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Context: Recent research has proposed to modify leaf-colour traits to improve canopy photosynthesis (A.) by
allowing light penetration to lower layers of a dense canopy.

Research question: Whether and how enhanced light penetration can really increase A, and whether leaf-colour
modification influences other growth-related traits remain unclear.

Methods: Canopy light and nitrogen profile parameters (i.e., the extinction coefficient for light, Ki; and for ni-
trogen, Ky; and their ratio, Kn/K1), Ac, and agronomic yield traits were examined in nine rice genotypes
comprising different genetic backgrounds and their leaf-colour variants.

Results: Compared with stay-green (G) variants, yellow-leaf (Y) variants caused larger effects on crop growth and
development: altered growth duration (increased in one genetic background while decreased in the other), lower
tiller number, and reduced leaf area. As with G traits, a delayed senescence at the post-flowering stage was
observed in Y variants, which was associated with nitrogen dynamics in plants. Although Y variants expectedly
allowed more light penetration into lower layers of the canopy (i.e., lower K1), the leaf-nitrogen profile, and thus,
the leaf photosynthetic capacity (i.e., Amax) profile, did not necessarily follow more closely the light profile.
Improved A, and higher daily crop growth rate (CGR) were observed in the Y variant of one genetic background
but not of the other, and the higher A, or CGR were associated with improved leaf photosynthetic nitrogen use
efficiency and higher canopy Ky values. The higher CGR during the grain-filling phase and resulting increased
harvest index of this Y variant contributed to its greater grain productivity. Multiple regression analysis of the
data of all nine genotypes indicated that the Ky:K}, ratio was the most important factor determining A, and CGR.
Conclusions and implications: Leaf-colour modification can improve A., CGR and crop productivity only if other
traits (especially N profile in the canopy) are adjusted synergistically. However, the observed diversity in
phenotypic variations of multiple traits caused by leaf-colour modification implies the potential of exploiting
breeding or crop management to improve rice biomass and yield.

1. Introduction

Rice is one of the most important crops in meeting diversified social
demands by humans. First, grain production of rice plant accounts for
ca. 21 % and ca. 50 % of human food calories for global and Asian
consumption, respectively (Awika, 2011; Muthayya et al., 2014). Sec-
ond, utilisation of rice husk and straw has been considered as one of the
most promising sources of renewable energy to address the rapidly
growing needs for alternative energy (Lim et al., 2012; Dungani et al.,
2016). However, as the world’s population and economy expand, the

* Corresponding authors.

E-mail addresses: xinyou.yin@wur.nl (X. Yin), jcyang@yzu.edu.cn (J. Yang).

https://doi.org/10.1016/j.fcr.2022.108746

gap between the need for agricultural production and the actual level of
productivity is likely to widen further in the near future (Zhu et al.,
2008). The stagnation of rice productivity in recent decades is partly
associated with the low efficiency of converting photosynthetically
active radiation (PAR) into biomass accumulation, which is currently far
below the theoretical maximum value of solar energy conversion effi-
ciency (Long et al., 2015; Ort et al., 2015; Yin and Struik, 2015). One
possible strategy to overcome this is to improve canopy photosynthesis
(Ao by modifying leaf-colour traits (i.e., stay-green and yellow-leaf
traits). Stay-green traits are mainly meant to sustain canopy
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photosynthetic competence during later grain filling (Gregersen et al.,
2013; Borrell et al., 2014), while yellow-leaf traits are applied to in-
crease light penetration to lower layers and thus improve A, (Ort et al.,
2011).

Rice productivity during its entire life cycle depends on the duration
of complete canopy cover and the capacity of canopy photosynthesis.
Accelerating canopy closure during vegetative growth (i.e., improving
early leaf area growth rate) or slowing down canopy senescence during
the grain filling phase (i.e., introducing stay-green traits) may enhance
light capture (Yin and Struik, 2015). For a closed canopy, however,
undue increases in leaf area index (LAI) enhance self-shading (leaves in
the lower parts of the canopy may be shaded by the upper leaves that
receive most of incoming PAR), and therefore, could be detrimental to
canopy photosynthesis (Hirose et al., 1997). Green leaves in the upper
canopy of typical Cg crop plants are usually light-saturated under full
sunlight, whereas leaves deep down the canopy contribute less to A, due
to light starvation (Zhu et al., 2008; Walker et al., 2018). Adopting rice
genotypes with reduced canopy chlorophyll content (relatively yellower
leaves) has been proposed to improve A, and biomass production by
allowing more light penetration into the lower layers of the canopy (Ort
et al., 2011). This concept has been previously examined in soybean
(Pettigrew et al., 1989; Slattery et al., 2017; Walker et al., 2018), but
little relevant information is available for rice, because yellow-leaf
variants are rare in rice.

Besides the canopy light profile, the profile of leaf photosynthetic
resources (leaf nitrogen in particular) also affects the carbon gain of the
canopy by influencing photosynthesis of each individual layer (Hiko-
saka, 2014). The physiological mechanism behind this is that leaf
photosynthetic capacity is closely related to nitrogen content (Evans,
1988, 1989). In an actual plant canopy, the nitrogen distribution is
normally not uniform, but may acclimate to the light profile in such a
way that the upper sunlit leaves have more nitrogen content than the
lower, shaded ones (Field, 1983; Evans, 1993; Li et al., 2013). This
spatial nitrogen distribution pattern in a plant canopy can be more
efficient in accumulating photosynthate compared with that under
uniform nitrogen distribution (Hirose and Werger, 1987), since it serves
as an adaptive response to the light distribution within the canopy
(Field, 1983). In fact, mathematical optimisation analysis has shown
that the A, is maximised if the light-saturated maximum
leaf-photosynthesis (Apax) profile follows the light profile (Anten et al.,
1995; Goudriaan, 1995). This requires that the photosynthetically active
nitrogen extinction coefficient (Ky, defining the extent to which nitro-
gen gradually decreases with canopy depth) equals the light extinction
coefficient (Ki, defining the extent to which photon flux density grad-
ually attenuates with canopy depth) if Apax is linearly correlated to leaf
nitrogen content. However, typically, Ky in an actual canopy is
considerably lower than Kj, e.g., only ~ 0.35 times Ky, in kenaf (Arch-
ontoulis et al., 2011). Nevertheless, the expected decrease of Kj, in
yellow-leaf genotypes may make it possible to close the gap between
light and nitrogen profile distribution, putting Ky closer to Kj, but
whether this is the case and how leaf-colour traits would facilitate to
maximise A, remains to be investigated.

In addition to light and nitrogen profiles along the canopy depth,
some agronomic and physiological characteristics of the canopy like
LA, tiller number, and canopy nitrogen content are variable among
different genotypic backgrounds, growth stages, and even growing en-
vironments. These traits interact with each other and contribute to the
variations in K, and Ky (Yin et al., 2003; Ouyang et al., 2021). There is
little information associated with investigating the impact of leaf-colour
modification on these traits and exploring how these canopy traits affect
biomass accumulation, grain production and yield components.

In this study, we used rice genotypes from different genetic back-
grounds that had been modified to have either the stay-green trait or the
yellow-leaf trait or both. We aimed (i) to examine whether and how A,
and dry matter accumulation can be improved by leaf-colour modifi-
cation; (ii) to calculate the ratios of Ky to K, among genotypes with
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contrasting chlorophyll content; and (iii) to identify the beneficial traits
improving the crop yield and biomass production after leaf-colour
modification.

