SKE)(B

SOCIETY FOR EXPERIMENTAL BIOLOGY

Journal of Experimental Botany, Vol. 00, No. 0 pp. 1-13, 2026
https://doi.org/10.1093/jxb/erag110  Advance Access Publication 27 February 2026

RESEARCH PAPER

Leaf width expansion and biomass allocation, rather than
photosynthetic rate, drive early vigor in newly developed rice
lines

Ya Zhang, Xianke Yang, Xiaoxia Ling, Kehui Cui’’2), Jianliang Huang'(, Shaobing Peng’2),
and Dongliang Xiong*’

National Key Laboratory of Crop Genetic Improvement, Hubei Hongshan Laboratory, MARA Key Laboratory of Crop Ecophysiology and
Farming System in the Middle Reaches of the Yangtze River, Huazhong Agricultural University, Wuhan, Hubei 430070, China

* Correspondence: dixiong@mail.hzau.edu.cn

Received 22 September 2025; Accepted 24 February 2026

Editor: Robert Sharwood, Western Sydney University, Australia

Abstract

Early seedling vigor is a key determinant of rapid canopy establishment and early biomass production in rice, yet its
physiological and morphological drivers remain incompletely understood. Rapid growth is often assumed to result
from enhanced leaf-level photosynthetic capacity, but this assumption has rarely been tested explicitly. Here, we ex-
amined growth dynamics, biomass allocation, leaf morphology, and photosynthetic traits in newly developed rice lines
exhibiting strong early vigor and compared them with the elite cultivar HHZ. The new lines accumulated biomass more
rapidly than HHZ and exhibited non-exponential growth patterns, with higher absolute and relative growth rates.
Despite lower leaf photosynthetic rates and lower leaf nitrogen content, the new lines showed significantly greater
early biomass accumulation and larger canopy leaf area than HHZ. Canopy expansion was driven mainly by increased
leaf width, rather than leaf length or leaf number per tiller, together with a greater allocation of biomass to leaves rela-
tive to roots during early growth. These results demonstrate that rapid early growth can be achieved through a canopy
expansion strategy that prioritizes leaf morphological development and biomass allocation over photosynthetic effi-
ciency per unit leaf area. This observation entails clear trade-offs, including nitrogen dilution and reduced photosyn-
thetic biochemical capacity, yet it results in greater whole-plant biomass accumulation during early establishment.
Our findings challenge the conventional assumption that early vigor is necessarily associated with higher leaf photo-
synthesis and highlight alternative physiological pathways for improving early growth and competitiveness in rice.
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Introduction

Rapid early crop growth, often referred to as early seedling vig-  canopy establishment and efficient acquisition of essential re-
or, describes the ability of crops to grow promptly before their  sources such as light, water, and nutrients, thereby improving
canopy closes (Cairns et al., 2009; Rebolledo et al., 2012; Zhao resource use efticiency and enhancing the competitiveness of
et al., 2019). Early vigor is crucial because it allows for quick crops against weeds (Duan ef al., 2016; Aharon et al., 2021;
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Xiong, 2024). Additionally, rapid early growth is particularly
important in crop rotation systems, as continuous planting
often requires shorter crop growth periods to fit multiple
rounds of crops, and the rapid early growth can compensate
for the growth loss caused by the shortened periods
(Rebolledo ef al., 2012).

Opver the past decade, our research group has developed sev-
eral new rice lines using the pedigree method that exhibit rapid
biomass accumulation during the vegetative stage (Pan et al.,
2023). However, the mechanisms underlying this rapid growth
remain unclear. To quantitatively assess growth, the absolute
growth rate (AGR) and the relative growth rate (RGR) are
widely used to measure biomass accumulation (Hilty et al.,
2021). AGR quantifies the increase in biomass over a specific
period, while RGR provides a measure of biomass increase
relative to the initial biomass (Paine ef al., 2012). RGR is par-
ticularly insightful because it accounts for the initial size of the
organism, making it a more standardized growth metric com-
pared with AGR (Blackman, 1919; Pommerening and Muszta,
2016; Lamont et al., 2023).

Typically, RGR at the early growth stages of a plant is cal-
culated using an exponential model that assumes a constant rate
throughout the period, though this assumption is rarely valid
(Rebolledo er al., 2012, 2013; Fletcher et al., 2022). Indeed,
many studies have suggested that the exponential approach is
oversimplified and that RGR usually decreases during certain
developmental stages due to factors such as the accumulation
of non-photosynthetic biomass (e.g. stems, sheaths, and roots),
leaf self-shading, and reduced local soil nutrient concentrations
(Tessmer et al., 2013; Hilty et al., 2021). To overcome the lim-
itations of the exponential model, the power-law model is an
alternative that can more accurately describe how RGR
evolves over time and with increasing biomass (Paine ef al.,
2012), of the exponent
(Supplementary Fig. S1). In this model, a  value of O signifies
alinear relationship. If B is between 0 and 1, the RGR progres-
sively decreases. A B of 1 indicates an exponential model where
the RGR remains constant. When } exceeds 1, the RGR in-
creases as biomass increases. Therefore, the first objective of
this study is to examine the patterns of biomass accumulation
and the dynamics of the power-law growth model for AGR
and RGR in newly developed rice lines during their initial
growth stages.

Early growth rates in plants are influenced by the allocation
of biomass among difterent plant organs (Shipley and Meziane,
2002; Poorter et al., 2012; Weraduwage et al., 2015). During
initial growth stages, limited carbon resources mean that allo-
cating more carbon to leaf development enhances light capture
but restricts the carbon available for root development, which
is vital for water and nutrient absorption (van den Boogaard
et al., 1996; Liao et al., 2004; Shiraiwa et al., 2006). In flooded
rice systems, however, soils are typically nutrient rich during
early development due to basal fertilizer application, and seed-
lings are small, resulting in minimal competition for below-

depending on the value

ground resources (Gu and Yang, 2022). Under these condi-
tions, relatively small root systems can support early growth,
potentially allowing plants to prioritize carbon allocation to
leat development.

