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Summary

e Growth rate represents a fundamental axis of life history variation. Faster growth associated
with C4 photosynthesis and annual life history has evolved multiple times, and the resulting
diversity in growth is typically explained via resource acquisition and allocation. However, the
underlying changes in morphogenesis remain unknown.

e We conducted a phylogenetic comparative experiment with 74 grass species, conceptualis-
ing morphogenesis as the branching and growth of repeating modules. We aimed to establish
whether faster growth in C4 and annual grasses, compared with C3 and perennial grasses,
came from the faster growth of individual modules or higher rates of module initiation.

¢ Morphogenesis produces fast growth in different ways in grasses using C4 and C3 photo-
synthesis, and in annual compared with perennial species. C, grasses grow faster than Cs
species through a greater enlargement of shoot modules and quicker secondary branching of
roots. However, leaf initiation is slower and there is no change in shoot branching. Con-
versely, faster growth in annuals than perennials is achieved through greater branching and
enlargement of shoots, and possibly faster root branching.

¢ The morphogenesis of fast growth depends on ecological context, with C4 grasses tending
to promote resource capture under competition, and annuals enhancing branching to increase

reproductive potential.

Introduction

Growth is a fundamental process of life and a central determinant
of ecological interactions (Vile ez al., 2006). Plant species innately
differ in their growth rates (Grime & Hunt, 1975), such that
faster-growing species can have a short-term competitive advan-
tage due to the rapid occupation of space and acquisition of
resources, thereby out-competing slower-growing species (Grime
& Hunt, 1975; Poorter, 1990; Rees, 2013). However, growth
rate is inversely related to the allocation of internal resources to
storage, maintenance and defence (Atkinson ez al., 2012; Huot
et al., 2014). These relationships lead to growth-survival trade-
offs and selection against fast growth under particular ecological
conditions (Grime, 1977; Rose et al., 2009).

Maximum growth rate under favourable environmental condi-
tions varies by more than an order of magnitude among plant
species (Grime & Hunt, 1975; Atkinson ez a/., 2016). This inter-
specific diversity underpins ecological theories that use functional
attributes to explain the structure and dynamics of plant commu-
nities and the evolution of plant populations (Grime, 1977; Til-
man, 1988; Diaz er al, 2015). At larger scales, the growth rates
of dominant species in each community influence vegetation pro-
ductivity, such that spatial turnover in dominant species leads to
variation in ecosystem functioning (Grime, 1977; Hooper &
Vitousek, 1997).

Plant growth rate is strongly size dependent, and is usually
normalised by total mass to give the ‘relative growth rate’ (RGR)
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(Grime & Hunt, 1975), or compared at a common plant mass
(Turnbull ez al., 2012). Explanations for interspecific variation in
RGR usually focus on the acquisition and internal allocation of
resources. Species particularly differ in the physiological effi-
ciency of nitrogen-use in photosynthesis and growth, the internal
allocation of biomass to leaves versus roots, and the deployment
of leaf mass as leaf area (i.e. specific leaf area, SLA) (Poorter &
Evans, 1998; Weiner, 2004; Taylor ez al., 2010; Atkinson et al.,
2016). This conceptualisation of plant growth has provided
important insights into the causes of functional diversity (Grime
& Hunt, 1975; Grime, 1977). However, it does not consider the
developmental processes that produce plant forms, that is mor-
phogenesis.

Interspecific differences in morphogenesis give rise to architec-
tural diversity (Reinhardt & Kuhlemeier, 2002), which is critical
for differences between functional groups such as forbs vs
graminoids (Grime e# al., 1997), the ecological adaptations of
species (Wright ez al, 2017) and niche differentiation (Lynch,
2019). Conversely, growth potential may be limited by allomet-
ric relationships that arise from mechanical constraints, such as
structural investment in leaves (Li et /., 2008), or functional rela-
tionships, such as the dependence of water uptake on root vol-
ume and branching (Biondini, 2008). Further constraints may
arise from the conservation of developmental mechanisms during
the evolution of plant lineages (Watson, 1984). Crucially, rapid
growth can only be achieved if plants have the potential to
develop sinks for the carbon acquired by photosynthesis (White
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et al., 2016; Hayat et al., 2017). The morphogenesis required for
fast growth is therefore of central importance for understanding
plant ecological diversification but has not been investigated sys-
tematically, and remains largely unknown.

Plants using the Cy4 photosynthetic pathway grow faster than
those using the ancestral C; type through an increased efficiency
and rate of photosynthesis, and greater SLA (Black, 1973;
Ehleringer & Bjérkman, 1977; Atkinson ez al, 2016). Annual
plants also grow faster than closely related perennials, through a
greater photosynthetic nitrogen-use efficiency (Garnier, 1992;
Garnier & Vancaeyzeele, 1994; Poorter & Evans, 1998), and a
higher SLA (Garnier & Laurent, 1994; Garnier et al., 1997). C4
photosynthesis and annual life history have both evolved multiple
times in grasses (Poaceac), an economically and ecologically
important plant family. Grasses are a good model system for
investigating morphogenesis because they grow in a particularly
orderly, predictable and repeated formation, conceptualised as a
hierarchical arrangement of modules called phytomers (Gray,
1879). Faster growth in Cj4 and annual grasses, compared with
C; and perennial grasses, could theoretically arise from: (1) faster
growth of individual phytomers; or (2) higher rates of phytomer
initiation, arising from shorter intervals between organ initiation
or branching events.