2. Materials and methods
2.1. Plant material and growth conditions

Four genotypes of rice (Oryza sativa L.) were modified to have either
the stay-green variant or the yellow-leaf variant, or both, creating a total
of nine genotypes that were used in this study. The default genotypes
belong to four different rice groups, representing four genetic back-
grounds. Cv. Guanglingxiangnuo (GLXN) belonging to mid-season
japonica rice material was modified via T-DNA insertion using the
KOD-Plus-Mutagenesis Kit (Toyobo, Osaka, Japan) to substitute each
position of the wild-type Wx gene sequence; then this gene fragment
from the site-directed mutagenesis was inserted to construct the plas-
mids, which were introduced in EHA105 Agrobacterium strain cells by
electroporation; finally, transgenic rice plants were generated by Agro-
bacterium tumefaciens-mediated transformation; the variant used in our
study was selected from the homozygous single T-DNA insertion trans-
genic plant of Liu et al. (2014) as it holds a pleiotropic, stay-green trait.
The other three rice materials were modified by radiation mutagenesis.
To realise this, the seeds were incubated in a water bath at 33 °C for 48 h
to induce germination to obtain high-frequency gene mutagenesis. Then
they were irradiated with %°Co y-rays at 50 Gy; after 24 h, the seeds were
sown under field conditions to obtain the first generation (M1); the
leaf-colour traits were identified and screened from a population of M2
plants; the derived variants were genetically fixed through advancement
to the M8 generation (Jiang et al., 2007). Mid-season japonica cv. Yan-
dao 8 (YD) was modified to have a stay-green variant, an early indica cv.
Zhefu 802 (ZF) was modified to have a yellow-leaf variant, and a
japonica type cv. Wuyunjing 3 (WYJ) was modified to have both
stay-green and yellow variants. Seeds of GLXN, YD, and WYJ cultivars
were from Yangzhou University, and seeds of the ZF background were
from Zhejiang University, China. After multiplying for many genera-
tions, these genotypes showed stability of the G and Y variant lines.

Two independent experiments were conducted, one in a greenhouse
at Wageningen University & Research, Wageningen, the Netherlands
(51°58'N, 05°40'E), and one at the field farm of Yangzhou University,
Jiangsu Province, China (32°30'N, 119°25E), respectively. The pheno-
logical information of days from sowing to different stages (i.e., begin-
ning of stem elongation, heading, and maturity) of these genotypes in
each experiment are listed in Table 1. The leaf chlorophyll contents of
the nine genotypes in the field experiment are listed in Fig. S1.

2.2. Greenhouse experiment

The environmental conditions of the greenhouse were controlled.
Light intensity inside was kept within 400-500 W m~2; temperature was
set at 26 + 0.5 °C for the 12 h light period and at 23 4+ 0.5 °C for the 12 h
dark period; the CO, level was about 400 pmol mol~! and the relative
humidity was set at 65-75 %. Pre-germinated seeds of the nine geno-
types were sown on 30 April 2019 in porous plastic trays, and then
transplanted to pots (24 cm in diameter and 20 cm in height, and 7 litres
in volume) at the 3rd leaf stage with two seedlings per pot. All pots were
placed on movable lorries according to a randomised complete block
design, with three replications per genotype. The soil used was a sandy
loam with 84.5 mg alkali-hydrolysable N, 6.5 mg Olsen-P, and 229.7 mg
exchangeable K. 1.5 g KH,PO4 was applied and incorporated with soil
just before transplanting as basal fertiliser. Nitrogen in the form of urea
(totally 1 g urea per pot) was applied at pre-transplanting, early tillering,
and panicle initiation stage with the proportions being 50 %, 20 % and
30 %, respectively. Throughout the entire growth cycle, pots were
frequently supplied with tap water, ensuring 2 cm of standing water on
top of the soil surface. Drainage was only undertaken at a critical leaf-
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Table 1
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Duration of different phenological phases for rice genotypes of four genetic backgrounds, each including a default genotype (CK) and its greener-leaf variant (G) and/or

yellower-leaf variant (Y), in two experiments.

Experiment  Background  Genotype  Days from sowing to beginning of stem Days from sowing to Days from heading to Days from sowing to
elongation heading maturity maturity
(d) @ @ @
Greenhouse ~ GLXN CK 68 74 58 132
Experiment G 68 74 58 132
(2019) YD CK 43 50 55 105
G 45 52 55 107
wyJ CK 47 55 48 103
G 47 55 48 103
Y 51 59 50 109
ZF CK 90 100 50 150
Y 58 65 47 112
Field GLXN CK 86 96 77 173
Experiment G 86 96 77 173
(2020) YD CK 77 85 77 162
G 79 87 77 164
wyJ CK 85 95 64 159
G 85 95 64 159
Y 89 99 71 170
ZF CK 78 88 56 144
Y 71 78 49 127

The sowing date in the greenhouse experiment was 30 April in 2019 with seedlings transplanted 20 d later; the sowing date in the field experiment was 27 May in 2020

with seedlings transplanted 30 d later.

age stage to control non-productive tillers, in line with the local standard
practices of the rice growing area, where our field experiment was
conducted.

2.3. Field experiment

Pre-germinated seeds were first sown on 27 May 2020 in paddy
seedbed field plots, and then seedlings of the 3rd leaf stage in the
seedbed were transplanted to the experimental field with a hill spacing
of 0.25 m x 0.16 m and two seedlings per hill. A split-plot design was
used with genetic backgrounds as the main plots and genotypes as the
split plots, in a randomised block arrangement with three replicates. The
main plots were separated by ridges at a 1-m width covered by plastic
film inserted in the soil at a depth of 0.5 m. Each split-plot area was 20
m?, and, thus, the size of each main plot for the WYJ background (the
only one having three genotypes) was 60 m? while it was 40 m? for each
of the other three backgrounds (i.e., GLXN, YD, and ZF). The soil used in
the experiment was also a sandy loam (Typic Fluvaquent, Etisols [U.S.
taxonomy]) with 25.5 g kg™! organic matter, 103 mg kg~! alkali-
hydrolysable N, 33.4 mg kg~! Olsen-P, and 70.5 mg kg~! exchange-
able K. One day before transplanting, phosphorus (30 kg ha™! as single
superphosphate) and potassium (40 kg ha™! as KCl) as basal fertiliser
were applied. 240 kg N ha™?, in the form of urea, was applied at pre-
transplanting, early tillering, and panicle initiation stage with the
same proportion as in the greenhouse experiment. Weather data for the
average air temperature and sunshine hours during the rice growing
season were monitored at a weather station close to the experimental
site and are shown in Fig. S2.