As a result, rapid early growth can be achieved through two
contrasting strategies (Xiong, 2024). One strategy emphasizes
higher photosynthetic efficiency per unit leaf area through
greater investment in photosynthetic machinery and support-
ing root systems. The alternative strategy prioritizes rapid can-
opy expansion through increased biomass allocation to leaves
and accelerated leaf morphological development. Rapid mor-
phological expansion of leaves may dilute nitrogen concentra-
tion per unit leaf area and limit photosynthetic capacity,
whereas greater investment in photosynthetic machinery and
roots may restrict early canopy expansion and slow early bio-
mass accumulation (Yao et al., 2014; He et al., 2022).

Leaf morphological traits therefore play a central role in
shaping early canopy development. In wheat, research by
Rebetzke et al. (2007) identified the length of the coleoptile
and the width of the second leaf as heritable traits linked to early
vigor. This is further supported by Zhang et al. (2015), who
found that broader leaves in wheat led to larger early leaf areas
and increased biomass. These studies indicate that selecting
wider leaves could significantly boost early growth vigor in
wheat. However, studies on the relationship between leaf traits
and early growth rate in rice are rare. The investigation in rice
found that there is only a weak correlation between the length
of the seventh leaf and the RGR, and no correlation with the
width of the seventh leaf (Rebolledo ef al., 2012). By the time
the seventh leaf is fully expanded, however, the plant already
has a large canopy, indicating that the influence of the morph-
ology of a single leaf on growth rate might be minimal due to
the presence of other leaves. Early vigor, therefore, may
emerge from coordinated variation in leaf morphology, bio-
mass allocation, and leaf physiological properties. In addition
to total leaf area, traits such as leaf width and length, leaf mass
per area (LMA), and leaf nitrogen content determine how rap-
idly canopy structure is formed and how efficiently carbon is
assimilated per unit leaf area (Xiong and Flexas, 2018; Xiong,
2024). These traits provide mechanistic links between canopy
development, photosynthetic performance, and whole-plant
growth. A comprehensive understanding of early vigor thus re-
quires integrating morphological and nutrient-related leaf traits
with growth analysis.

Based on this conceptual framework, we tested four specific
hypotheses relating to the early vigor of our newly developed
lines. (i) Rapid early growth in the newly developed rice lines
is driven primarily by increased allocation of biomass to leaves
and accelerated expansion of canopy leaf area, rather than by
higher photosynthetic capacity at the leaf level. (ii) The larger
leaf area observed in the new lines arises mainly from morpho-
logical expansion of individual leaves, particularly through in-
creased leaf width rather than increased leaf number or leaf
length. (iii) Rapid leaf area expansion is associated with
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physiological trade-offs, including lower leaf nitrogen concen-
tration, altered LMA, reduced photosynthetic biochemical cap-
acity, and lower CO, diftusion conductance. (iv) Early vigor
represents a whole-plant strategy that prioritizes canopy devel-
opment and early biomass productivity over photosynthetic ef-
ficiency per unit leaf area, thereby resulting in higher early
biomass accumulation despite lower rates of leat-level photosyn-
thesis, which is expected to enhance crop competitiveness and
productivity in direct-seeded and short-season rice systems.

Materials and methods

Plant materials

Three newly developed rice lines—CPPC15, CPPC18, and CPPC52—
along with Huanghuazhan (HHZ), a widely used local cultivar and cur-
rently the most widely used genotype for direct seeding in the region,
were used in this study. For these four genotypes, seeds harvested from
the same growth season were used. The seed weights and seedling devel-
opment during the first 5 d after sowing of each genotype are shown in
Fig. 1. CPPC15, CPPC18, and CPPC52 were selected from a genetically
diverse composite cross involving three parent lines, Zaoxian 615,
Xiangzaoxian 6, and Jiazao 5. These lines were developed to improve
grain yield in rice-based rotational cropping systems, in particular for
the direct-seeding double-season rice system recently practised in the
middle reaches of the Yangtze River. The individual selections based
on above-ground biomass accumulation and grain yield began in 2014
under field conditions (Pan ef al., 2023), and seeds harvested from self-
pollinated Fg plants under field conditions were used in this study.
Detailed haplotype composition and genome-wide introgression patterns
were not determined in this study and will require future genetic analysis.

Both pot and field experiments were conducted at the rice field station
on the campus of Huazhong Agricultural University (114.37 E, 30.48 N)
in July and August 2023. The climate information including air tempera-
ture, relative humidity, and photosynthetic photon flux density (PPFD)
over the experimental period are provided in Supplementary Fig. S2. A
completely randomized block design with four plot replicates for each
genotype was adopted for field experiments. To minimize the influence
of the seed germination process on our investigation, seeds with emerged
coleorhiza were uniformly sown using a matrix localization method at a
density of 50 seeds m 2. For each replicate, the plot size was 6 m>. Under
pot conditions, the coleorhiza emerged seeds were directly sown in 13 li-
ter cylindrical pots containing 10 kg of dry soil at a density of 12 seeds per
pot, and the seeds were uniformly distributed using a net. The depth of
the pot is 25 c¢m, and the diameter is 24 cm. In the field, 18 g of nitrogen
(N), 4.0 g of phosphorus (P), and 10.0 g of potassium (K) were applied per
plot, while 10.0 g of compound fertilizer (N:P,O5:K,O=17:17:17%;
Sanning Chemical Co., Ltd, Yichang, China) was pre-mixed into the
dry soil of each pot. During the experiment, diseases, pests, and weeds
were meticulously managed. Potted plants were grown outdoors. As
the canopy of the newly developed lines closed ~40 d after sowing under
both pot and field conditions, we investigated the growth of the plants
over the first 43 d only.