We used a phylogenetic comparative analysis of 74 species
(Fig. 1) grown in a controlled environment to test which of these
alternatives explains the contrasting growth rates in Cy, Cs,
annual and perennial grasses. Our null hypothesis was that varia-
tion in species growth rates would arise equally from changes in
the rates of phytomer growth and initation. However, we pre-
dicted that phytomer growth might be more important because
of conserved developmental processes that restrict the rate of phy-
tomer initiation, and allometric relationships between phytomer
size and costs (e.g. support structures could be cheaper in larger
leaves). We also expected that morphogenesis would converge
towards a similar pattern in species that have shared ecological
strategies, such as the C; or C4 photosynthetic pathway, or an
annual or perennial life history.

Materials and Methods

We took a stratified sample of 74 grass species from across the
BOP lineage (C; species only) and the PACMAD lineage (sister
clade to BOP that includes 22-24 independently evolved Cy lin-
eages and related Cj sister species) of grasses (Poaceae) (Grass
Phylogeny Working Group II, 2012; Soreng et al., 2017). Our
strategy was to sample the diversity of C4 and annual grasses
using seeds available from public germplasm collections, covering
as many of the independent C4 grass lineages and their Cj sister
groups as possible. Within each C4 and Cj lineage, we also sam-
pled multiple pairs of annual vs perennial groups, making a ran-
dom draw within each of these lineages, where there was a choice
of available seeds. Short-lived perennials (< 3 yr) were coded as
annuals for this purpose (Clayton et /., 2006). Overall, we sam-
pled 12 independent lineages of Cy grasses, and 20 monophyletic
groups of annual grasses (Fig. 1), with nine of the annual lineages
using C4 photosynthetic pathway.
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Seeds of each species were exposed to pregermination treat-
ments determined from preliminary tests and information pub-
lished by the Royal Botanic Gardens, Kew (Supplementary
Material). The seeds were germinated in Petri dishes (20 seeds
per 9 cm diameter Petri dish; Fisher Scientific Ltd, Loughbor-
ough, UK) and, once the first true leaf appeared, 20 seedlings for
each species were transplanted to 2 litre pots (width, 5 c¢m; length
5 cm; height, 80 cm) filled with Medium Vermiculite (East Rid-
ing Horticulture Ltd, York, UK), and topped with ¢. 5 cm of
wet sand, which remains at the top of the pot. There was ¢. 10%
mortality at this point, but we were able to replace 30% of the
seedlings that died soon after transplanting.

After transplanting, each seedling was assigned a location
within controlled environment chambers (Conviron, BDW160
no. 2, S no. 000379), in a randomised block design (the ‘block’
in each case corresponded to one of the eight trolleys within each
chamber). Plants were grown under 14 h daylength at 30°C :
25°C, day : night, with 80% humidity. An average photosynthetic
photon flux density (PPFD) of 1056.4 £ 88.3 mol m2 s was
measured (N = 87) using a handheld sensor (Li-Cor 190-R quan-
tum sensor) at pot height. Plants were automatically watered for 30
min twice daily with deionised water using porous piping (LBS
Worldwide Ltd, Lancashire, UK), and 100 ml of 50% Long Ash-
ton nitrate-type nutrient solution (Hewitt, 1966) was manually
applied to each pot twice a week.

Data were collected from three time-staggered experiments
(‘experiment’ in the statistical analysis). The germination date of
each seedling was recorded. Before transplanting seedlings into
pots, nondestructive growth measurements were taken of 10 ger-
minated seedlings for each species. The number of root tips and
leaves were counted each day until transplanting. After trans-
planting, the total number of leaves, number of leaves on the
main tiller and number of tillers were counted three times a week
and main stem height measured once per week.

Four plants of each species were randomly selected and har-
vested approximately weekly for 5 wk throughout each experi-
ment. Roots were removed, washed and cleaned, and the above-
ground plant material detached from the roots. The leaves, stems
(including leaf sheaths) and roots were then weighed separately for
fresh mass (FM), after dividing stems and roots at soil level. Leaves
were detached from the main stem at the ligule and the number of
tillers and leaves counted. Image analysis was used to determine
root architecture (total root length (cm), total root surface area
(cm?), average root diameter (mm), total number of forks and
tips) (WINRHIZO 2016; Regent Instruments, Quebec, Canada)
and the total leaf area (cm?) (WinDias 2009 v.3.2; Delta-T
Devices, Cambridge, UK). The number of primary roots (roots
originating from the embryo) was manually counted using images
of the root system. Half of the replicate plants harvested at each
time point were dried at 70°C and weighed for biomass (g DM).
The number of secondary roots was calculated by subtracting the
number of primary roots from the total number of root tips. Mean
shoot and root phytomer sizes were calculated by dividing total
shoot mass or root mass by the numbers of leaves or root forks.