2.4. Canopy light and nitrogen distribution measurements

In the field experiment, the level of photosynthetically active radi-
ation at various canopy depths was measured by using a 100-cm linear
ceptometer (SunScan Systems SS1, Delta-T devices, Cambridge, UK)
placed diagonally across the rows. The PAR measurements, at stem
elongating, flowering (defined as 80 % panicles fully emerged from flag-
leaf sheath and began flowering, ca. 7 d after heading stage), and 20
d after flowering stage, were taken every 10 cm from the top of the
canopy to the ground level with three to four replicates in each plot for
each genotype. All measurements were restricted to the time span from

11:00 to 13:00 under a clear sky. Next, leaves of five plants in the same
canopy were dissected at the same 10-cm interval from the top canopy
downwards according to the stratified-clipping method (Monsi and
Saeki, 2005). Leaf area of each horizontal layer of the canopy was
determined by using an area metre (Li-3100; Li-Cor, Lincoln, NE, USA).
Afterwards, these leaf blades were placed in a forced air oven (UF 260,
Memmert Corp., Germany) at 105 °C for 0.5 h and then dried at 75 °C for
72 h to a constant weight. After weighing, the leaf samples were ground
into powder, which was then assessed for the leaf nitrogen concentration
by the Kjeldahl apparatus (Kjeltec 8400, Foss Corp., Germany). The
specific leaf nitrogen (SLN, leaf nitrogen content per unit leaf area) was
then calculated.

2.5. Estimation of light and nitrogen extinction coefficients

Photon flux density was assumed to attenuate with the canopy depth
according to the Lambert-Beer’s law:

Ii = IoCXp(fKLLAIi) (1)

where LAI; (m? green leaves m~2 ground) is the cumulative surface area
of green leaves per unit ground area from the top of the canopy; [; and I
(pmol m 2s™ 1) are the incoming photon flux values at depth i and above
the canopy, respectively; Kj, is the light extinction coefficient.

Following Anten et al. (1995), the vertical gradient of the SLN in the
canopy was expressed as:

SLNl = (SLNO — nb)exp(fKNLAIi) +ny (2)

where SLN; is the SLN (g N m~2) of the leaves at the ith layer of the
canopy; SLNj is the SLN of the leaves at the top of the canopy; Ky is the
extinction coefficient for effective leaf nitrogen; ny, is the minimum leaf
nitrogen for photosynthesis, at or below which photosynthesis is zero; an
estimated value of 0.3 g N m~2 for n, was adopted for all the rice ge-
notypes from Yin and van Laar (2005). Ky and SLN, were estimated by
fitting Eq. (2) to the measured data.

2.6. Plant growth measurements
In the greenhouse experiment, tiller number and leaf area were

measured at heading (defined as the moment the first panicle of the
whole plant emerged from the flag-leaf sheath), 20 d after heading, and
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40 d after heading with sampling size of three to five pots per genotype.
Above-ground dry weight for each genotype at the same moments and at
maturity (defined as the moment the rachis of panicle turned yellow)
was determined after oven drying at 75 °C for 72 h to constant weight.

In the field experiment, three extra time points for measurements
were added: at 20 d after transplanting, 35 d after transplanting, and at
stem-elongating, to better examine the dynamics of traits throughout the
whole crop cycle. Plants of five hills randomly selected from each plot
were sampled as one replicate at each measurement. Daily average crop
growth rate (CGR) was calculated for each genotype as the difference in
above-ground dry weight divided by the number of days between sam-
plings. After that, the leaf part of the sample at each stage was used to
measure the nitrogen concentration using the Kjeldahl apparatus
(Kjeltec 8400, Foss Corp., Germany). Total canopy nitrogen content (N,
g N m~2 ground), and canopy-averaged nitrogen per leaf area (SLN,
g N m~2 leaf) were then calculated.

2.7. Leaf chlorophyll content and photosynthesis measurement

In the field experiment, leaf chlorophyll concentration was measured
at tillering, stem-elongating, heading, 20 d after heading, and 40 d after
heading, according to the method of Arnon (1949). The uppermost
newly expanded leaves were ground to extract chlorophyll with 95 %
ethanol at 60-65 °C, and then the chlorophyll content was determined
using an ultraviolet spectrophotometer (Lambda 650, PerkinElmer,
USA). Light-saturated leaf photosynthesis at ambient CO, level (Anax,
pmol CO; m ™2 s™!) was measured on flag leaves at a light intensity of
2000 pmol photons m~2 s~} using an open-path gas exchange system
(Li-Cor 6400XT; Li-Cor Inc., Lincoln, NE, USA) at the flowering stage (7
d after the first panicle tip emerged from the flag-leaf sheath), with the
flow rate set at 400 pmol s 1. All measurements were carried out at a
leaf temperature of 25 °C and a leaf-to-air vapour pressure deficit be-
tween 1.0 and 1.6 kPa. The leaf segments used for photosynthesis
measurements were cut out and used to determine leaf nitrogen con-
centration by an element analyser (Vario Macro cube, Elementar, Ger-
many) based on the micro-Dumas combustion method.

Canopy photosynthesis was measured using a static-chamber method
at the same day (i.e., the flowering stage) as leaf photosynthesis mea-
surements, which has been applied and validated in many previous
studies (Welker et al., 2004; Bubier et al., 2007; Xia et al., 2009; Niu
etal., 2010). Transparent PVG plates (Transmittance > 95 %) were used
to make an assimilation chamber with dimensions 60 cm x 60 cm
x 150 cm, and then connected with the gas exchange system (Li-Cor
6400XT; Li-Cor Inc., Lincoln, NE, USA) (Fig. S3; also see detailed in-
formation in Niu et al., 2008). Two electric fans (size:
120 mm x 120 mm x 25 mm) with rotation speeds of 6000-10,
000 rpm were built to promote air mixing continuously inside the
chamber. Fifteen consecutive recordings of CO2 and water vapour con-
centrations were taken on each frame at 10-s intervals during a 150-s
period after steady-state conditions were achieved within the cham-
ber. According to our field planting density, plants of totally eight hills
(two rows x four hills) were enclosed in the chamber. We made this
measurement for three to four times for each plot. All measurements
were conducted from 10:00 to 12:00 a.m. at a clear sky during flower-
ing, when the incoming solar photosynthetic flux density was between
1000 and 1200 pmol photon m 2 s~L. The variation in air temperature
inside the chamber was less than 0.2 °C during an average measurement
period. The flux rates were determined from the time-course of the CO,
concentration in the assimilation chamber. To correct for the effect of
soil respiration, the measurement was conducted at the same spot with
all above-ground parts of the plants in the chamber cut off. The net
canopy photosynthesis rate (Ac net, tmol CO2 m~2 ground s™1) was then
calculated as the difference between the two measurements according to
the soil-flux calculation procedure in the LI-6400 gas exchange system
manual (LiCor Inc., Lincoln, NE, USA) or LI-8100A soil gas flux system
manual (LiCor Inc., Lincoln, NE, USA).
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2.8. Calculation of photosynthetic nitrogen use efficiency

Leaf photosynthetic nitrogen-use efficiency (PNUE) was defined as:

AmﬂX
PNUE = — 3
SLN — ny, 3)

where Apax (umol CO5 m~2s1) is the maximum net photosynthesis rate
of the flag leaf at a light intensity of 2000 pmolm 2 5! and a CO,
concentration of 400 pmol mol~!; SLN (gN m~2leaf) is the specific leaf
nitrogen, and ny, represents a base leaf nitrogen content as defined for
Eq. (2) (np, =0.3gN m~2 for rice; Yin and van Laar, 2005).