Growth performance

To monitor temporal growth dynamics, we regularly sampled plants to as-
sess the growth of each organ. In the field, for each plot, four plants were
harvested on 16, 26, and 36 d after sowing. For potted plants, harvesting
occurred at 11, 16, 21, 26, 31, 36, and 43 d after sowing, with four pots
per genotype collected at each time point. After measuring plant height,
tillering, and the number of fully developed leaves, the entire plant, includ-
ing the root system, was washed free of soil. In the lab, samples were

Leaf area drives early rice growth | 3

separated into roots, stems, and leaves, and green leaf area was measured us-
ing a leaf area meter (LI-3000, LI-COR Inc., Lincoln, NE, USA). Samples
were then dried in an oven at 80 °C for 2-3 d and weighed using a Mettler
Toledo balance (model MS205DU, Mettler-Toledo GmbH, Greifensee,
Switzerland). In addition, the length and width of the first five true leaves
were measured once the leaves were fully expanded.

Gas exchange

Since the plants were too small, gas exchange could not be estimated for
the first five leaves. Gas exchange along with chlorophyll fluorescence
were measured on the fully developed sixth leaves of potted plants using
a LI-6800 portable photosynthesis system (LI-COR), between 16 d and
20 d after sowing. To reduce the impact of environmental variations, the
pots were placed in an controlled-environment room 1 d before the
measurements. The room maintained a temperature of 28 °C during
the day and 24 °C at night, 65% relative humidity, and a light intensity
of ~400 pmol m™2 s~ on the leaf surface.

Initially, the light response curves were measured for each genotype.
For the light response curve, the leaf temperature inside the gas exchange
chamber was set to 28 °C, the reference CO, concentration was
400 pmol mol™, and relative air humidity was 65%. Leaves were accli-
mated to a PPFD of 1500 pmol m™2s™" until the photosynthetic rate
stabilized, which typically took 20—40 min. The auto-progression of
the light response curve was then conducted by adjusting the PPFD
to 2000, 1500, 1200, 1000, 800, 600, 400, 200, 150, 100, 50, and
0 pmol m™2 s~ " in series at intervals of 60-90 ss. After estimating the light
response curves, the CO; response curves for each genotype were meas-
ured under the same environmental conditions. As the PPFD values at
75% saturation of photosynthesis estimated from light response curve for
all the genotypes were ~1000 pmol m™>s™" (see the Results), the PPFD
for the CO, response curve was set to 1500 pmol m™>s™". Once
the photosynthetic rate stabilized in the gas exchange chamber with
400 pmol mol™" CO, concentration and the PPFD at 1500 pmol m™s™",
determination of the CO, response was conducted by adjusting the CO, con-
centrations to 400, 300, 200, 100, 50, 400, 600, 800, 1000, 1200, 1500, and
2000 pmol mol™" in series at intervals of 90-120 s. For each gas exchange
measurement, values of steady-state fluorescence (I) and maximum fluores-
cence in light conditions (F,,") were recorded.

The light response curve was fitted using the non-rectangular
hyperbola-based model:

® X PPED + Agmax — \/ (@ X PPED + Agmax)? — 48 X ® X PPED X Agmax

Ph= - Ry

20

P, is the net photosynthetic rate, @ is the quantum yield representing the
amount of CO; fixed per unit of light absorbed, Agpax is the maximum
gross photosynthetic rate, 0 is the convexity factor, and R,, is dark respir-
ation. The model was fitted to the data using the orthogonal non-linear
least-squares regression (ONLS) model in the R program.

The CO; response curves were fitted using the R package ‘planteco-
phys’, and the A—Ci-based maximum carboxylation rate (Vi p,,) and
maximum electron transport rate (J,,,.) were extracted. The first meas-
urement on each CO, response curve was extracted and analyzed as
the steady-state gas exchange measurement. The actual photochemical ef-
ficiency of PSII (®pgyy) and the electron transport rate (ETR) were calcu-
lated as follows:

m s
v

CDPSII =

oo

m

ETR = (DPSII X PPFD X QB
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Fig. 1. Seed weight and seedling development. Seed weight (A) and seedling development during the first 5 d after sowing (B) of each genotype. For
photographing seedling development, disinfected seeds of four varieties were placed in 15 cm diameter glass Petri dishes lined with two layers of filter paper
and moistened with 25 ml of distilled water. The assay was conducted in a growth chamber at 28 °C under a 16 h light/8 h dark photoperiod. Different letters
in (A) indicate statistically significant differences among genotypes (Tukey’s HSD, P<0.05).

Where a is leaf absorbance, and f is the partitioning of absorbed quanta
between PSII and PSI. Based on our previous studies (Xiong et al.,
2015a, 2017), a value of 0.425 was used for af.

The ‘variable J” method was employed to calculate the CO, concen-
tration inside chloroplasts (C,.) and mesophyll conductance (g,,):

_ "X (ETR + 8 x (4 + Ry))
7 ETR -4X%X(A+Ry)

A

Im = rq

where A and C, are the steady-state photosynthetic rate and intercellular
CO, concentration, respectively, directly taken from the gas exchange
measurement. [* is the CO, compensation point in the absence of respir-
ation, and the typical value for rice, 40 pmol mol ™', was used (Xiong
et al., 2015a, 2017). Ry is the daytime respiration rate, adapted from the
light response curves. For each g, calculation, we checked whether it
met the reliability criterion (10<dC./dA<50).

Nitrogen content

After the gas exchange measurements, leaves were sampled to investigate
LMA and nitrogen content. Leaf samples with known areas were dried at
80 °C to a constant weight, and LMA was calculated by dividing the leaf
dry mass by the leaf area. The dry samples were then digested using the
micro-Kjeldahl method (Xiong and Flexas, 2021), and the nitrogen con-
centrations were measured with a discrete wet chemistry analyzer
(SmartChem 200, AMS-Westco, Rome, Italy).