To investigate the structural constraints on creating larger leaves,
we quantified investment in tissues with functions in mechanical
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Fig. 1 Phylogeny of the species used in the experiments. Species names in the Bambusoideae-Oryzoideae—Pooideae (BOP) clade are coloured in grey,
while those in the Panicoideae-Arundinoideae-Chloridoideae—Micrairoideae—Aristidoideae-Danthonioideae (PACMAD) lineage that contains all C, taxa
are black. The photosynthetic pathway and life history of each species are indicated by coloured tips on the phylogenetic tree.

support (especially veins and fibres). We measured investment in 2013). For the same segments, we added measures of the total
tissues associated with veins, and which therefore had a potential ~ cross-sectional area of epidermis, bundle sheath extension (extra
function in mechanical support, using image analysis of transverse ~ bundle sheath cells), and fibre tissues, so that all tissue types were
sections. Leaf transverse sections from 86 species of grasses repre-  included. Each area was normalised by dividing by the number of
senting all subfamilies as well as numerous Cy lineages and their ~ veins within the measured area. To scale for a whole leaf, we then
C; relatives were retrieved from a published dataset (Christin eza/, ~ multdplied these per vein values by the total number of veins per
2013). The original study measured the total cross-sectional area  leaf. The total number of veins per leaf was counted and leaf width
of veins, outer bundle sheath, inner bundle sheath, and mesophyll measured from leaves that had been cleared and stained following
for each section, in a segment covering several veins (Christin ez al., Scoffoni & Sack (2011).
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Phylogenetic analysis

A phylogeny for the species involved in the growth analysis was
reconstructed using a set of sequences from four regions of the
chloroplast genome that have been widely used in grass phyloge-
netics: trnKmatK; rbecL, ndhF and trnLtrnF. These markers were
retrieved from NCBI databases when available for the species
used here, and were amplified and Sanger sequenced using pub-
lished protocols (Grass Phylogeny Working Group II, 2012) for
species that had never been analysed. Each marker was then
aligned using MuscLE v.3.8.31 (Edgar, 2004), and the alignment
was manually verified. The four markers were then concatenated,
and a time-calibrated phylogenetic tree was inferred using BeasT
v1.8.4 (Drummond & Rambaut, 2007). The GTR + G+I sub-
stitution model was used, and the speciation prior was set to a
Yule process. A relaxed molecular clock with a log-normal distri-
bution was used. The monophyly of each of the BOP and
PACMAD clades was enforced to root the tree, and the split of
the two clades was constrained by a normal distribution with a
mean of 51.2 (age in million years estimated by Christin ez af,
2014) and a standard deviation of 0.0001. Two analyses were
run for 10 000 000 generations, with sampling frequency of
1000 generations. Convergence of the runs and effective sam-
pling sizes were monitored with TRACER v.1.6 (Rambaut &
Drummond, 2015), and the burn-in period was set to 5000 000.
Posterior trees from the two analyses were combined, and median
ages were mapped on the highest credibility tree, which was used
for comparative analyses. For the cross-section dataset, the phy-
logeny from the original publication was used (Christin et al,
2013).

Statistical information

Bayesian mixed effects models (MCMCglmm (Hadfield, 2010))
were fitted using R sTUDIO v.1.0.153 to account for nonindepen-
dence due to phylogeny, species, experiment and block and, if
necessary, repeated measures. All models included random effects
accounting for phylogenetic relatedness, between-species differ-
ence in means unrelated to phylogeny, experiment and block.
For traits that could be measured nondestructively (e.g. number
of tillers and leaves, and main stem length) an additional individ-
ual-specific random effect was fitted. All models were fitted using
parameter-expanded priors (Hadfield, 2019). Continuous data
were analysed assuming a Gaussian error distribution, whereas
count data were analysed using a zero-truncated Poisson distribu-
tion. We determined the number of iterations, burn-in and thin-
ning by visual assessment. We let the MCMC algorithm run for
5000 000 iterations with a sampling interval of 100. All models
fitted were of the form:

loge()/) = ﬁO + ﬁrt'

where log(y) indicates a log transformation or link function. This
means the time slope, f,, can be interpreted as average RGR over
the growth period. Models were fitted with the following two-
way interactions: life history (i.e. perennial vs annual) * time,

New Phytologist (2020)
www.newphytologist.com

New
Phytologist

photosynthetic pathway (i.e. C5 vs C4) * time and life history *
photosynthetic pathway. We tested the effects of fitting three-
way interactions between these factors, but none was statistically
significant. We removed the species A. cimicina from the analysis
for number of tillers, as it was an oudlier, but there was no effect
of removing it (Table S1).

To provide a more intuitive way of interpreting changes in
RGR, we also calculated doubling times from the fitted models
using a simple transformation. If A/ is initial size, then a plant
will be 21 some time later. We can calculate this time as:

2My = Moexp(rtp)
where 7is RGR, and so
tp=log.(2)/r.

When comparing the results of multiple significance tests
within each data table, we applied a sequential Bonferroni correc-
tion, which sequentially adjusts the threshold value for signifi-
cance to account for multiple testing and to avoid type I errors

(Rice, 1989).

Results

RGR was faster in annuals than perennials, and greater in Cy4
than C; grasses (Table S2), as expected under the hot, high-light
conditions of our experiment. In all fitted models the interactions
(life history X photosynthetic pathway) and (life history X photo-
synthetic pathway X time) were not significant. As a consequence,
we concentrate from here on the interactions of (photosynthetic
pathway X time) and (life history X time), as these were the pri-
mary focus of the experiment.

The initial size and number of phytomers (intercept at time
zero, the day of germination; Table 1) were similar for plants
with each photosynthetic pathway. However, C4 species initiated
leaves at a slower rate compared with the Cj type, such that the
number of leaves on the main stem, and the average number of
leaves per tiller (i.e. leaves per branch), increased more slowly in
Cy than Cj grasses (Table 1). The rate of increase in the number
of tillers (i.e. the production of new shoot branches) did not dif-
fer between C,4 and Cj species (Table 1).

