the leaf
nitrogen content N declines with the loss rate 4.

If the loss rate ¢ is very small (6 < 6;), no nodules are produced
because the plant finds no need to obtain nitrogen beyond the level
supplied by nitrate absorbed from the soil. As the loss rate ¢
increases, the plant finds it profitable to obtain more nitrogen,
and having costly nodules becomes profitable. In contrast, it is
not easy to intuitively explain the reason why no root nodules
are produced for very high loss rates (6 > J,). Probably, the leaf
nitrogen content quickly decreases as ¢ increases (as shown in
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Fig. 1. Contour maps of the stationary plant model. The horizontal and vertical axes are the light intensity L and soil nitrate concentration ns, respectively. (A) The optimal
root nodule number per leaf (x/y). More root nodules per leaf should be produced for a stronger light intensity (larger L) and poor soil (small n). The shaded region indicates
parameter combinations in which plant should produce no root nodule (x = 0). (B) The leaf nitrogen content N when the optimal number of nodules is produced. The
parameters are: 6 =1,a=15,b=10,h=1.0,c=0.5, g = 1, and p = 2, unless specified otherwise.
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Fig. 2. The optimal solution of the stationary plant model. Horizontal axis is the light intensity at foliage L. (A) The number of root nodules per leaf, x/y. If L is lower than the
threshold level L., no nodule should be produced. If L is higher than L, the number of root nodules should increase linearly with L. (B) The nitrogen content per leaf N. If L < L.,
N is a positive constant independent of L. However, if L > L, N increases linearly with L. We set n; = 5. The other parameters are the same as in Fig. 1.

Fig. 4B), and the nitrogen absorbed from the soil nitrate would
become sufficient for replenishing the leaves.

We note that neither the nodule number per leaf x/y nor leaf
nitrogen content N is dependent on the maintenance cost m in
the stationary plant model. If the maintenance cost m is enhanced,
the amount of reproductive allocation from excess photosynthetic
products declines, and the optimal root nodule number and leaf
nitrogen content remain unchanged.

3. Growing plant model

The model studied in previous sections assumed that the size of
the individual plant remains constant. All the income by photosyn-
thesis minus maintenance cost will be allocated to the reproduc-
tive activities, e.g. producing flowers and fruits. This model is
suitable for the optimal number of root nodules for a mature plant.
However, a plant in vegetative phase performs no reproductive
activity, and the income obtained by photosynthesis minus main-

tenance cost will be used to increase the number of leaves, the root
size, and the number of root nodules. Reproduction will occur later
when the plant reaches a sufficiently large size. In such a situation,
the optimal allocation to the root nodule production, considering
the cost and benefit, should be determined by considering the rate
of growth of the whole individual. The use of the growth rate as a
surrogate for the fitness is justified by the general life history strat-
egy theory. For example, the optimal balance of multiple organs
(e.g. shoot/root ratio) of plants in the vegetatively growing phase
is realized by the one that achieves the fastest growth of the whole
plant (e.g., Iwasa and Roughgarden 1984).

In Appendix B, we developed the analysis of this model. We set
the following assumptions: The number of leaves, the size of the
root , the number of root nodules, and the total amount of nitrogen
in the body increase exponentially, in proportion to e, where r is
the exponential rate of growth of the whole plant size. We denote
the number of leaves by y(t) and the number of root nodules by
x(t). The plant can choose the number of root nodules per leaf
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Fig. 3. The optimal solution of the stationary plant model. The horizontal axis is the soil nitration concentration n,. (A) The number of root nodules per leaf, x/y. If the soil
nitration concentration is lower than the threshold level ny, the number of nodules should decline linearly with n; and becomes zero when ns = ny. If ng > ny, no root nodule
should be produced. (B) The nitrogen content per leaf N. If n; < n, the leaf nitrogen level N is a positive constant independent of n,. However, if n; > n,., N increases linearly

with n;. We set L = 2. The other parameters are the same as in Fig. 1.
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Fig. 4. The optimal solution of the stationary plant model. The horizontal axis is the loss rate of leaf nitrogen J. (A) The number of root nodules per leaf, x/y. It is positive for an
intermediate value of 6 (0.13 < & < 1.87), but it is zero both for § < 0.13 and for 6 > 1.87. The largest number of root nodules per leaf should be produced for a plant with an
intermediate rate of loss. (B) The nitrogen content per leaf N. It decreases rapidly with 6. We set L = 2, and n, = 5 The other parameters are the same as in Fig. 1.

x(t)/y(t) to maximize the exponential growth rate r. We have two
equations indicating the balance of carbon and that of nitrogen,
respectively. Using these formulas, we can see leaf nitrogen con-
centration N increases with the number of root nodules per leaf.
Having more root nodules per leaf would increase nitrogen content
N, which should enhance the photosynthetic rate (the income of
carbon). However, due to the construction cost and the mainte-
nance cost accompanied by root nodules, having an excess number
of nodules may not improve the fitness. We can calculate the opti-
mal leaf nitrogen content that achieves the fastest growth of the
plant. However, there is another constant x(t) > 0, indicating that
the number of root nodules cannot be negative. Hence, the optimal
solution is either to produce some root nodules (i.e. x(t)/y(t) > 0),
or to produce no root nodules (x(t)/y(t) = 0). All the analyses are
explained in SI Appendix B. In the following we explain how the
optimal strategy of the plant depends on parameters.

3.1. Behavior of the optimally growing plant

In contrast to the stationary plant model, the growing plant
model includes a new parameter K, which is the cost of producing
a new leaf. A larger K implies that more resources are needed to
produce new leaves, leading to a slower growth rate of the whole
plant. Another quantity that is new to the growing-plant model is
r, the exponential rate of increase. Note that r is not a parameter
but a quantity determined as a result of the dynamics (see Appen-
dix B).

Fig. 5A illustrates a contour map for the optimal number of root
nodules per leaf x/y. The horizontal and vertical axes are for L and
ng, respectively. The parameters are the same as those in the sta-
tionary plant model shown in Fig. 1A. In both figures, the optimal
plant has no nodule when soil nitrogen n; is high and light inten-
sity L is low, but has some root nodules when n; is low and L is
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Fig. 5. Contour map of the growing plant model. The horizontal and vertical axes are the foliage light intensity L and soil nitrate concentration n, respectively. (A) The
optimal number of root nodules per leaf x/y. The two regions are separated by a curve. Nodules are produced for large L and small n,, but no nodules are produced for small L
and large n;, as indicated by the shaded region. (B) The leaf nitrogen content N. When nodules are produced, N is larger for large L and small ns; when no nodules are
produced, N is larger for small L and large n,. (C) The plant growth rate r. The growth rate is larger for large L and large n;. We set K = 10, and m = 3. The other parameters are

the same as in Fig. 1.

high. The boundary between these two regions is a curve in Fig. 5A,
in contrast to a straight line in Fig. 1A. The contours of the root
nodule number per leaf are also curves with positive slopes in
Fig. 5A. Note that nodule number per leaf x/y in Fig. 5A is smaller
than that in Fig. 1A, at the same values of parameters L and n;.

Fig. 5B illustrates a contour map for the leaf nitrogen content N.
This looks much more complex than in the stationary plant model
(Fig. 1B). In Fig. 5B, the contours between the region with no nod-
ule produced (x = 0) and the one with some nodules produced
(x > 0) are curves, instead of straight lines like in Fig. 5A. Interest-
ingly, N is high for both large L and small n, (the bottom-right cor-
ner) and small L and large n, (the top-left corner). N has a valley
near the boundary between the two regions.

Fig. 5C illustrates a contour map for the growth rate of the
whole plant r. We can see that the growth rate of the plant is fast
where both light L and soil nitrogen n; are abundant. This is a plau-
sible and intuitively understood result, although their exact values
need to be calculated numerically.

To understand the complex-looking Fig. 5B intuitively, it is use-
ful to note that the faster growth of a plant (larger r) tends to
reduce the leaf nitrogen content (smaller N), owing to the “dilution
effect” as follows: we may imagine two individual plants equal in
the number of leaves, the number of root nodules, the nitrogen
content, soil nitrogen level, and the foliage light intensity and all
the other parameters, but they differ in the growth rate r. If the
first plant has a smaller construction cost K and/or maintenance
cost m per leaf, r is larger for the first plant than the second one.
Thus the leaf nitrogen level must be smaller for the plant with
the larger r. This is because the nitrogen currently held by a plant
was either absorbed from soil or fixed by rhizobial bacteria in the
past. The size of the plant in the past was smaller for the faster
growing plant than for the slower growing plant. Hence, the
amount of nitrogen for the faster growing plant must be lower than
the slower growing one, which was pointed out by Hikosaka and
Osone (2009). When there is no root nodule, all the leaf nitrogen
originates from the soil absorption, and the dilution effect can be
shown mathematically: from Eq. (B.8) (in SI Appendix B) with
x =0, we have a formula N = gpn,/(r + J), which indicates that
the leaf nitrogen content N decreases with the growth rate r. From
Fig. 5C, the plant growth rate r is faster when both L and n; are lar-
ger, and then dilution effect would be stronger.

If we focus on the parameter region for no root nodule produc-
tion, the stationary plant model would predict that the leaf nitro-

gen level is controlled by the soil nitrogen level n; but is
independent of foliage light intensity L, as indicated by the con-
tours of N parallel to the L-axis in Fig. 1B. However, in the growing
plant model, there exists the dilution effect in addition to the direct
effect of n;. This effect reduces the leaf nitrogen for a higher r,
caused by higher L and n,. This explains why N decreases with
the light intensity L in the top-left portion of Fig. 5B.

As a consequence, we have a contour map for the leaf nitrogen
content in Fig. 5B, which indicates that N is high with both high L
and low ng and with low L and high n;, which are the bottom-right
portion and the top-left portion of Fig. 5B. In between them, there
is a valley where the leaf nitrogen content is low. The leaf nitrogen
content becomes larger as the point moves away from the bound-
ary between the two regions. The location of the valley is given by
the boundary between the areas with nodules and without nodule,
and it is indicated by the inflection points of the contours in Fig. 5B.

4. Discussion

Legumes are a very successful family of terrestrial plants
(Yahara et al., 2013). They are distributed widely throughout trop-
ical, temperate, and boreal forests, from dry regions to wet regions,
and include trees, shrubs, and herbaceous forms (Sprent et al.,
2017). Their success is owing to their ability to become symbiotic
with nitrogen-fixing bacteria in nodules. Having more root nodules
is not necessarily profitable for the plant, because the plant must
supply some photosynthetic products to the root nodules. In this
paper, we studied the optimal number of root nodules for the plant
to maintain nitrogen-fixing rhizobial bacteria.

4.1. Having root nodules is advantageous to the plants in open habitats

As indicated in Fig. 1A for the stationary plant model, there are
two separate regions and the behavior of the plant is quite differ-
ent between them. The plant should produce some nodules when

(SL(\/abh/c(S - b) > gn,sp. The number of nodules per leaf increases

with the light intensity L and decreases with the soil nitrate con-
centration ns (Fig. 1A). The leaf nitrogen content N is proportional
to the light intensity L (Fig. 1B). A higher light intensity at foliage
indicates a higher demand of nitrogen to the plant, which increases
the leaf nitrogen accordingly by producing more root nodules.
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Interestingly, the leaf nitrogen content N is predicted to be inde-
pendent of the soil nitrate level n.

In contrast, if the opposite inequality holds, the plant should
produce no nodule x = 0, and the leaf nitrogen level is controlled
by the soil nitrate level ng, and is independent of the light level L
in the stationary plant model.

Legumes have a competitive advantage to other plants that do

not have nodule symbiosis when 5L<\/abh/c5 - b) > gn,p. Hence,

legumes dominate in habitat with high light intensity (large L), fre-
quent physical disturbances and short-lived leaves (large 4), poor
soil (small ng), and small root (small p). This predicts that legumes,
nitrogen-fixing plants, should be more abundant in open habitats
with high grazing pressure and/or physical disturbances (e.g. fire),
rather than shaded environments (Arianoutsou and Thanos 1996,
Hiers et al. 2000). Interestingly, once plants possess root nodules,
the leaf nitrogen level of the stationary plant is predicted to be high
and be independent of the soil nitrate level.

This prediction is consistent with recent experiments with Med-
icago truncatula and its symbiont Ensifer medicae, which demon-
strated that legumes adjust the allocation to rhizobial nitrogen
fixation in response to the light and nitrogen manipulation (Friel
and Friesen, 2019).

4.2. Dilution effect

The optimal allocation of growing plants in the vegetative phase
was formalized as the one achieving the fastest growth rate, an
assumption common to the model of the root/shoot balance of a
terrestrial plant (Iwasa and Roughgarden, 1984) and that for alka-
loids in leaves of different ages (Iwasa et al., 1996). A similar
assumption was also adopted for models of task allocation among
workers in an ant colony (Iwasa and Yamaguchi, 2020).

The parameter dependence of the optimal leaf nitrogen content
of the growing host plant (Fig. 5B) is qualitatively similar to but
looks much more complex than that of the corresponding station-
ary plant (Fig. 1B). These differences can be explained by consider-
ing the “dilution effect” (Hikosaka and Osone, 2009), namely a
plant growing faster tends to have lower nitrogen content in leaves
than a plant in the stationary state, if other parameters are equal.
Since the plant growth rate r is higher for larger L and larger ns, this
would distort the contours in Fig. 1B to those in Fig. 5B. This ten-
dency is more exaggerated when the leaf production cost is smal-
ler, resulting in faster plant growth, as illustrated in Fig. S2 in SI
Appendix B. In a similar manner, the optimal number of root nod-
ules is smaller for a fast-growing plant (Fig. 5A), than for a station-
ary plant (Fig. 1A), if L and n, are the same between them.

We must note that the dilution effect is applicable to the com-
parison of a growing plant in the vegetative phase and another
plant in the reproductive phase, the latter performing reproductive
activities without size growth, given they live in the same environ-
ment (e.g. the same L and n). This is useful to understand the
dependence of the growing plant shown in Fig. 5B. However, it is
incorrect to interpret that the dilution effect might suggest that
plants sampled from different locations should exhibit a negative
correlation between the growth rate and the number of nodules
or the leaf nitrogen content. If we just compared plants observed
in field, we would certainly see many examples in which rapidly
growing plants with many more nodules and have a higher nitro-
gen content per leaf than slowly growth plants, just because they
live in the environments with different L and n,. But the dilution
effect indicates that the leaf nitrogen content of a rapidly growing
immature plant is lower than a mature plant that does not grow if
they live with the same L and n;.

Dilution effect is a key concept in understanding the adaptation
of nodulation in legumes, but testing it requires careful experiment
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and careful comparative study (e.g., Wright et al., 2005; Yahara
et al,, 2013).

4.3. Why should the root nodule number be controlled by signals from
leaves?

One feature of the autoregulation of nodulation is long-distance
control, i.e. chemical signals produced in the leaves regulate the
root nodule production (Carroll et al., 1985; Krusell et al., 2002;
Searle et al., 2003). This can be explained by the result of our anal-
ysis. Whether or not the plant benefits from having root nodules
must be answered by considering the nitrogen needs of the plant.
Nitrogen is important to the photosynthesis only for the environ-
ment with high light intensity. If the light intensity on the leaves
is low, the plant does not need much nitrogen, and the absorption
from the roots may be sufficient. Hence the autoregulation mech-
anism requires information concerning the need for nitrogen based
on the light availability at the leaves.

All the physiological and molecular studies of the mechanism
for the autoregulation of nodulation have been concerning the
pathway realizing the response to soil nitrate concentration.
According to our analysis, the nodulation also needs to respond
to the light availability, and there can be pathways responsible
for this dependence.

The light level L in the model implies the level expected in the
near future, rather than the current one. In fact, the nodulation of
Lotus japonicus is controlled by sensing the red/far-red (R/FR) ratio
(Suzuki et al., 2011), indicating that the root nodule formation is
suppressed under the presence of competing plants.

In Table 2, we listed up major predictions of the models and
whether they have been tested by observation or by experiment.

4.4. Ecology of N-fixing plants and their distributions

Nitrogen-fixing terrestrial plants have a high species diversity
in tropical forests (Yahara et al., 2013). Hedin et al. (2009) consid-
ered this to be a paradox because the soil nitrogen level is high in
tropical forests.

One of the major conclusions of the model is the condition in
which plants possess root nodules, which is given by the following
inequality:

[leaf nitrogen content] x {[plant growthrate] + [loss rate] }
> g x [root/shoot ratio] x [soil nitrogen concentration] (7)

which is derived in SI Appendix B. g is a constant for the absorption
rate of nitrogen per root mass per soil nitrogen concentration. The
optimal number of nodules per leaf is proportional to the difference
between both sides (see Eq. (B.8)).