Data analysis

In the current study, both the AGR and the RGR of biomass accumula-
tion were estimated using two methods. First, the AGR was calculated
based on biomass accumulation over two sampling periods. The average
AGR between two sampling times was determined as (M—M,)/ (t2—1ty),

and the average RGR between two sampling times was calculated as
average [In(M)-In(My)]/(t2—t;). Here, M and M, represent the total
biomass at times t; and f, (where £,>1), respectively.

Second, the real-time AGR and RGR were estimated by fitting the
biomass growth curve using the power model (Paine et al., 2012):

M= My + (1 = )]

where M represents the biomass at time f, M represents the initial bio-
mass, r is the intrinsic growth rate, which is crucial in determining the
overall speed of the growth process, and B is a parameter that determines
the shape of the growth curve (Supplementary Fig. S1). For different val-
ues of P, the curve can take various forms: if B is close to 1, the model be-
haves similarly to exponential growth; if 1>p>0, the growth rate
decreases as biomass increases, indicating a decelerating growth curve,
and for the values of B>1, the growth rate increases as biomass increases.
Based on the power model, the AGR dynamic with time is given by:

AGR = M\ 4 (1 = p)|7s
The RGR dynamic with time is given by:

r

RGR = —————
M~ + (1 = B)

Similarly, RGR dynamic with mass (RGR}) is given by:

RGR, = MP!

The net assimilation rate (NAR) of the plants was estimated using the for-
mulation proposed by Hunt (1982), expressed as: RGR=LARXNAR.
Since leaf mass and leaf area dynamics were not modeled over time,
NAR was calculated directly from paired harvests. Specifically, RGR
was determined from the logarithmic increase in total biomass between
two successive sampling dates, while the leaf area ratio (LAR) was ob-
tained as the average of the ratios of leaf area to total biomass at those
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two dates. The ratio of RGR to mean LAR was then used to estimate
NAR for each growth interval.

In the current study, all the analyses were conducted, and results were
visualized using R version 4.4.1 (R Core Team, 2024). The R package
‘nlme’ was used to fit the power growth model and simulate both real-
time AGR and RGR.. One-way ANOVA was employed to assess the dif-
ferences in measured traits between genotypes, with Tukey’s test used for
pairwise comparisons at the 0.05 significance level, utilizing the ‘mult-
comp’ package. The standardized major axis (SMA) analysis was con-
ducted to examine the correlations between traits using the ‘smatr’
package. The ‘tidyverse’, a collection of open-source packages, along
with ‘dplyr’, ‘cowplot’, and ‘readxl’ packages, were used for data analysis
and visualization.

Results
Early growth

Plant growth was monitored under both pot and field condi-
tions. The pot experiment allowed frequent destructive sam-
pling and detailed physiological measurements, whereas the
field experiment was conducted to verify whether the observed
growth patterns were consistent under agronomic conditions.
Therefore, Fig. 2 presents data from the pot experiment, while
the corresponding field results are shown in Supplementary
Fig. S3. Both experiments consistently showed that the newly
developed lines accumulated biomass more rapidly than HHZ
during the early growth stage. The three newly developed rice
lines exhibited faster biomass accumulation (shoot and root)
than the common commercial variety, HHZ, under both con-
ditions. The differences in biomass among the three newly de-
veloped rice lines were not significant for most sampling days
under pot conditions, although CPPC52 showed slightly high-
er biomass accumulation under field conditions. These newly
developed lines also showed greater plant height during the
early growth stage in both pot and field conditions.

Leaf area per plant was also significantly higher in the newly
developed lines than in HHZ during the early growth stage
(Fig. 2; Supplementary Fig. S3). Under pot conditions, the
CPPC lines maintained a larger leaf area than HHZ over the
first 36 d after sowing, although these diftferences diminished
by 43 d as canopy closure was approaching. Under field condi-
tions, leaf area differences among genotypes were smaller, but
CPPC52 still exhibited a significantly larger leaf area than the
other genotypes (Supplementary Fig. S4). In addition to great-
er biomass and leaf area, the newly developed lines showed in-
creased plant height during early growth under both pot and
field conditions (Fig. 2; Supplementary Fig. S4). In contrast,
tiller numbers showed no clear pattern, although HHZ had
the highest tiller number under field conditions. To compare
the relative importance of different growth traits, plant height,
tiller number, biomass, and leaf area were normalized for each
genotype (Supplementary Fig. S4). This analysis showed that
variation in biomass and leaf area contributed far more strongly
to early growth differences than variation in plant height or till-
er number.
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Growth rate over the early growth period

As expected, the average AGR for all genotypes under both pot
and field conditions increased significantly with the days after
sowing; however, the average RGR values, which were esti-
mated based on the assumption that biomass accumulation is
exponential with respect to days after sowing, fluctuated be-
tween the sampled periods and showed no clear pattern among
genotypes (Supplementary Figs S5-S7). Consistent with the
estimations of the average RGR values, the relationship be-
tween natural logarithm-transformed biomass and days after
sowing (Fig. 3) was clearly non-linear for all genotypes.
Therefore, we investigated the temporal dynamics of AGR
and RGR by fitting a growth model. The power model pro-
vided an excellent fit to the biomass accumulation data for all
genotypes, as indicated by high R” values and favorable AIC
(Akaike information criterion) and BIC (Bayesian information
criterion) statistics (Table 1; Supplementary Figs S7, S8).
Surprisingly, the exponent parameter, B, for HHZ was close
to 1, while the fitted B values for our newly developed lines
ranged from 0.760 to 0.875. The intrinsic growth rate (1),
which is crucial in determining the overall speed of the growth
process, is larger for newly developed lines than for HHZ.