Faster growth in Cy4 grasses could therefore not be attributed
to either leaf or branch initiation rates. However, the rate at
which shoot phytomers enlarged during the experiment differed
substantially between C4 and Cj grasses. Shoot phytomers (Fig.
2a,b), including leaves, internodes and tillers, increased in size
faster in C4 than Cj plants (Table 1), corresponding to an ¢
50% reduction in doubling time for the size of C4 shoot phy-
tomers compared to the Cj type.

Below ground, a marginally slower rate of primary root initia-
tion, combined with a marginally faster rate of secondary root
initiation, meant that secondary root branching on each primary
root was faster in C4 than Cj species (Table 1; Fig. 3¢,d). The
outcome of this faster branching was that mass accumulation
occurred more quickly for each primary root in C4 than Cj

© 2020 The Authors
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Table 1 Effects of transition from C3 — C,4 or perennial — annual on the initial size or number of phytomers and their relative growth rate (RGR).

Transition perennial —

Transition C3 — C,4 annual
Alntercept ARGR Alntercept ARGR
Number of modules Above ground No. of leaves ns —0.005 ns 0.010%*
No. of tillers ns ns -0.977 0.037**
No. of leaves per tiller ns —0.007** ns ns
No. of leaves per main tiller ns —0.014%* ns ns
Below ground No. of root forks ns ns ns 0.024
No. of primary roots ns —-0.009 ns 0.010
No. of secondary roots ns 0.022 ns 0.026
No. of secondary roots per primary root ns 0.031* ns ns
Size of modules Above ground Shoot phytomer mass ns 0.034%** -1.330 0.032**
Internodal mass ns 0.034** —-1.203 0.031**
Tiller-phytomer mass ns 0.027** -1.239 0.031**
Below ground Root phytomer mass ns 0.021 ns ns
Root diameter ns 0.017** ns ns
Primary root phytomer mass ns 0.045%%* -1.021 0.027*

Alntercept is the change in the intercept (initial size or number at time, t = 0), and ARGR is the change in time slope (RGR, d™").
Results in plain type were individually significant at P < 0.05, but became nonsignificant after the sequential Bonferroni correction, which adjusts the
significance threshold to account for multiple testing within the table. The results in bold type remained significant after this correction had been applied.

ns, nonsignificant (P > 0.05); *, P < 0.05; **, P < 0.01.

plants (Table 1). Root phytomers increased in diameter faster in
Cy than Cj plants (Fig. 2¢,d), but there was only weak evidence
that this was accompanied by greater root phytomer mass (Table
1).

Opverall, faster above-ground growth in C4 than Cj grasses was
therefore achieved through gigantism in shoot structures. The
leaves and tillers of C4 species enlarged more rapidly, despite a
slower leaf initiation rate and no change in the rate of tiller
branching. Below ground, the roots of Cy4 species increased in
diameter faster and produced secondary branches more quickly
than the roots of Cj grasses.

The effects of annual and perennial life histories on all mea-
sured growth parameters were the same for C; and Cj grasses,
that is there were no interactions between annual vs perennial
and Cs vs C4. There was some evidence that annual grass
seedlings had smaller initial shoot phytomer size than the peren-
nials (Table 1). However, the relative increase in the numbers of
shoot phytomers was much faster in annuals than perennials
(Table 1). Tiller branching was especially rapid, with a ¢. 30%
decrease in the tiller doubling time in annuals compared with
perennials (Fig. 3a,b; Table 1). The higher growth rate in leaf
number for annuals compared with perennials arose entirely
because of faster tiller branching, as the rate of leaf initiation per
tiller remained unchanged (Table 1). This difference in branch-
ing rate between annuals and perennials contrasts markedly with
the situation for C; and C4 plants (Table 1).

Similar to the situation for C4 compared with Cj grasses, the
enlargement of above-ground phytomers was faster in annual
than perennial species (Fig. 2a,b). The average mass of leaves,
internodes and tdillers increased more quickly in annuals than
perennials, leading to a ¢. 50% reduction in the time taken for
each to double in size (Table 1). Conversely, the growth rate of

© 2020 The Authors
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root phytomer mass and thickness (Fig. 2¢,d) did not differ
between annual and perennial plants.

Although root phytomer size was the same in annuals and
perennials, the mass growth per primary root was greater in
annuals than perennials (Table 1). There was some evidence of
faster root initiation in annual than perennial species, with the
number of primary roots and root branching increasing more
rapidly (Table 1). Although none of these effects was statistically
significant after the correction for multiple testing had been
applied, the data suggest that quicker branching is a more likely
explanation than greater phytomer size for the faster root growth
in annuals (Table 1; Fig. 3¢,d).

Overall, the higher growth rates in annual than perennial
grasses were achieved through the faster branching of tillers, and
more rapid enlargement of tillers and leaves. There was some evi-
dence of faster root branching. However, as with the C5 vs Cy4
contrast, the leaves on each tiller (i.e. leaves per tiller and leaves
per main tiller) were not initiated more quickly in annuals than
perennials.