Please note that, both [leaf nitrogen content| and [plant growth
rate] in Eq. (7) are quantities determined by other parameters. The
inequality (7) does not explicitly include the leaf maintenance and
construction costs or the root nodule maintenance cost. This
appears to be inconsistent with studies of systems ecological mod-
eling which concluded that a lower cost of nitrogen fixation in
tropical forests than in temperate and boreal forests should explain
the greater nitrogen fixation in the tropics than in areas of higher
latitudes (e.g. Menge et al., 2008; Fisher et al., 2010). In the formal-
ism of this paper, a higher cost of nitrogen fixation reduces both
the leaf nitrogen content N and plant growth rate r, and makes
inequality (7) less likely to hold.

Based on comparative studies of 175 sites worldwide, Wright
et al. (2005) discovered that the leaf nitrogen content is higher
with both higher temperature and irradiance. They have also
shown that the leaf longevity of evergreen trees decreases with
the mean temperature, while that of deciduous trees increases
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Table 2
The predictions of the models and empirical studies.
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[Prediction 1]

The number of root nodules per leaf adaptive to the host plant varies with the nitrate availability in soil and with the light intensity at leaves. The number of root
nodules should decrease with soil nitrate concentration and increase with the light intensity at leaves.

[Test] The predicted responses of plants have been demonstrated by manipulation experiments.

The molecular study on the pathway controlling nodulation is limited to the one suppressing the number of newly formed nodules by the amount of nitrogen in the
soil or the presence of existing root nodules. No study has been conducted on the pathway by which the intensity of light received by the leaves increases the

number of nodules.
[Prediction 2]

The number of nodules to produce should be determined by combining the information on the soil nitrate concentration and that on the light intensity at leaves.
[Test] A chemical signal is produced in the root tissue, reflecting the environment in the soil, which acts on the leaf tissue. In response to this, another chemical
signal is produced in the leaf tissue and affect the root tissue in order to suppress nodule formation.

This is called long-distance control. We can infer that the plant needs long-distance control because the availability of two different resources at different locations
(the nitrate availability in the soil and the light intensity in the leaves) must be combined to determine the optimal control of root nodulation.

[Prediction 3]

For a mature plant that does not grow fast, if it has no root nodule, the leaf nitrogen content increases with the nitrate concentration in the soil, and it is indepen-

dent of the intensity of light at leaves.

In contrast, if the plant produces root nodules, the leaf nitrogen concentration in the soil increases with the light intensity at leaves and does not depend on the

amount of nitrogen in the soil.

[Test] These interesting quantitative predictions have not been tested. It is probably because most experiments are carried out with small vegetatively growing
plants. The model predicts different responses for stationary plants and for vegetative growing plants (see Growing Plant Models).

[Prediction 4]

Plants in the vegetative phase grow faster when the nitrogen availability in soil and the light intensity in leaves are higher.

[Test] The predictions are supported by observations.
[Prediction 5]

The leaf nitrogen content of a vegetatively growing plant is high both for low soil nitrate concentration and high leaf light availability and for high soil nitrate con-
centration and low leaf light availability. In between these two, the leaf nitrogen content tends to be lower.

[Test] The predictions have not been tested.
[Prediction 6]

The amount of nitrogen per leaf is higher for a plant in the reproductive phase than for a plant in the vegetative phase the latter growing in size rapidly, if both live
in the environment with exactly the same light intensity and soil nitrogen concentration.

[Test] The prediction has not been tested.

with the mean temperature, which was the pattern predicted by
the model on the economics of leaf longevity (Kikuzawa, 1996;
Kikuzawa et al., 2013). The loss rate of leaf nitrogen (i.e. the inverse
of the mean retention time of nitrogen) is about inversely propor-
tional to the leaf longevity. Hence, among evergreen trees, the loss
rate of leaf nitrogen might be faster in tropical forests than in tem-
perate or boreal forests. We must be careful that the data analyzed
by Wright et al. (2005) included herbs, shrubs, and trees, and also
the data on plants other than legumes. However, we can see possi-
bility of the general trend that the left-hand side of Eq. (7) can be
greater in tropical forests than in temperate or boreal forests. A
more careful quantitative study of functional traits other than just
the soil nitrogen concentration is required. This might verify that
our observation in different ecosystems is not a paradox, but adap-
tive responses of the plants.
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