Using the fitted parameters for each genotype, we simulated
the temporal dynamics of AGR and RGR over the early
growth stage (Fig. 4). The newly developed rice lines showed
higher AGR and RGR over the first 40 d. Consistent with the
average growth rates described above, AGR increased as the
days after sowing increased, with each genotype showing simi-
lar trends but difterent absolute values. RGR decreased over
time for all genotypes, and the differences in initial RGR
and the rate of decline highlight the specific growth character-
istics of each genotype. CPPC15 and CPPC18 started with
higher RGRs but declined rapidly, while CPPC52 and
HHZ started with lower RGRs but declined more slowly.
Indeed, HHZ maintained the lowest RGR throughout the pe-
riod, suggesting it has a more consistent, albeit slower, growth
pattern.

Testing the associations of relative growth rate with plant
biomass allocations

Given the significant differences in RGR observed among
genotypes within 30 d after sowing, we first investigated the
factors underlying these differences from the perspective of car-
bon allocation. As shown in Fig. 5A, the biomass distribution
between roots and shoots varied significantly across genotypes.
During the early stage of growth, HHZ allocated almost half of
its biomass to the root system, whereas the newly developed
lines allocated much less biomass to their root systems. We fur-
ther analyzed the allometric relationships between shoot and
root biomass using standardized major axis regression
(Fig. 5B). In all genotypes, shoot biomass increased more rap-
idly than root biomass, indicating a general tendency for greater
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Fig. 2. Rice plant growth performance in pot conditions. The bars represent mean values (+SE, n = 4), while the open points indicate pooled data for each
genotype. The letters near the bars denote significant differences between genotypes (P<0.05; Tukey’s HSD after ANOVA).

allocation to above-ground tissues during early development.
However, both the slopes and elevations of the allometric re-
lationships differed significantly between HHZ and the newly
developed lines. The high leaf biomass of these lines was closely
related to their larger leaf area (Fig. 2), which was mainly due to
the increased width of the leaves rather than their length
(Fig. 6). The correspondence between biomass allocation pat-
terns and growth dynamics was particularly clear when com-
paring RGR with leaf biomass and leaf area. Genotypes that
allocated a larger fraction of biomass to leaves exhibited higher
RGR during early development, whereas greater allocation to
roots was associated with lower RGR.

Testing the associations of relative growth rate with
photosynthetic traits

To investigate whether the leaf assimilation rate contributes to
the high RGR of newly developed lines, we estimated both
light response curves and CO, response curves in pot condi-
tions between 16 d and 20 d after sowing. As shown in
Fig. 7A, the light response curves of the four genotypes are
very similar, although the net photosynthetic rate (P,) of

HHZ at high light intensities was slightly higher than that of
the newly developed lines. The parameters derived from the
light response curves (Table 2), including the light-saturated
photosynthetic rate (Ay,,), quantum yield (®), light compensa-
tion point (LCP), and light intensity at 75% saturation of
photosynthesis, showed no significant differences between
HHZ and the newly developed lines, except for the A, of
CPPC18 and the LCP of CPPC15.

The steady-state gas exchange at ambient conditions, with a
CO, concentration of 400 ppm and a light intensity of
1500 umol m™>s™", showed that the steady-state photosyn-
thetic rate (A) was higher in HHZ than in the newly developed
lines (Table 2). Regarding other photosynthetic traits, the
mesophyll conductance (g,,) of HHZ was significantly higher
than that of the newly developed lines, and its stomatal con-
ductance (g), CO, concentration inside chloroplasts (C,),
and electron transport rate (ETR) were higher than those of
CPPC15 but not of the other lines. Interestingly, the CO, re-
sponse curve of HHZ diftered distinctly from that of the newly
developed lines (Fig. 7B; Supplementary Fig. S9). HHZ exhib-
ited the highest photosynthetic rates across almost all CO, con-
centrations, reaching a plateau faster and at a higher rate
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compared with the newly developed lines. As a result, the fitted
maximum carboxylation rate (,,,,) and maximum electron
transport rate (J,,.,) were significantly higher in HHZ than in
other genotypes. The high V.. and J,,.. of HHZ are likely
to be due to the high leaf nitrogen content (Table 2).
Consistently, leaf nitrogen content expressed on an area basis
was significantly higher in HHZ (1.11 gm_z) than in the
CPPC lines (0.81-0.84 ¢ m ™). LMA also differed among gen-
otypes, with CPPC18 and HHZ showing a higher LMA than
CPPC15 and CPPC52. In the current study, we also estimated
the net assimilation rate (Fig. 7C), and in agreement with the
leat-level CO, assimilation patterns, the net assimilation rate
in HHZ was higher than that of the CPPC lines during the
same growth period that gas exchange was estimated; however,
these genotypic differences diminished progressively with

CPPC15 CPPC18

@0
a
@
o

)

CPPC52 HHZ

In(Biomass; g plant‘1)

©®
@

@

o

[*]
10 20 30 40 10 20 30 40
Days after sowing (days)

Fig. 3. Natural logarithm-transformed biomass plotted against days after
sowing. In the context of an exponential growth model, the slopes of the line
segments on semi-logarithmic plots represent the relative growth rate (RGR).
The solid line segments show the inferred slopes if the plants grow expo-
nentially throughout each census period. The dashed lines represent the
constant RGR derived from fitting an exponential growth model to the entire
dataset. Biomass measurements were collected from pot-grown plants as
shown in Fig. 2A.
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increasing days after sowing. By contrast, the leaf mass fraction
was greater in the CPPC lines than in HHZ at the initial stages,
yet this disparity disappeared by 21 d after sowing (Fig. 5).