Differences in morphogenesis between Cj4 and Cj; plants, and
between annuals and perennials, gave rise to significant structural
changes at the whole-plant scale. Height growth, measured by
the rate of main stem elongation, was faster in C4 and annual
plants compared with C; and perennials, leading to reductions in
the time taken for height to double of ¢. 20% for C; and ¢ 30%
for annual plants (Table 2). The whole-plant leaf area also
enlarged faster in C4 than Cj grasses despite the slower leaf initia-
tion of Cy4 species (Table 2), leading to a ¢. 30% reduction in
doubling time for the total plant leaf area. Similarly, there was a
significant difference in total leaf area growth between annuals
and perennials (Table 2). Underpinning these differences, indi-
vidual leaves grew larger in both C4 and annual grasses than in
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C; and perennial species (Table 2). The root systems of both Cy4 were compared at a common size (Table S2). After the Bonfer-

and annual plants also enlarged significantly faster than C; and  roni correction, we found no differences in the RGR of root allo-
perennial species, respectively. The surface area and total length ~ cation based on photosynthetic pathway or life history
of roots enlarged faster in Cy4 than Cj species, causing a ¢. 20% (Table S2). There was also no evidence of differences in dry
reduction in doubling time, and in annuals than perennials, weight relative to fresh weight, when compared over time (Table
resulting in a ¢. 30% reduction in doubling time (Table 2). S2).

After the sequential Bonferroni correction, there were no sig- The relationship between the cross-sectional area of support

nificant differences in the RGRs of SLA and specific root length  tissues and leaf width was not significantly different from isomet-
(SRL) between C4 and Cj species, or between annual and peren- ric, (slope = 0.94, 95% CI = 0.55-1.37; Fig. 4). There was
nial species (Table 2). These results did not change when plants some evidence that C4 species have higher investment than Cj
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Table 2 Effects of transition from C3 — C,4 or perennial — annual on the initial size of shoot and root systems and their relative growth rate (RGR).

Transition C3 - C4

Transition perennial — annual

Growth parameter Alntercept ARGR Alntercept ARGR
Above ground SLA 0.358 -0.010 ns ns
Total plant leaf area ns 0.033%** ns 0.037%%**
Lamina area of individual leaves ns 0.027%%** ns 0.027%%**
Main stem length ns 0.019%** ns 0.024%**
Below ground SRL ns —-0.013 ns ns
Total surface area of the root system ns 0.027* ns 0.034**
Total length of the root system ns 0.021* ns 0.032%**

Alntercept is the change in the intercept (initial size or number at time, t = 0), and ARGR is the change in time slope (RGR). SLA, specific leaf area; SRL,

specific root length.

Results in plain type were individually significant at P < 0.05, but became nonsignificant after the sequential Bonferroni correction, which adjusts the signif-
icance threshold to account for multiple testing within the table. The results in bold type remained significant after this correction had been applied.

ns, nonsignificant (P > 0.05); *, P < 0.05; **, P < 0.01; *** P < 0.001.

plants in support structures (P < 0.05; using a phylogenetic
regression fitted in MCMCglmm). However, the cost of making
leaves did not differ among species with different life histories
(i.e. annuals vs perennials; P > 0.3).

Discussion

This study characterises the association between plant morpho-
genesis and increased rates of carbon fixation and biomass accu-
mulation. Fast growth is achieved through contrasting patterns of
morphogenesis in C4 and annual grasses (Fig. 5), but these differ-
ences are additive and there is no evidence of an interaction
between photosynthetic pathway and life history. However, our
analysis is unable to infer causality. Higher rates of photosynthe-
sis in C4 and annual plants may have caused morphogenesis to
adapt by developing larger sinks for the extra carbon fixed. Alter-
natively, C; photosynthesis and annual life history may have
evolved more easily in lineages that already had faster phytomer
growth, as this provided the sinks needed to udilise fixed carbon.
Recent work has clarified the situation for annuals from the BOP
grass lineage (Fig. 1), showing that fast RGR is not a prerequisite
for the evolution of annual life history. Instead, annuals evolve at
a faster rate in lineages with a larger investment in shoot relative
to root mass (Lindberg ez al., 2020).

The faster growth of C4 than Cj grasses is manifested as gigan-
tism in the size of shoot phytomers, but with no change in shoot
branching. This result implies important ecological benefits
within C4 grass communities for plants with larger leaves and
taller shoots, rather than more branches. In highly modular
herbaceous plants like grasses, larger leaf modules lead to a taller
shoot stature (Niinemets, 2010), which increases the ability of
plants to compete for light with neighbours (Violle ez al., 2009).
However, although structural investment is greater in C4 than Cj
leaves, we found that larger leaves are no more efficient to deploy
than smaller ones (Fig. 4).

Faster growth below ground in C4 than Cj grasses is used to
produce more secondary roots, leading to more densely branched
root systems. Greater secondary root branching in crops is associ-
ated with a more efficient exploration of the soil volume and
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Fig. 4 Investment in leaf support structures. The relationship between the
total area of leaf support structure in cross-section (mm?) and the size of

leaf (leaf width, mm). The effect of C4 photosynthesis is marginally
significant (P < 0.05), the slope of the lines is 0.94 (95% CI = 0.55-1.37).

better scavenging of immobile nutrients such as phosphorus
(Lynch, 2019). More generally, a higher total length of roots
within a particular soil volume increases the ability of a species to
pre-empt the supply of nutrients (Craine & Dybzinski, 2013).
These observations imply that nutrient capture may be an
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Fig. 5 Morphogenesis of growth in C3 perennial, C, and annual grasses.
Diagrammatic representations of the morphogenesis that underlies the
growth rate differences between C; and C4, and annual and perennial
plants. Supporting values and statistical evidence are given in Table 1.

important selection pressure for the morphogenesis of fast root
growth in Cy grasses. Faster root elongation, and increased root
surface area and diameter in Cy4 than Cj plants, has the potential
to increase nutrient uptake, giving better access to water, greater
resilience to root herbivores (Johnson ez al., 2016), a larger tissue
volume for storage and a larger surface for interactions with soil
mutualists.