Canopy photosynthetic nitrogen-use efficiency (PNUE,) was defined
as:

AC

PNUE, = ——
(SLN, — np)LAI

4

where A, (umol CO, m~2 ground s™1) is the canopy photosynthesis; SLN,
(gN m~2 leaf) is the canopy-averaged specific leaf nitrogen (= N./LAI);
and LAI (m? leaf m 2 ground) is the leaf area index.

2.9. Yield and Yyield-related traits at maturity

At maturity, yield, yield components, total above-ground biomass,
and harvest index were determined in the greenhouse and field exper-
iments. Grain yield and yield components were measured following the
procedure as described by Yoshida et al. (1976). Aboveground plants
sampled at maturity were separated into straw, filled and unfilled
grains, and rachis. Dry weight of each part was determined by
oven-drying to constant weight, then the harvest index was calculated as
the ratio of filled grain weight to total above-ground weight. In the
greenhouse experiment, plants of three pots were sampled as one
replicate for each plot to determine the yield (g hill ™) and yield com-
ponents (i.e., number of panicles per hill, number of spikelets per
panicle, filled-grain percentage, and 1000-grain weight). In the field
experiment, grain yield (g m~2) was determined from harvesting plants
of 2m? in each plot and adjusted to 14 % moisture. The yield compo-
nents (i.e., number of panicles per m?, number of spikelets per panicle,
filled-grain percentage, and 1000-grain weight) were determined from
randomly selected plants of ten hills (excluding the border ones) in each
plot. The number of spikelets per panicle was calculated as total number
of spikelets divided by the number of panicles. The filled-grains per-
centage was defined as the percentage of filled grains (specific gravity
> 1.06 g cm ™) to the total number of spikelets. The 1000-grain weight
was calculated as the filled grain weight divided by the number of the
filled grains, then multiplied by 1000. The daily average grain-filling
rate was calculated as the final grain yield (14 % moisture) divided by
the days of duration from heading stage to maturity.

2.10. Data analysis

Nonlinear fitting was carried out using the GAUSS method in PROC
NLIN of SAS (SAS Institute Inc., Cary, NC, USA) to estimate K, and Ky in
Egs. (1) and (2). Significance of differences between a variant genotype
and its default genotype was assessed using SPSS (version 25.0; SPSS
Inc) based on the computed F values in each figure or table if applicable.
Multiple linear regression analysis, where genetic backgrounds (GLXN,
YD, WYJ, and ZF) were introduced as dummy variables, was conducted
to identify which physiological variables (N. versus Ky:Ki) was most
important in determining A, or CGR.

3. Results
3.1. Phenology, growth traits and canopy nitrogen content

The comparison of variant genotypes with their default (CK)
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genotypes showed that plant growth and development traits were more
influenced by introducing yellow-leaf traits than introducing stay-green
traits. The growth durations from sowing to maturity did not differ much
between stay-green variants (G) and their CK genotypes in both exper-
iments (Table 1). However, introducing yellow-leaf traits resulted in a
completely different phenology, as the life cycle was prolonged in the

Greenhouse experiment (2019)
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yellow-leaf variant (Y) from the WYJ background whereas it was
shortened in the Y genotype from the ZF background.

Fig. 1 presents time courses of above-ground dry weight and the
daily average growth rate for the entire rice cycle in all genotypes.
Overall, the patterns of the above-ground dry weight were similar in
variants and their default genotypes, except for lower values in WYJ-Y

Field experiment (2020)

2500
E
2000 -
1500
Average CGR
1000 - CK=12.0+0.2
G =119£02
500 4 Guanglingxiangnuo CK
_____ Guanglingxiangnuo _G
2500 - -
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2 2000 -
3
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-2 1000 -
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Days after transplanting (d)

Fig. 1. The time course of rice above-ground dry weight in two experiments. Rice genotypes comprised four default rice genotypes (CK, circles) and their greener-leaf
variants (G, squares) and/or yellower-leaf variants (Y, triangles). Each data point is shown as mean =+ standard error of three to four replicates. Daily average growth
rate per hill (GR per hill, g hill* d~! in greenhouse experiment) and daily average crop growth rate (CGR, g m 2 ground d ! in field experiment) for the entire life
cycle were listed in each panel with a significant difference between variant genotype and its default genotype shown by asterisks: *P < 0.05, **P < 0.01. Black
arrows indicate the heading dates of default genotypes and stay-green variants, and red arrows represent those of yellow-leaf variants.



Z. Zhou et al.

compared with WYJ-CK. In general, the daily growth rate (i.e., the slope
between two sampling dates) declined after heading in all genotypes. To
avoid the possible confounding effect of the changed growth durations,
we analysed the daily average growth rate of the entire growth duration.
The daily growth rate was significantly affected only in Y-variants, with
an increase for ZF-Y in both experiments and a decrease in WYJ-Y in the
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field experiment.

Tiller number and leaf area were influenced more by the Y modifi-
cation than by the G modification (Figs. 2, 3). Across genetic back-
grounds, tiller number was lower in Y variants than in their CK
genotypes (Fig. 2). Data from the field experiment indicated a similar
growth of LAI for genotypes from the same background at early

Field experiment (2020)
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_-B__ Yandao8 G

Tiller number (no. m2 ground)

O __ Wuyunjing3 _CK

100 4 —-2 _ Wuyunjing3 G

-.-A _ Wuyunjing3 Y

500 A

400 A

100 A ©__ Zhefu802 CK

_.5 _ Zhefu802 Y
0 T T T T

0 30 60 90 120 150

Days after transplanting (d)

Fig. 2. The time course of tiller number of rice genotypes in two experiments. Genotypes comprised four default genotypes (CK, circles) and their greener-leaf
variants (G, squares) and/or yellower-leaf variants (Y, triangles). Each data point is shown as mean =+ standard error of three to four replicates. A significant dif-
ference (P < 0.05) between variant genotype and its default genotype at each sampling stage is shown by asterisks in different colours, with black and red for stay-
green variants and yellow-leaf variants, respectively. Black arrows indicate the heading dates of default genotypes and stay-green variants, and red arrows represent

those of yellow-leaf variants.
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Field experiment (2020)
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Fig. 3. The time course of leaf area in rice genotypes. Leaf area is shown in leaf area per hill for the greenhouse experiment (A-D) and in leaf area index (LAI) for the
field experiment (E-H). Genotypes comprised four default rice genotypes (CK, circles) and their greener-leaf variants (G, squares) and/or yellower-leaf variants (Y,
triangles). Each data point represents the mean + standard error of three to four replicates. A significant difference (P < 0.05) between variant genotype and its
default genotype at each sampling stage is shown by asterisks in different colours, with black and red for stay-green variants and yellow-leaf variants, respectively.
Black arrows indicate the heading dates of default genotypes and stay-green variants, and red arrows represent those of yellow-leaf variants.
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vegetative stage (Fig. 3). However, the peak of growth curves of LAI for
Y variants was less sharp around flowering, followed by a slower decline
when approaching maturity, compared with G variants and CK
genotypes.

The pattern of total canopy nitrogen content in green leaves (N¢) in
the field experiment for each genotype across stages (Fig. 4) was similar
to that of LAI, fast increasing at early stages and then decreasing after
peaking around the heading stage. Canopy-averaged nitrogen per leaf
area (SLN.) was higher in the variants, especially in Y variants during
the reproductive phase (Fig. 4G-H). It is worth mentioning that ZF-Y
began to manifest a higher SLN. at vegetative growth stage (ca. 30
d after transplanting).