Discussion

Relative growth rate is not constant during the early
growth stage

Growth analysis is a commonly used approach for quantifying
plant growth. While it is well established that the RGR of
plants typically changes over their ontogeny, calculations of
RGR for comparative purposes, especially over shorter inter-
vals typical of early growth studies, have often relied on meth-
ods assuming or simplifying to an average rate, sometimes based
on an underlying exponential growth model (Evans, 1972;
Hunt, 1982; Fletcher et al., 2022). In practice, many studies es-
timate RGR by harvesting plants at only two harvest points
and calculating it using the difference in natural logarithms of
biomass measurements divided by the time interval between
harvests (Osone et al., 2008; Rebolledo et al., 2012; Fletcher
et al., 2022). When more than two measurements are available,
RGR is sometimes estimated as the slope of a linear regression
of natural logarithms of biomass measurements against time
(Paine ef al., 2012; Pommerening and Muszta, 2016; Lamont
et al., 2023).

The exponential growth model implicitly assumes a propor-
tional increase in carbon acquisition capacity with biomass ac-
cumulation. In higher plants, however, this assumption is rarely
met because newly accumulated dry matter is increasingly allo-
cated to non-photosynthetic tissues, while leaf self-shading
(Poorter et al., 2012; Hilty et al., 2021) and structural hetero-
geneity reduce the efficiency of carbon gain (Xiong et al.,
2015a, b). Consequently, respiration costs increase with the to-
tal biomass of the plant, while carbon acquisition scales only
with photosynthetic biomass. As a result, the biomass accumu-
lation rate, relative to total biomass, decreases as plants grow. In
this study, we harvested plants seven times over the initial 43 d
to dissect the nuanced differences in early vigor. We showed
that average RGR values calculated between different harvest
intervals fluctuated and did not provide a clear, consistent dis-
tinction between genotypes across all periods. In addition to
differences in RGR, the CPPC lines also showed higher
AGRs during the early establishment phase once canopy leaf

Table 1. Power model parameter estimates and statistical metrics for biomass (M) by genotype

Genotype Mo R B AlIC BIC R?

CPPC15 (1.33+£3.98)x107 "8 0.184+0.034 0.763+0.096 60.9 66.2 0.983
CPPC18 (5.93+7.70)x107° 0.172+0.020 0.760+0.062 35.3 40.6 0.993
CPPC52 (1.88+3.19)x1072 0.147+0.022 0.875+0.077 49.4 54.7 0.989
HHZ (3.16i3.38)><10’2 0.132+0.017 0.944+0.078 30.9 36.2 0.989

The power model is expressed as M(t) = [Mé’ﬁ +rt(1 - B)]” 1-P) For each genotype, three parameters, Mo, r, and B, were estimated, along with the AIC, BIC,
and the coefficient of determination (R?). The parameter are expressed as means +SEs.
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Fig. 4. Fitted values from the power model. Fitted values from the power
model for (A) biomass, (B) absolute growth rate (AGR), (C) relative growth
rate (RGR) on a time basis, and (D) RGR on a biomass basis (RGRg) for four
estimated genotypes. The parameters used for fitting each genotype are
provided in Table 1.

area expanded, indicating that their advantage was not limited
to size-normalized growth efficiency but also translated into
greater absolute biomass accumulation. The non-linearity be-
tween natural logarithm-transformed biomass and time
(Fig. 3) underscores that a single average RGR, while provid-
ing a mean value, cannot fully capture the dynamic nature of
growth crucial for early establishment and competition.
Dynamics can differentiate genotypes in ways an overall aver-
age might obscure.

Growth models are categorized into two main types: those
that assume an asymptotic final size and those that do not
(Paine et al., 2012). The concept of an asymptotic final size is
well established in population growth but is more complex
for individual plants. Plant growth may reach an asymptote
due to limited resources or ontogenetic changes, such as low-
ering (Hilty er al., 2021). The choice between asymptotic and
non-asymptotic models depends on the response variable and
study time frame. Asymptotic models are suitable for studies
covering the entire life span, whereas non-asymptotic models,
which assume indefinite growth, are useful for early growth
stages, such as seedlings. Indeed, the early biomass growth of
rice fits very well with a power model, a non-asymptotic mod-
el, as indicated by BIC, AIC, and R? values (Fig. 4; Table 1).
Based on the fitted parameters, it is evident that all fitted expo-
nents, B, are <1, indicating that the early growth of rice is not
exponential. Moreover, the B values for all newly developed
lines were smaller than for HHZ, indicating a faster RGR

reduction with growth. Calculations using the power model
further demonstrated that the RGR of rice seedlings is highly
dynamic and far from constant. Interestingly, the fitted param-
eter, r, which represents an intrinsic growth rate, is likely to be
used as an index of RGR, and clearly more investigations are
required. Moreover, the empirically derived rand B parameters
from the growth model, along with the observed biomass
allocation pattern, offer additional inputs for the development
of more sophisticated integrative analyses. This indicates that
crop growth models may need to account for genotype-
specific allocation and canopy development strategies rather
than assuming a uniform relationship between leaf area and
photosynthetic capacity. These parameters can facilitate ad-
vanced modeling approaches, such as three-dimensional archi-
tectural frameworks or resource allocation models (e.g. Chang
et al., 2019), aimed at elucidating the roles of canopy develop-
ment and resource utilization in promoting early vigor across
varying environmental conditions. It should also be noted
that fluctuations in weather, from short-term dynamics to sea-
sonal variation, probably contributed to growth variation, yet
their specific eftects could not be disentangled in the present
study.

New lines with rapid early growth allocate more biomass
to leaves than roots

As shown in Fig. 5, the newly developed lines allocated a great-
er proportion of biomass to leaves and a smaller proportion to
roots than HHZ during the early sampling stages. This contrast
was most pronounced at the onset of growth and gradually di-
minished as plants developed. The temporal pattern of biomass
partitioning closely tracked changes in RGR, indicating that
early growth is strongly associated with how carbon is distrib-
uted among plant organs (Poorter et al., 2012; Monson et al.,
2022). This allocation pattern reflects a fundamental trade-oft
between investment in canopy development and investment
in below-ground resource acquisition. In the newly developed
lines, preferential allocation of carbon to leaves promotes rapid
canopy expansion and early light interception, thereby increas-
ing whole-plant carbon gain. At the same time, reduced alloca-
tion to roots implies lower investment in nutrient and water
uptake capacity. In this context, strategic allocation refers to
consistent, genotype-dependent patterns of carbon partition-
ing that balance rapid canopy development against resource
acquisition.

Although grain yield was not directly measured, early bio-
mass accumulation strongly influences canopy closure, weed
suppression, and radiation interception, all of which are closely
linked to yield formation in direct seeded and short-season rice
systems (Pan et al., 2023; Yang et al., 2024). The canopy expan-
sion strategy observed in the new lines is therefore expected to
confer agronomic advantages by enhancing early season prod-
uctivity. This strategy, however, is associated with clear costs.
Reduced investment in root systems may constrain nitrogen
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Fig. 5. Biomass allocation between organs. (A) The fraction of biomass allocation in different organs, (B) root to shoot ratio, and (C) biomass allometric

relationships between leaf and root mass for four genotypes. The bars in (A) and (B) represent mean values (+SE, n = 4), and the open points in (C) indicate
data points for each genotype. The letters near the bars denote significant differences between genotypes (P<0.05; Tukey’s HSD after ANOVA). The solid
lines in (C) represent the standard major axis (SMA) regression fit for each genotype, and the red dashed line represents the 1:1 line. The SMA slope describes
the scaling between root and leaf mass, while the elevation corresponds to the intercept of the regression. Different letters indicate significant differences

between genotypes in slope or elevation.

uptake capacity and probably contributes to the lower leaf ni-
trogen content observed in the newly developed lines. The in-
creased allocation to roots at later stages may therefore
represent a functional adjustment to intensifying competition
for water and nitrogen as plant size and canopy density increase.
Clearly, future studies are required to investigate the impacts of
the biomass allocation strategies on RGR under multiple en-
vironmental conditions.

Rapid early growth reflects a trade-off between canopy
expansion and leaf-level photosynthetic efficiency

The newly developed lines achieved higher early RGRs not by
enhancing photosynthetic capacity per unit leaf area, but by
prioritizing rapid canopy expansion through increased biomass

allocation to leaves and morphological enlargement of leaf
blades. This trade-off maximizes whole-plant carbon gain via
enhanced light interception, even though photosynthetic effi-
ciency per unit area is reduced (Xiong, 2024). Greater plant
height, together with larger leaf area, further contributes to
faster canopy closure and improved light interception.
However, stem investment primarily supports leaf display ra-
ther than directly contributing to carbon assimilation, repre-
senting an additional structural cost of rapid canopy
development (Chang et al., 2019). Early vigor therefore reflects
a coordinated investment in leaf area, stem support, and re-
duced below-ground allocation.

The high canopy leaf area in the new developed lines is due
to the large leaf area rather than the number of leaves per tiller.
Our results show that the large leaves in the newly developed
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lines are mainly due to increased leaf width rather than length.
The finding is consistent with the observations in wheat
(Zhang et al., 2015). While we identified increased leaf width
as a key morphological determinant of larger leaf area in the
rapidly growing lines, the cellular and physiological mecha-
nisms driving this enhanced lateral growth remain to be eluci-
dated. Future research could profitably explore aspects such as
cell division and expansion rates within the leaf blade, the role
of plant hormones known to influence leat morphology (Jathar

et al., 2022; Huang et al., 2023), or differences in turgor pres-
sure and cell wall properties that might facilitate preferential
widening over elongation (Coussement et al., 2021; Ali et al.,
2023).

Selecting wider leaves as a rapid growth trait in rice may offer
specific advantages, although it also requires additional vascular
and structural investment. Compared with leaf elongation,
which demands sustained longitudinal vascular development,
mechanical support, and strong hormonal control, lateral
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Table 2. Leaf morphological, biochemical, and photosynthetic traits of newly developed leaves measured 16-20 d after sowing

Genotype CPPC15 CPPC18 CPPC52 HHZ
Asat (umol m™2s77) 35.0+1.3 ab 34.5+1.3b 35.2+1.1 ab 36.1+0.8 a
@ (umol mol™) 0.055+0.002 a 0.053+0.002 a 0.053+0.002 a 0.054+0.001 a
0 (unitless) 0.73+0.03 a 0.76+0.03 a 0.75+0.01 a 0.74+0.02 a
LCP (umol m™2s7") 17.3+0.8 b 20.3+1.3a 22.3+1.2a 19.5+1.8 ab
Qsat_75 (umolm=2s7") 955+63 a 941456 a 999+27 a 988+58 a
Rg (umol m™2s7") 0.94+0.05 b 1.06+0.08 a 1.17+0.07 a 0.96+0.11ab
A (umol m=2s7") 29.2+0.9b 20.1£1.9b 30.6+1.2b 34.6+1.6a
gs (molm=2s7) 0.36+0.01b 0.44+0.03 a 0.45+0.02 a 0.44+0.04 a
Ci (umol mol™) 288+4 b 295+7 ab 302+3 a 289+3 ab
9m (Mol m™2s7") 0.33+0.05 b 0.35+0.05 b 0.32+0.03 b 0.45+0.05 a
Cs (umol mol™") 193+12b 208+9 a 204+4 ab 210+6 a
ETR (umolm=2s7") 211+4 b 21949 ab 223+9 a 230+6 a
Vemax (Lmol m2s7) 118+13 b 119+6 b 12249 b 145+12 a
Jmax (umol m™2 s77) 338+14 ¢ 337+9 ¢ 360+10 b 393+27 a
Leaf N (@gm™) 0.84+0.16 b 0.84+0.06 b 0.81+0.14 b 1.11+£0.02 a
LMA (@m™) 22.9+0.5b 25.2+0.4 a 23.5+0.1b 251+0.3 a

Asat, light-saturated photosynthetic rate fitted from light response curves; ®, quantum yield; 6, a unitless parameter that affects the shape of the light response
curve; LCP, light compensation point; Qsat_7s, light intensity at 75% saturation of photosynthesis; Ry, daytime respiration rate; A, steady-state photosynthetic
rate at ambient CO, concentration; g, stomatal conductance to CO,; C;, intercellular CO, concentration; g, mesophyll conductance to CO,; C., CO»

concentration inside chloroplasts; ETR, electron transport rate; Vemax, Maximum carboxylation rate; Jnax, maximum electron transport rate; LMA, leaf mass
per area. Data are shown as means +SE (n=4-6). Different letters indicate statistically significant differences (P<0.05; Tukey’s HSD after ANOVA) between

genotypes.

expansion may involve a different balance of structural and bio-
chemical costs (Skinner and Nelson, 1995; Baird et al., 2021).
Leaf widening can occur simultaneously along the entire blade
(Durand, 1999; Baird et al., 2021), whereas elongation depends
on progressive growth from the base and faces stronger devel-
opmental and transport constraints (Nelson and Dengler, 1997;
Ocheltree and Gleason, 2024). Moreover, leaf width appears to
have greater genetic plasticity than leaf length, which is more
tightly constrained by overall plant architecture (Zhang ef al.,
2015).

Although the leaf photosynthetic rate cannot directly trans-
late into whole-plant carbon gain, many canopy characteristics
(e.g. leat'angle and leaf area distribution), which were not esti-
mated in the present study, can influence the canopy photosyn-
thetic rate (Chang et al., 2019). We found that the leaf
photosynthetic rates of the newly developed lines were lower
than those of HHZ. Consistently, both the light response curve
and CO, response curve of HHZ were higher than those of the
newly developed lines (Fig. 7). Photosynthesis in Cj3 plants is
limited by photosynthetic biochemical processes and photo-
synthetic CO, diftusion, including stomatal (g,) and mesophyll
(¢m) conductance (Xiong, 2023). In the newly developed lines,
the biochemical capacity for photosynthesis, represented by
Vemax and Jiax, Was significantly lower than in HHZ. Leaf ni-
trogen content largely determines the potential for both pa-
rameters because nitrogen is a major component of
photosynthetic proteins (Walker et al., 2014; Xiong and
Flexas, 2018). Consistently, the leaf nitrogen contents were
much lower in the newly developed lines than in HHZ. The

lower leat nitrogen content may be caused by the diluting effect
of the larger leaves of the newly developed lines and/or the
lower nitrogen uptake capacity due to their smaller root sys-
tems (Shi et al., 2020).

In addition, g,, was consistently lower in the newly devel-
oped lines, representing an additional limitation to CO, diffu-
sion. Previous studies have shown that g, is closely linked to
leaf nitrogen content and its distribution among leaf tissues
and cellular components (Xiong et al., 2015a; Xiong and
Flexas, 2018; Xiong, 2023). Together, the lower leaf nitrogen
concentration and altered LMA of the newly developed lines
indicate a clear physiological cost of rapid leaf area expansion.
Rapid morphological growth dilutes nitrogen investment per
unit leaf area and limits allocation to photosynthetic proteins,
resulting in reduced V.., and J ... Lower nitrogen availability
within the mesophyll is also likely to contribute to the reduced
G- By comparison, the higher leaf nitrogen content and LMA
of HHZ indicate a strategy of investing assimilated carbon into
thicker, more photosynthetically efficient leaves rather than
into rapid expansion of total leaf area (Table 2). Nitrogen econ-
omy therefore represents a central trade-off in early vigor; that
is, accelerated canopy expansion is achieved at the expense of
photosynthetic biochemical capacity and CO, diffusion
efficiency.

Conclusions

Rapid early crop growth, commonly referred to as early seed-
ling vigor, is critical for timely canopy establishment and
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efficient resource capture. These processes enhance crop com-
petitiveness against weeds and support productivity in cropping
systems characterized by shortened growth periods. Although
water use efficiency and nitrogen use efticiency were not dir-
ectly quantified in this study, our results indicate that the can-
opy expansion strategy increases whole-plant carbon gain,
while nitrogen dilution may constrain nitrogen use efficiency
at the leatlevel. This study demonstrates that rapid early growth
in rice can be achieved not through increased photosynthetic
capacity per unit leaf area, but through the prioritization of
canopy expansion driven by leaf morphological development
and biomass allocation. This strategy entails clear trade-offs, in-
cluding reduced nitrogen investment per unit leaf area, lower
photosynthetic biochemical capacity, and reduced mesophyll
conductance. Despite these costs, it leads to higher whole-plant
biomass productivity during early establishment.

Our findings challenge the prevailing assumption that rapid
growth is inherently linked to elevated leat-level photosyn-
thesis. Instead, they identify canopy expansion as a dominant
determinant of early vigor. More broadly, the results under-
score the importance of dynamic growth trajectories, biomass
allocation patterns, and leat morphological traits in shaping
early growth performance. Together, these insights provide a
conceptual framework for rice improvement programs that
aim to enhance early vigor by targeting traits related to canopy
development rather than focusing exclusively on photosyn-
thetic efficiency. Future studies that integrate physiological
measurements with genetic, cellular, and modeling approaches
will be essential for elucidating the mechanisms underlying
these strategies and for evaluating their robustness across di-
verse environmental and management conditions.
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