Based on our results, C4 plants should therefore capture light
more effectively and pre-empt resource capture from a larger soil
volume than their C; counterparts, making them stronger com-
petitors during seedling establishment and vegetative growth.

By contrast with the effects of C4 photosynthesis, the transi-
tion to an annual life history is associated with a developmental
pattern of faster shoot branching in addition to shoot gigantism.
Although annuals produce smaller seeds and have a smaller initial
size (Rees, 1996), they grew faster than the perennials in our
experiment (Table 1). The fast growth of annuals is usually inter-
preted in terms of changes to resource allocation and photosyn-
thetic nitrogen-use efficiency (Garnier, 1992; Garnier &
Vancaeyzeele, 1994). Our finding of faster branching in annuals
than perennials brings two potential ecological benefits in the dis-
turbed habitats occupied by these species. First, in disturbed,
open habitats with a low density of competitors, more rapid
branching enables faster lateral spread, reducing the aggregation
of foliage and self-shading, facilitating more efficient light cap-
ture (Niinemets, 2010). Such a strategy would be disadvanta-
geous in a densely occupied sward, where vertical growth is more
important. Secondly, as each tiller in grasses has the potential
both to terminate in a seed-bearing inflorescence and to generate
further branches, faster branching in annuals rapidly enhances
their reproductive potential.

Although phytomer size and branch initiation rate differed sys-
tematically among functional groups, the initiation of new leaves
by each tiller was not consistently used as a mechanism to grow
faster. Instead, the rate of leaf initiation remained unchanged in
annuals compared with perennials, and consistently slowed in C4
compared with Cj species. This occurred despite published evi-
dence that the leaf emergence rate accelerates within a particular
genotype in response to the carbon supply relative to demand
(Baumont ez al., 2019). One interpretation of our results is that
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having more leaves does not bring the same ecological benefits as
having larger leaves or more branches (i.e. ecological selection).
An alternative is that leaf initiation rate may trade off against leaf
size (Huang er al, 2016), such that producing larger leaves
inevitably slows the rate of leaf initiation. Finally, the develop-
mental process of leaf initiation may be constrained, such that it
is unable to go faster. Crop research shows genetic variation in
leaf emergence rate (e.g. Morita er al, 2005) and differences
among species (e.g. Frank & Bauer, 1995), but to our knowledge
the hypothesis of an upper limit to leaf initiation rate remains
untested.

Fast growth is inversely related to storage, maintenance and
defence (Atkinson et al., 2012; Huot et al., 2014), such that it is
most beneficial in resource-rich environments and trades off
against survival in resource-poor and disturbed environments
(Grime, 1977; Rose et al., 2009). Our work illuminates a previ-
ously unrecognised facet of fast growth, revealing that the rela-
tionships of rapid biomass accumulation to morphogenesis
depend on ecological context and may be constrained by develop-
ment. Sampling multiple independent lineages of C4 and annual
plants has enabled us to infer that fast growth is consistently
linked to differing strategies of morphogenesis in each case. We
find that fast growth enables resource acquisition and allocation
to be coordinated with morphogenic changes that enhance ecither
competitive ability or reproductive potential.

Acknowledgements

We thank University of Sheffield summer placement students
(Carrie Alderley, Joseph Booth, Will Burn, Robert Hardy,
Anthony Hodder, Alana Jones, Caroline Milson, Harriet Myers,
Barbara Ojei Agwaziam, Charles Philpot, Anthony Putzfeld,
James Rafferty, David Rapley, Lucy Vaughan, and Christopher
Weston) for their technical assistance. The work was funded by
NERC via a standard grant (NE/N003152/1) awarded to CO,
PAC, KT and MR. PAC is supported by a Royal Society
Research Fellowship (grant no. URF/R/180022).

Author contributions

RNW, CPO, MR and KT designed the study. RN'W, PS and
EM carried out the comparative growth experiment, and data on
leaf structural support were collected by PAC and HEW. PAC
produced the phylogeny. RN'W, MR and CPO analysed the data
and interpreted the results. RNW, CPO and MR wrote the
paper. All the authors provided critical comments on drafts of
the manuscript.

Data availability

Plant growth data and phylogenies were deposited at the NERC
Environmental Information Data Centre (EIDC), hteps://doi.
org/10.5285/cb0d7a37-45¢5-4645-b5ef-ba097d92fc20. DNA
sequences have been deposited with NCBI, with the accession
numbers MT587581 for Entolasia whiteana matK and
MT586483 for Entolasia whiteana ITS.