3.2. Contrasting impact of yellow-leaf modification on yield and yield-
related traits

In both experiments, yield and yield-related traits did not signifi-
cantly differ between G and their CK genotypes, except that the filled-
grain percentage was significantly reduced in GLXN-G (Table 2). For Y
variants, panicle number and filled-grain percentage were lower while
number of spikelets per panicle was higher than for CK counterparts
across experiments. Compared with its CK genotype, ZF-Y also showed
significantly higher 1000-grain weight, daily grain-filling rate and har-
vest index, which contributed to a higher final yield, despite a lower
total biomass. On the contrary, WYJ-Y exhibited lower daily grain-filling
rate in both experiments, and a remarkably lower yield and total
biomass gain in the field experiment.

3.3. Yellow-leaf variants had significantly higher Kn:Ky, than default
genotypes

Canopy extinction coefficients for light (K) and for nitrogen (Ky),
and the specific leaf nitrogen at the top of the canopy (SLNp) (Table 3)
were derived from the vertical profile of relative values of photosyn-
thetically active radiation and canopy leaf nitrogen, respectively
(Fig. 5). Overall, G modification did not result in a significant change in
light and nitrogen profiles in comparison with the CK genotypes,
although the Ky:Ky, ratio was slightly higher in G than in CK genotypes
when approaching maturity. For Y variants, more light penetrated into
the lower layers of the canopy, as reflected by an average of 33 % and
42 % lower K, for Y variants than for the CK genotypes from WYJ and ZF
background, respectively, across stages. With the aging of canopy
leaves, Kj, increased and the rates of increase in Y variants were faster
than those in their CK counterparts towards the early grain-filling stage.
SLNy and Ky did not significantly differ between Y and CK genotypes for
the WYJ background (P > 0.05), except for a slightly lower value of
SLNp in the Y variant at the stem-elongating stage (Table 3). However,
higher values of SLNy (20 % increase) and Ky (25 % increase) were
observed for the ZF-Y genotype than its CK genotype, across three stages
(Fig. 5). Across stages, both Y variants had a significantly higher Kn:K},
ratio than their CK counterparts (Table 3; Fig. S4).

To check the reliability of our estimates for canopy light and N
profiles, we used the unpublished data collected from a pre-experiment
using only ZF genotypes conducted under field conditions in 2016, in
which we measured their light profile and N profile at the flowering
stage. Parameters characterising the profiles, K; and Ky, had very
similar values (Fig. S5) to those we obtained from the 2020 full exper-
iment for the two genotypes (Table 3).

3.4. Differences in leaf and canopy photosynthesis among yellow-leaf
variants

Light saturated net flag-leaf photosynthesis (Apax) and net canopy
photosynthesis (A.) were examined at flowering stage in the field
experiment (Fig. 6). In general, variation in A, across genotypes was
significantly associated with variation in Apax (R? = 0.68; Fig. 7A),
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while Apax was highly correlated with its leaf nitrogen content (R>
= 0.60; Fig. 7B). The photosynthetic performance at both leaf and
canopy level were not changed much by G modification. However, for Y
modification, opposite trends were found relative to their CK from
different backgrounds: the modification caused ca. 12 % decreases in
both Apax and A in the WYJ background, while it caused ca. 32 % and
38 % increases in the ZF background, although leaf N content and
canopy-averaged N content were increased in both Y variants. This
difference in the effect of Y-modification between the two backgrounds
is also directly reflected in Fig. 7A, where A, is plotted against Apax.
Because of this difference, the photosynthetic nitrogen use efficiencies
(PNUE) at the leaf and canopy level were both significantly increased in
ZF-Y, while the leaf PNUE was significantly decreased in WYJ-Y (Fig. 6C,
F).

3.5. Kn:Kj, ratio as a main determinant of canopy photosynthesis and
daily growth rate

We calculated daily CGR around flowering from measured biomass
at two stages, i.e., heading and 20 d after heading. Across genotypes,
CGR around flowering was positively correlated with A. (measured at
flowering) (R? = 0.77; Fig. 8). Theoretically, canopy productivity de-
pends on: (i) overall canopy photosynthetic potential, represented here
by N, (which is the product of SLN, and LAI), and (ii) the distribution of
photosynthetic resources (nitrogen) in the canopy, represented by the
Kn:Kp ratio (Yin and Struik, 2015). Our data showed that A. or CGR was
highly associated with the K:Kj, ratio, although data points represent-
ing WYJ-Y clearly deviated from the linear relationships (Fig. 9). To
examine which factor (i.e., N or Ky:K1) contributed most to the varia-
tions in A. and CGR (thus biomass gain) and whether the effect was
caused by the genetic background, we conducted a multiple linear
regression, where A. or CGR was regressed against N, and Ky:Ky, with
genetic backgrounds (GLXN, YD, WYJ-CK&G, WYJ-Y, ZF) introduced as
dummy variables (Table 4). The genotypes in the WYJ background were
divided into two groups (WYJ-CK&G and WYJ-Y) to account for the
earlier indicated negative effects of the Y modification on A, or CGR in
this WYJ background. Regression analysis showed that the variation in
the Ky:Kj, ratio contributed most to the variations in both A, and CGR
among all genotypes (P < 0.001), while N, exerted some positive effect
but was not the determining factor accounting for the variance in A, and
CGR in our study (P > 0.05). Nevertheless, the analysis also showed that
CGR differed significantly among genetic backgrounds, with CGR of YD,
WYJ-CK&G and ZF being higher, and that of WYJ-Y being lower, than
that of GLXN. Similar trends in genetic differences were found for A..

4. Discussion

4.1. Variation in leaf photosynthesis as a result of leaf-colour
modification affects canopy photosynthesis

Of the two kinds of leaf-colour modification, stay-green (G) modifi-
cation had less influence on leaf photosynthesis than yellow-leaf (Y)
modification (Fig. 6). In general, light-saturated leaf photosynthesis
(Amax) is closely related to leaf nitrogen content (Hikosaka, 2010), in
line with our result in Fig. 7B. To be more specific, Anax is related to the
nitrogen invested in various photosynthetic enzymes that determine the
photosynthetic capacity (Harley et al., 1992; Makino et al., 1994; Gu
et al., 2012). Leaf-colour modification, as an artificial means to affect
photosynthetic nitrogen distribution within the leaf, particularly alters
the nitrogen investment in chlorophyll content (Fig. S1). This change in
leaf chlorophyll content influences the photosynthetic competence by
adjusting the light absorption (Evans, 1996). In this study, we examined
the variation in leaf photosynthetic nitrogen use efficiency (PNUE),
presented as Apax per unit nitrogen content (see Eq. (3)), which resulted
from the changes in the photosynthetic nitrogen content and photo-
synthetic nitrogen distribution within the leaf. For the two Y variants, an
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Fig. 4. The time course of crop nitrogen status in the field experiment. Canopy total nitrogen content (N,, A-D) and canopy-averaged specific leaf nitrogen (SLN, E-
H) of green leaves are shown for four default rice genotypes (CK, circles) and their greener-leaf variants (G, squares) and/or yellower-leaf variants (Y, triangles). Each
data point represents the mean + standard error of three to four replicates. A significant difference (P < 0.05) between variant genotype and its default genotype at
each sampling stage is shown by asterisks in different colours, with black and red for stay-green variants and yellow-leaf variants, respectively. Black arrows indicate
the heading dates of default genotypes and stay-green variants, and red arrows represent those of yellow-leaf variants.
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Table 2
Yield and yield related traits (mean with its standard error of three or four replicates in brackets) for rice genotypes of four genetic backgrounds, each including a
default genotype (CK) and its greener-leaf variant (G) and/or yellower-leaf variant (Y), in two experiments.

Experiment Background  Genotype  Yield components Grainyield  Grain-filling Total Harvest index
, - ) 3 . rate biomass
Panicle number Spikelets Filled-grain 1000-grain
per weight
panicle

Greenhouse (no. hill™%) (no.) (%) 3] (g hill™) (ghill”tdh (g hill™) (gg™hH
Experiment GLXN CK 10.3 (0.3) 93 (2) 98.2 (0.2) 27.8 (0.8) 26.1 (0.4) 0.450 (0.007) 60.0 (0.8) 0.374 (0.008)
(2019) G 10.0 (0.4) 98 (4) 97.3 (0.2)* 28.1 (0.2) 26.8 (0.7) 0.462 (0.012) 60.4 (1.0) 0.382 (0.010)
YD CK 15.7 (0.7) 67 (3) 94.1 (2.1) 28.7 (0.1) 28.0 (0.4) 0.510 (0.008) 44.4 (1.3) 0.542 (0.006)
G 14.7 (0.3) 73 (2) 91.9 (1.8) 28.0 (0.3) 27.5(0.5) 0.500 (0.010) 43.0 (0.2) 0.559 (0.003)
wWYyJ CK 17.3 (0.3) 53 (1) 90.0 (0.5) 29.9 (0.5) 24.5 (0.4) 0.510 (0.009) 40.4 (1.5) 0.521 (0.001)
G 17.0 (0.6) 54 (1) 91.8 (0.8) 30.2 (0.1) 25.4 (0.5) 0.529 (0.010) 41.6 (0.5) 0.524 (0.003)
Y 15.7 (0.3)* 58 (1)** 87.9 (0.1)* 29.1 (0.5) 23.4 (0.6) 0.468 (0.011)* 39.5(0.9) 0.509 (0.009)
ZF CK 14.3 (0.7) 92 (4) 97.6 (0.1) 24.7 (0.2) 31.2(0.3) 0.612 (0.005) 59.3 (1.1) 0.453 (0.007)
Y 11.3 (0.7)* 139 (2)*** 80.6 (3.4) 25.6 (0.2) 32.5(1.2) 0.690 (0.025)* 52.2 (0.5) 0.534 (0.016)

ke * ek %k
Field (no. m~2 (no.) (%) €3] (gm~?) (gm~2dY (gm3) (gg™hH
ground)
Experiment GLXN CK 338 (6) 107 (3) 87.4(0.7) 27.1 (0.2) 823 (11) 10.7 (0.14) 2082 (37) 0.339 (0.004)
(2020) G 325 (6) 113 (2) 81.2(0.7) 26.9 (0.3) 800 (22) 10.4 (0.29) 2056 (40) 0.336 (0.006)
ke

YD CK 453 (2) 126 (3) 69.2 (1.2) 27.5(0.1) 1076 (11) 14.0 (0.14) 2208 (67) 0.422 (0.011)
G 443 (4) 127 (2) 74.3 (1.7) 27.4 (0.6) 1128 (32) 14.6 (0.42) 2222 (51) 0.441 (0.002)
wyJ CK 462 (11) 94 (2) 87.6 (2.2) 29.2 (0.2) 1055 (6) 16.5 (0.10) 2104 (71) 0.446 (0.007)
G 450 (8) 100 (1) 86.9 (0.6) 30.1(0.2) 1117 (26) 17.5 (0.40) 2237 (22) 0.450 (0.005)
Y 417 (4)* 102 (0)* 72.8 (2.0) 28.7 (0.4) 857 (27) 12.1 (0.38)*** 1846 (55)* 0.429 (0.012)
ZF CK 373 (4) 110 (1) 74.1 (2.1) 24.0 (0.3) 704 (27) 12.6 (0.48) 1836 (20) 0.342 (0.013)

Y 293 (3)** 176 (1)*** 64.1 (1.4)* 25.3(0.2) 795 (7)* 16.2 (0.14)** 1686 (16) 0.417 (0.007)

Data of a variant genotype significantly different from those of its default genotype (* P < 0.05, ** P < 0.01, *** P < 0.001) are shown in bold.

Table 3

Values (mean with its standard error in brackets) of leaf area index (LAI), and canopy light and nitrogen distribution parameters for rice genotypes of four genetic
backgrounds, each including a default genotype (CK) and its greener-leaf variants (G) and/or yellower-leaf variants (Y), measured at three stages in the field
experiment.

Stage Background Genotype LAI Ky SLN, Kn Kn/Ky
(m? leaf m~2 ground) (m? ground m 2 leaf) (g N m 2 leaf) (m? ground m 2 leaf) “)
Stem GLXN CK 10.92 (0.29) 0.384 (0.046) 1.69 (0.03) 0.026 (0.004) 0.067 (0.004)
elongating G 10.50 (0.17) 0.417 (0.053) 1.64 (0.01) 0.020 (0.002) 0.048 (0.004)*
stage YD CK 5.77 (0.35) 0.431 (0.004) 1.70 (0.03) 0.065 (0.001) 0.152 (0.004)
G 6.04 (0.21) 0.459 (0.022) 1.79 (0.01) 0.060 (0.006) 0.132 (0.016)
wyJ CK 6.57 (0.16) 0.382 (0.023) 1.85 (0.01) 0.041 (0.003) 0.108 (0.008)
G 6.68 (0.12) 0.403 (0.027) 1.82 (0.04) 0.044 (0.002) 0.109 (0.004)
Y 7.09 (0.31) 0.291 (0.001)* 1.76 (0.02)* 0.042 (0.003) 0.150 (0.013)*
ZF CK 7.21 (0.05) 0.517 (0.086) 1.77 (0.03) 0.099 (0.003) 0.202 (0.033)
Y 6.78 (0.23) 0.246 (0.002)* 1.99 (0.03)** 0.113 (0.009) 0.460 (0.035)**
Flowering GLXN CK 10.53 (0.26) 0.460 (0.028) 1.85 (0.03) 0.033 (0.003) 0.073 (0.011)
stage G 9.32 (0.22)* 0.446 (0.050) 1.77 (0.01) 0.036 (0.007) 0.080 (0.006)
YD CK 7.46 (0.05) 0.462 (0.041) 2.13 (0.04) 0.104 (0.012) 0.225 (0.007)
G 7.33 (0.40) 0.448 (0.040) 2.17 (0.04) 0.098 (0.006) 0.223 (0.027)
wyJ CK 8.62 (0.13) 0.451 (0.001) 1.97 (0.04) 0.081 (0.001) 0.180 (0.002)
G ¥ 0.447 (0.034) 2.03 (0.02) 0.084 (0.004) 0.189 (0.012)
Y 0.237 (0.016)*** 2.07 (0.05) 0.079 (0.004) 0.334 (0.028)**
ZF CK 10.79 (0.47) 0.696 (0.062) 1.67 (0.07) 0.109 (0.002) 0.160 (0.018)
Y 7.28 (0.30)*** 0.378 (0.017)** 2.14 (0.06)** 0.133 (0.005)* 0.351 (0.005)***
20d GLXN CK 9.44 (0.18) 0.529 (0.025) 1.54 (0.02) 0.044 (0.003) 0.083 (0.009)
after G 9.25 (0.14) 0.544 (0.018) 1.57 (0.03) 0.047 (0.001) 0.086 (0.002)
flowering YD CK 6.82 (0.20) 0.738 (0.023) 1.72 (0.03) 0.113 (0.005) 0.153 (0.007)
stage G 6.41 (0.08) 0.717 (0.003) 1.68 (0.02) 0.118 (0.002) 0.164 (0.004)
wyJ CK 7.40 (0.23) 0.627 (0.035) 1.69 (0.02) 0.084 (0.003) 0.134 (0.002)
G 6.90 (0.42) 0.616 (0.024) 1.73 (0.01) 0.087 (0.009) 0.141 (0.009)
Y 6.90 (0.05) 0.458 (0.031)* 1.70 (0.04) 0.089 (0.008) 0.198 (0.026)*
ZF CK 9.82 (0.15) 0.823 (0.046) 1.41 (0.02) 0.084 (0.001) 0.103 (0.005)
Y 6.98 (0.29)*** 0.591 (0.021)* 1.69 (0.08)* 0.116 (0.008)* 0.197 (0.010)***

LAI Leaf area index; KL, canopy light extinction coefficient; SLNO, specific leaf nitrogen at the top of the canopy; KN, canopy nitrogen extinction coefficient.
Data of a variant genotype significantly different from those of its default genotype (*P < 0.05, **P < 0.01, ***P < 0.001) are shown in bold.
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Fig. 5. Vertical light and nitrogen profile in canopies of rice genotypes in the field experiment. The canopy relative photosynthetically active radiation profile (PAR,
A-C) and canopy leaf nitrogen profile (SLN, D-F) are plotted against cumulative leaf area index (LAI) counted from the top of the canopy for four default rice
genotypes (CK, circles) and their greener-leaf variants (G, squares) and/or yellower-leaf variants (Y, triangles) at three stages: SES, stem-elongating stage (A and D);
FS, flowering stage (B and E); 20DAF, 20 d after flowering stage (C and F). Each data point represents the mean of three to four replicates. Curves for light profiles are
drawn from Eq. (1) with parameter Kj, fitted, while curves for nitrogen profiles are drawn from Eq. (2) with parameters SLN, and Ky fitted for each genotype. Cv.
Guanglingxiangnuo is in red; cv. Yandao 8 is in blue; cv. Wuyunjing 3 is in green and cv. Zhefu 802 is in violet.

opposite effect on Apa.x and PNUE for the flag leaf was observed
(decrease in WYJ-Y and increase in ZF-Y), suggesting discrepant effects
of Y modification on the leaf nitrogen partitioning.

It was reported that exploiting the genetic variation in Apax can
contribute to improving canopy photosynthesis (A.) when other factors
are constant (Teng et al., 2004; Gu et al., 2014). This is understandable
since A, is the spatial integration of leaf photosynthesis over canopy
layers. Our results showed that leaf-colour modification similarly had an
implication on canopy photosynthesis. In this case, the significantly
different effects of Y modification on An.x were carried over to the
canopy scale, as reflected by a good relationship among genotypes be-
tween Anax and A ®R?= 0.68; Fig. 7A). However, the dependence of A,
on Apax appeared to be genetic background specific, on the basis of the
understanding that A. also depends on the relative nitrogen to light
profiles in the canopy as discussed below.

4.2. Importance of the closeness between canopy nitrogen and light
profiles in determining canopy photosynthesis

When upscaling photosynthesis from leaf to canopy level, factors like

11

the extent to which photosynthetic N resources acclimate to light also
matter (Yin and Struik, 2015). According to an optimisation theory, A
can be maximised when the leaf nitrogen distribution within the canopy
is acclimated to the light distribution (i.e., KN:Ky, = 1) if Apax is linearly
related to SLN (Field, 1983; Hirose and Werger, 1987; Goudriaan, 1995;
Sands, 1995). For an actual canopy, nitrogen distribution is more uni-
form than light distribution, and the gradients of both light and nitrogen
are highly affected by genotypic variation (Gu et al., 2017a; Ouyang
et al., 2021). This was consistent with our results in that a clear differ-
ence was observed among different genetic backgrounds (Fig. 5). For
example, compared with genotypes from other backgrounds, the ones
from the GLXN background distributed more nitrogen resource to the
lower layers of canopy (smaller Ky). Our results also showed an
extremely steeper light gradient than the nitrogen gradient in a canopy.
This gave rise to a severe mismatch in the distribution of light and ni-
trogen resources in the canopy, as indicated by a Ky:K, ratio even below
0.1 for the GLXN background (Table 3). Overall, the observed Ky:K},
ratio, either across genotypes or across stages for our default genotypes,
was not even close to the theoretical optimum (Table 3). Such low Ky:Ky,
ratios mainly resulted from the very low Ky. The low Ky:Kj, ratios may
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Fig. 6. Photosynthetic characteristics of rice genotypes at the flowering stage in the field experiment. Both leaf (A-C) and canopy (D-F) photosynthetic parameters
for four default rice genotypes (CK, white bars) and their greener-leaf variants (G, grey bars) and/or yellower-leaf variants (Y, dashed bars) are shown. Specific leaf
nitrogen (SLN, A), light saturated leaf photosynthesis (Anax, B), leaf photosynthetic nitrogen-use efficiency (PNUE, C), canopy-averaged specific leaf nitrogen (SLN,,
D), canopy photosynthesis (A, E), and canopy photosynthetic nitrogen-use efficiency (PNUE,, F) represent means =+ standard errors of three or four replicates. PNUE
and PNUE, were calculated based on Eq. (3) and Eq. (4), respectively. The asterisks (*) indicate statistical significance at the P < 0.05 level between variant genotype

and its default genotype.

reflect the possibilities that: (i) Ky varies diurnally and seasonally
whereas the acclimation of nitrogen in the canopy always lags behind;
(ii) Amax responds to leaf nitrogen content nonlinearly, in a
diminishing-return manner as shown by Evans (1989); and (iii) the
distribution of nitrogen in canopies is only partially driven by light
distribution.

Lowering the canopy chlorophyll content proposed to improve light
penetration to lower leaves has an implication on canopy photosynthesis
as such manipulation decreases Ki, thereby increasing the Ky:K, ratio.
Our results with Y variants (especially with the ZF-Y genotype)
confirmed this, as evidenced by higher Ky:K ratios in Y variants
(especially in the ZF-Y genotype) (Table 3; Fig. S4). Compared with its
CK genotype, ZF-Y exhibited a phenotypic plasticity in nitrogen adap-
tation to the light environment with a steeper nitrogen gradient along
the canopy (i.e., higher SLNy and Ky) (Fig. 5 and S5). This adaptive
change in ZF-Y may partly result from its low tillering ability and LAI
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(Figs. 2 and 3), which overcame the weakness as occurred in its CK
genotype where high LAI diluted leaf nitrogen content after the stem-
elongating stage (Fig. S6). This result supports the findings of Moreau
et al. (2012) that acclimation of the leaf nitrogen profile to the light
profile is probably a whole-plant process as it was related to leaf canopy
size. The resulting increase of Ky in ZF-Y, representing a higher effi-
ciency in nitrogen use at the whole plant canopy, led to a further
enhancement in A.. This is supported by the multiple regression analysis
showing that an increased Ky:Ky, ratio was most significant parameter in
improving A. (Table 4). However, this effect was observed to a much less
extent in the Y genotype from the WYJ background (Fig. 9). Therefore,
reducing leaf and canopy chlorophyll alone (i.e., decline in K;) may not
necessarily contribute to A, unless a corresponding improvement in
nitrogen partitioning is achieved at canopy level.
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4.3. Opportunities for improving dry matter and yield by leaf-colour
modification

The influence of leaf-colour modification on A, eventually contrib-
uted to the dry matter accumulation, which was indicated by the high
association between A. and daily average CGR (R? = 0.77; Fig. 8). Leaf-
colour modification is expected to improve dry matter accumulation
either by extending the canopy duration (G traits) (Gregersen et al.,
2013; Borrell et al., 2014) or by allowing more light penetrated into the
lower canopy (Y traits) (Ort et al., 2011; Gu et al., 2017b). Given that
reducing canopy chlorophyll alone may not necessarily resulted in an
improved A, opportunities may exist by an optimisation of the relevant
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during flowering phase (shown in Panel B) was calculated from sampling in-
tervals between heading and 20 d after heading stages in the field experiment.
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excluding the yellow-leaf variant from Wuyunjing background (see the text).
The equation colours match the line colours. The significance of each correla-
tion is shown by asterisks: *P < 0.05, ***P < 0.001. Cv. Guanglingxiangnuo is
in red; cv. Yandao 8 is in blue; cv. Wuyunjing 3 is in green and cv. Zhefu 802 is
in violet. CK in circles represent default rice genotypes; G in squares represent
greener-leaf variants and Y in triangles represent yellower-leaf variants.

photosynthetic traits. For example, our results from the multiple
regression analysis (Table 4) suggested that A. in the WYJ-Y genotype
would have increased by some 13.47 (= 12.7 + 0.77) pmol CO» m2
ground s~ ! if it had improved properties at leaf (higher Amay and PNUE)
as well as canopy (e.g. Kn:Ky, ratio) scales as the ZF-Y genotype. At this
stage, we are not sure whether the ZF-Y genotype represents an abso-
lutely optimised state, and it is highly likely that there is a room for the
ZF-Y genotype to be further optimised for its photosynthetic
characteristics.

Our study showed that leaf modification not only affected leaf and
canopy photosynthesis as discussed above, but also pleiotropically
impacted other growth and developmental traits. In general, the impact
of Y modification across the whole growth duration was more compre-
hensive than that of G modification as it affected other development or
growth traits to a larger extent (Table 1). Opposite effect of Y variants on
growth duration observed in WYJ vs ZF backgrounds (Table 1) indicated
that the plant’s developmental sensitivity to photoperiod or to temper-
ature may also have been changed differently, as photoperiod and
temperature are major environmental factors affecting rice phenology
(Vergara et al., 1966; Yin et al., 1997; Saito et al., 2009). The ZF-Y ge-
notype showed fewer days to heading, indicating higher proportion of
younger leaves, which could be beneficial for A. and PNUE,. On the
other hand, less advantage of Y genotypes than their default rice geno-
type or G variants as a result of lower ability of light absorptance by leaf
(Evans, 1996; Melis, 2009), may be responsible for the lower CGR of
both Y variants before the establishment of a complete canopy (Fig. 1).
In addition, the obvious decrease in number of tillers (Fig. 2) could also
have contributed to the low CGR in Y variants, as the CGR can be
significantly affected by tillers number (Hossain et al., 2011). Fewer
tillers lead to lower leaf area index (LAI) (Zhong et al., 2002, 2003), and
our data also showed that Y variants had a lower LAI although they
reached their maximum LAI earlier (Fig. 3). Hence, one option to
improve dry matter accumulation after Y modifications could be via
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Table 4

Multiple regression analysis of canopy photosynthesis at flowering stage (A, umol CO, m~2 ground s 1) or daily crop growth rate (CGR, g m~2 ground d 1) during
flowering phase calculated from sampling intervals between heading and 20 d after heading stages as a function of genetic backgrounds (GLXN, YD, WYJ-CK&G, WYJ-
Y, ZF), total canopy nitrogen content in green leaves (N., g Nm 2 leaf), and Ky:Ky ratio (A or CGR =by + b;GLXN + boYD + bsWYJ-CK&G + byWYJ-
Y + bsZF + bgN. + byKn:K1), based on overall data of nine rice genotypes.

Dependent Intercept Regression coefficient R? No. of data
iabl b . - int:

variable 0 bi b} b bj b be b, points

Ac 17.82 0 0.98 0.91 — 12.70%** 0.77 0.57 55.01%** 0.87 27

CGR 4.51 0 4.14%* 3.91** —3.58 5.53%* 0.56 40.07%*** 0.93 27

Significance level: ** P < 0.01, *** P < 0.001.

¥ Genetic backgrounds (GLXN, YD, WYJ-CK&G, WYJ-Y, ZF) as a category variable were quantified by introducing five dummy variables, with the GLXN as the reference
level; so, the regression coefficient b; was nil while values of by-bs indicate the effect on A. or CGR in different genetic backgrounds, respectively, relative to the GLXN
background; to differentiate the effects of Y trait from the CK and G in the WYJ background on A, and CGR (see the text), an additional dummy variable (WYJ-Y) was
introduced in regression analysis.

crop management such as increasing planting density (e.g., a previous physiological characteristics. Whether this arose from genetic linkages
study of Gu et al., 2017b). or due to the randomness of radiation mutagenesis is unclear at this

Y variants also showed a longer duration of its maximum LAI stage. Nevertheless, the altered traits appeared to be stable, which can
compared with their CK genotypes (Fig. 3), which contributed to an be co-exploited by plant breeding for improving rice biomass and yield.
efficient canopy light interception along the growing season for rice. A Further studies are needed to understand the impact of leaf-colour
similar trend was observed for total canopy nitrogen content in green modification on carbon and nitrogen source-sink relationships during
leaves (N.) in the field experiment for each genotype across stages grain filling.

(Fig. 4), as expected given the close relationship between LAI and N,
(Fig. S6) as quantitatively described by Yin et al. (2003). Interestingly,
both Y variants exhibited a slower decline of crop growth rate between
two sampling dates during late grain-filling phase under abundant light
environment (Fig. 1), suggesting a delayed senescence effect, which is
expected in stay-green cases (Christopher et al., 2008; Wu et al., 2018;
Zhao et al., 2019) and was also observed in our tested G variants (Fig. 1).
Such a pattern in CGR could be related to nitrogen dynamics in Fig. 4.
Among Y variants, only ZF-Y maintained a higher capacity of dry matter
assimilation after the establishment of the canopy (due to the optimised
nitrogen distribution at leaf and canopy level as discussed above). Such
adjustment compensated for its relatively weaker dry matter accumu-
lation in the early stages and led to a significantly enhanced CGR for the Acknowledgements
entire life cycle in relative to its CK genotype (Fig. 1). Although total
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