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust



New
Phytologist

ORCID

Pascal-Antoine Christin
8734

Eleanor McLaren

https://orcid.org/0000-0001-6292-

https://orcid.org/0000-0002-2716-4721
Colin P. Osborne (2 https://orcid.org/0000-0002-7423-3718
Mark Rees (2} hetps://orcid.org/0000-0001-8513-9906

Ruth N. Wade (2} https://orcid.org/0000-0001-9572-8990
Ellie Wood (2} https://orcid.org/0000-0002-8447-3766

References
Atkinson RRL, Burrell MM, Osborne CP, Rose KE, Rees M. 2012. A non-

targeted metabolomics approach to quantifying differences in root storage
between fast- and slow-growing plants. New Phytologist 196: 200-211.

Atkinson RRL, Mockford EJ, Bennett C, Christin P-A, Spriggs EL,
Freckleton RP, Thompson K, Rees M, Osborne CP. 2016. C4
photosynthesis boosts growth by altering physiology, allocation and size.
Nature Plants 2: 16038.

Baumont M, Parent B, Manceau L, Brown HE, Driever SM, Muller B, Martre
P. 2019. Experimental and modeling evidence of carbon limitation of leaf
appearance rate for spring and winter wheat. Journal of Experimental Botany 70:
2449-2462.

Biondini M. 2008. Allometric scaling laws for water uptake by plant roots.
Journal of Theoretical Biology 251: 35-59.

Black CC Jr. 1973. Photosynthetic carbon fixation in relation to net CO, uptake.
Annual Review of Plant Physiology 24: 253-286.

Christin P-A, Osborne CP, Chatelet DS, Columbus JT, Besnard G, Hodkinson
TR, Garrison LM, Vorontsova MS, Edwards EJ. 2013. Anatomical enablers
and the evolution of C4 photosynthesis in grasses. Proceedings of the National
Academy of Sciences, USA 110: 1381-1386.

Christin P-A, Spriggs El, Osborne CP, Stromberg CAE, Salamin N, Edwards
EJ. 2014. Molecular dating, evolutionary rates, and the age of the grasses.
Systematic Biology 63: 153—165.

Clayton W, Vorontsova M, Harman K, Williamson H. 2006. GrassBase - the
online world grass flora. [WWW document] URL http://www.kew.org/data/gra
sses-db.html [accessed 3 May 2019].

Craine JM, Dybzinski R. 2013. Mechanisms of plant competition for nutrients,
light and water. Functional Ecology 27: 833-840.

Diaz S, Kattge J, Cornelissen JHC, Wright IJ, Lavorel S, Dray S, Reu B, Kleyer
M, Wirth C, Colin Prentice I ez al. 2015. The global spectrum of plant form
and function. Nature529: 167-171.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology 7: 1-8.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Research 32: 1792-1797.

Ehleringer J, Bjorkman O. 1977. Quantum yields for CO, uptake in C5 and C4
plants. Plant Physiology 59: 86-90.

Frank AB, Bauer A. 1995. Phyllochron differences in wheat, barley and forage
grasses. Crop Science 35: 19-23.

Garnier E. 1992. Growth analysis of congeneric annual and perennial grass
species. Journal of Ecology 80: 665-675.

Garnier E, Cordonnier P, Guillerm J. 1997. Specific leaf area and leaf nitrogen
concentration in annual and perennial grass species growing in Mediterranean
old fields. Oecologia 111: 490-498.

Garnier E, Laurent G. 1994. Leaf anatomy, specific mass and water-content in
congeneric annual and perennial grass species. New Phytologist 128: 725-736.

Garnier E, Vancaeyzeele S. 1994. Carbon and nitrogen content of congeneric
annual and perennial grass species: relationships with growth. Plant, Cell &
Environment 17: 399-407.

Grass Phylogeny Working Group II. 2012. New grass phylogeny resolves deep
evolutionary relationships and discovers Cy origins. New Phytologist 193:
304-312.

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust

Gray A. 1879. Structural Borany. New York, NY, USA: Ivison, Blakeman, Taylor
& Co.

Grime J. 1977. Evidence for the existence of three primary strategies in plants and
its relevance to ecological and evolutionary theory. American Naturalist111:
1169-1194.

Grime J, Hunt R. 1975. Relative growth-rate: its range and adaptive significance
in a local flora. Journal of Ecology 63: 393—422.

Grime JP, Thompson K, Hunt R, Hodgson JG, Cornelissen JHC, Rorison IH,
Hendry GAF, Ashenden TW, Askew AP, Band SR ez al. 1997. Integrated
screening validates primary axes of specialisation in plants. Ozkos79: 259-281.

Hadlfield J. 2010. MCMC methods for multi-response generalized linear mixed
models: the MCMCglmm R package. Journal of Statistical Software 33: 1-22.

Hadfield J. 2019. MCMCglmm course notes. [N\WW document] URL https://cra
n.r-project.org/web/packagess/MCMCglmm/vignettes/ CourseNotes.pdf
[accessed 24 April 2020].

Hayat A, Hacket-Pain AJ, Pretzsch H, Rademacher TT, Friend AD. 2017.
Modeling tree growth taking into account carbon source and sink limitations.
Frontiers in Plant Science 8: 1-15.

Hewitt EJ. 1966. Sand and water culture methods used in the study of plant
nutrition. Commonwealth Bureau of Horticulture 22: 547.

Hooper D, Vitousek P. 1997. The effects of plant composition and diversity on
ecosystem processes. Science 277: 1302-1305.

Huang Y, Lechowicz MJ, Price CA, Li L, Wang Y, Zhou D. 2016. The
underlying basis for the trade-off between leaf size and leafing intensity.
Functional Ecology 30: 199-205.

Huot B, Yao J, Montgomery BL, He SY. 2014. Growth-defense tradeoffs in
plants: a balancing act to optimize fitness. Molecular Plant7: 1267-1287.

Johnson SN, Erb M, Hartley SE. 2016. Roots under attack: contrasting plant
responses to below- and above-ground insect herbivory. New Phytologist 210:
413-418.

Li G, Yang D, Sun S. 2008. Allometric relationships between lamina area, lamina
mass and petiole mass of 93 temperate woody species vary with leaf habit, leaf
form and altitutde. Functional Ecology 22: 557-564.

Lindberg CL, Hanslin HM, Schubert M, Marcussen T, Trevaski B, Preston JC,
Fjellheim S. 2020. Increased above ground resource allocation is a likely
precursor for indepdent evolutionary origins of annuality in the Pooideae
subfamily. New Phytologist 228: 318-329.

Lynch J. 2019. Root phenotypes for improved nutrient capture: an unexploited
opportunity for global agriculture. New Phytologist 223: 548-564.

Morita M, Tang DQ, Miyamoto N, Goto Y, Ukai Y, Nemoto K. 2005.
Quantitative trait loci for rice phyllochron in Lemont x IR36 cross. Plant
Production Science 8: 199-202.

Niinemets U. 2010. A review of light interception in plant stands from leaf to
canopy in different plant functional types and in species with varying shade
tolerance. Ecological Research25: 693-714.

Poorter H. 1990. Interspecific variation in relative growth rate: on ecological
causes and physiological consequences. In: Lambers H, Cambridge M, Konings
H, Pons T, eds. Causes and consequences of variation in growth rate and
productivity of higher plants. The Hague, the Netherlands: SPB Academic,
45-68.

Poorter H, Evans JR. 1998. Photosynthetic nitrogen-use efficiency of species that
differ inherently in specific leaf area. Oecologia 116: 26-37.

Rambaut A, Drummond A. Tracer vi.4. [WWW document] URL http://beast.b
io.ed.ac.uk/tracer [accessed 2 April 2015].

Rees M. 1996. Evolutionary ecology of seed dormancy and seed size. Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences 351:
1299-1308.

Rees M. 2013. Competition on productivity gradients — what do we expect?
Ecology Letters 16: 291-298.

Reinhardt D, Kuhlemeier C. 2002. Plant architecture. EMBO Reporss 3:
846-851.

Rice WR. 1989. Analyzing tables of statistical tests. Evolution 43: 223-225.

Rose KE, Atkinson RL, Turnbull LA, Rees M. 2009. The costs and benefits of
fast living. Ecology Letters 12: 1379-1384.

Scoffoni C, Sack L. 2011. Quantifying leaf vein traits. Prometheus Wiki. [WWW
document] URL https://www.researchgate.net/publication/233735671_Qua
ntifying_leaf_vein_traits [accessed 24 April 2020].

New Phytologist (2020)
www.newphytologist.com



10 Research

Soreng RJ, Peterson PM, Romaschenko K, Davidse G, Teisher JK, Clark LG,
Barber P, Gillespie L], Zuloaga FO. 2017. A worldwide phylogenetic
classification of the Poaceae (Gramineae) II: an update and a comparison of
two 2015 classifications. Journal of Systematics and Evolution 55: 259-290.

Taylor SH, Hulme SP, Rees M, Ripley BS, Ian Woodward F, Osborne CP.
2010. Ecophysiological traits in C3 and Cy grasses: a phylogenetically
controlled screening experiment. New Phytologist 185: 780-791.

Tilman D. 1988. Plant strategies and the dynamics and structure of plant
communities. Princeton, NJ, USA: Princeton University Press.

Turnbull L, Philipson C, Purves D, Atkinson R, Cunniff ], Goodenough A,
Hautier Y, Houghton J, Marthews T, Osborne C ez al. 2012. Plant growth
rates and seed size: a re-evaluation. Ecology 93: 1283-1289.

Vile D, Shipley B, Garnier E. 2006. Ecosystem productivity can be predicted
from potential relative growth rate and species abundance. Ecology Letters 9:
1061-1067.

Violle C, Garnier E, Lecoeur J, Roumet C, Podeur C, Blanchard A, Navas A.
2009. Competition, traits and resource depletion in plant communities.
Oecologia 160: 747-755.

Watson MA. 1984. Developmental constraints: effect on population growth and
patterns of resource allocation in a clonal plant. 7he American Naturalist 123:
411-426.

Weiner J. 2004. Allocation, plasticity and allometry in plants. Perspectives in Plant
Ecology, Evolution and Systematics 6: 207-215.

White AC, Rogers A, Rees M, Osborne CP. 2016. How can we make plants
grow faster? A source-sink perspective on growth rate. Journal of Experimental

Botany 67: 31-45.

New Phytologist (2020)
www.newphytologist.com

New
Phytologist

Weright IJ, Dong N, Maire V, Prentice IC, Westoby M, Diaz S, Gallagher RV,
Jacobs BF, Kooyman R, Law EA ez al. 2017. Global climatic drivers of leaf
size. Science 357: 917-921.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Table S1 Effects of transition from C; — C4 or perennial —
annual on the number of shoot branches (i.e. tillers) and their rel-
ative growth rate.

Table S2 Effects of transition from C; — C4 or perennial —
annual on plant mass or area and its relative growth rate.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust



