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* Background and Aims Leaf structure is an important determinant of leaf photosynthesis; however, the impacts
of leaf structural traits on gas exchange parameters are still not fully understood. In the present study, 11 rice geno-
types were grown in pots to investigate the influence of leaf structural traits on leaf photosynthesis and hydraulic
conductance (K, ).

* Methods In this study, leaf photosynthetic rate (A), stomatal conductance (g ), mesophyll conductance and K|
were measured. In addition, leaf structural traits including leaf thickness (LT), leaf mass per area and leaf xylem
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and phloem sizes were also measured to investigate their impacts on rice photosynthesis.

* Key Results We found that the total area of xylem conduits per major vein (X

vein (P_.
P had adirectimpacton A; X i

or indirect impact on A.

e Conclusion This study highlighted the importance of manipulations in X

), leaf phloem area per minor

major-

,) and LT were positively correlated with KI . & and A. The path ana1y51s suggested that, however, only
. had an indirect impact on A via g_and P

while LT did not show any direct

minor’

and P

major minor”

two previously over-

looked leaf traits, to improve leaf photosynthesis in rice plants.

Key words: Photosynthesis, xylem size, phloem size, leaf hydraulic conductance, leaf thickness, stomatal con-

ductance, mesophyll conductance.

INTRODUCTION

CO, diffusion capacity from ambient atmosphere to carboxyl-
atlon sites, mcludmg stomatal conductance (g ) and mesophyll
conductance (g, ), is the major limitation for photosynthesis
(Flexas et al., 2013 2021). g, is generally determined by sto-
matal density, size and aperture. Stomatal aperture is usually
determined by leaf water transport capacity, defined as leaf
hydraulic conductance (K, ), because adequate water supply
to guard cells is needed to support transpirational water loss
(Buckley, 2005; Xiong et al., 2015, 2017). The impacts of sto-
matal size and density on g_have been well documented in pre-
vious studies (Franks and Farquhar 2007; Franks and Beerling,
2009). However, the water transport process inside leaves and
its impacts on stomatal aperture are not fully understood.
Water transport through leaves follows two pathways that op-
erate in series. Water first flows through leaf xylem conduits and
then through tissues outside the xylem. Leaf vein density has
been suggested to be the most important leaf trait determining
K, because a high leaf vein density could both increase the
parallel pathways for water diffusion through xylem conduits
and shorten the transport distance from xylem conduits to sto-
mata (Boyce et al., 2009; Brodribb, 2009; Buckley et al., 2015;
Scoffoni et al., 2016). However, leaf vein density has frequently
been found not to correlate with K, . or g (Flexas et al., 2013;

Xiong et al., 2015, 2017). In addition to leaf vein density, the
area of xylem conduits should be an important determinant to
hydrauhc conductance through the xylem (K ) and in turn to
K. (Nardini et al., 2005; Sack and Frole, 2006 McKown et al.,
2010; Sack and Scoffoni, 2013). Unfortunately, the experi-
mental evidence regarding the relationships between xylem con-
duit area per leaf vein and K|_, g and leaf photosynthetic rate
(A) is still lacking in rice plants (Xiong et al., 2015, 2017). We
hypothesized that xylem conduit area per leaf vein is positively
correlated with K. .- and in turn with 8, and A. Therefore, the first
objective of this study was to investigate the impact of xylem
conduits per leaf vein on K|, and gas exchange parameters in
one of the most important cereals, rice (Oryza stativa) plants.
In addition to CO, diffusion capacity and leaf biochemistry,
the transport capacity of carbohydrates is a key determinant
of leaf photosynthesis (Sharkey, 1985). Leaf photosynthesis
is severely suppressed when photoassimilates cannot be effi-
ciently exported from the source leaves (Krapp and Stitt, 1995;
Ainsworth and Bush, 2011; Sugiura et al., 2020). The transport
capacity of carbohydrates is reported to be closely related to
leaf vein density and phloem infrastructure (Flora and Madore,
1996; Ainsworth and Bush, 2011; Stewart er al., 2019). Leaf
photosynthetic rate has been found to be positively correl-
ated to total phloem cross-sectional area per leaf vein (Adams
et al., 2007, 2013, 2016). However, these studies were mainly
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conducted across different plant species, and such a study in
a single species is lacking. We hypothesized that leaf phloem
area per leaf vein is also positively correlated with A in a single
plant species. Therefore, the second objective of this study was
to investigate the correlation between leaf phloem area per leaf
vein and gas exchange parameters in rice plants.

The co-ordination of development in leaf structures has
frequently been found in previous studies, and leaf thickness
(LT) is positively correlated with xylem diameter and bundle
sheath cell area among species (Brodribb et al., 2013; John
et al., 2013). As an important leaf structural trait determining
leaf photosynthesis, LT has usually been found to be positively
related to A (Hanba et al., 1999, 2002; Xiong et al., 2015; Han
et al., 2019). The higher photosynthetic rate in thicker leaves
is usually associated with higher leaf nitrogen content, larger
mesophyll surface area, greater g and/or K| . among and/
or within plant species. However, the correlation between LT
and gas exchange parameters found previously may relate to
the co-ordination between leaf structures. Therefore, we hy-
pothesized that LT is correlated with the size of leaf xylem and
phloem, and thus with gas exchange parameters in rice plants.
Therefore, the third objective of our study was to investigate
the relationships between LT and total area of xylem conduits
and phloem area per leaf vein, and to study the impacts of leaf
thickness on K, and A in rice plants.

Leaf mass per area (LMA) is an important leaf trait, which
is closely related to leaf physiological and structural param-
eters. The correlation between LMA and A is inconsistent in
previous studies (Hassiotou et al., 2010; Lu et al., 2020; Reddy
et al., 2020; Ye et al., 2020). It has been hypothesized that the
relationship between LMA and A is linked to the contribu-
tions of LT and leaf density (LD) to LMA (Niinemets, 1999;
Poorter et al., 2009). The LMA may be positively correlated
with A if the variation of LMA is determined by LT as previ-
ously mentioned. In contrast, LMA may be negatively correl-
ated with A if LD determines the variation of LMA, because
non-photosynthetic components are more densely packed than
photosynthetic components (Niinemets, 1999; Poorter et al.,
2009). Therefore, the fourth objective of our study was to in-
vestigate the relationships between LMA and LT, and thus A.

In the present study, 11 rice genotypes were grown in pots
outdoors. The objectives were to investigate the influences of
leaf structural traits, including total area of xylem conduits and
phloem area per leaf vein, LT and LMA on K|_. and gas ex-
change parameters. The findings may provide some novel in-
formation for crop breeding because improving photosynthesis
is considered as the most promising approach to further boost
crop yield in the future (Zhu et al., 2010; Long et al., 2015).

MATERIALS AND METHODS

Plant material and growth conditions

Eleven rice (Oryza sativa L.) genotypes (Supplementary data
Table S1) were grown in pots outdoors under natural sunlight in
Huazhong Agricultural University, Wuhan, China. Three seed-
lings were grown per pot in 13 L pots filled with 10 kg of soil,
and 10 g of compound fertilizer (N:P,0.:K,O = 16:16:16 %) was
applied by mixing into the soil. A minimum water layer of 2 cm
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above the soil surface was maintained in order for all plants to
avoid drought stress. The soil used in this study had the following
properties: pH 7.1, 6.7 g kg™! of organic matter, 6.27 mg kg!
of Olsen-P, 129 mg kg! of exchangeable K and 0.63 %o total
N. Measurements were conducted on the most recently fully ex-
panded leaves at the illering stage from 45 d after emergence.

Measurements of leaf gas exchange parameters

Leaf gas exchange parameters and carbon isotope compos-
itions of CO, were measured using a Li-Cor 6800 (LI-COR
Inc., Lincoln, NE, USA) coupled to a Tunable Diode Laser
Absorption Spectrometer (TDL, TGA200A; Campbell
Scientific Inc., Logan, UT, USA). The Li-Cor 6800 was fitted
with a 6 x 6 cm leaf chamber (Li6800-13) and a red—green—
blue light source (Li6800-03). In this study, two leaves were
placed in the leaf chamber during each measurement. Light
intensity inside the leaf chamber was set to 1500 pmol m= s™!
and the light quality was set to 10:90 of blue:red light. Leaf
temperature was controlled at 25 °C, and the CO2 concentra-
tion surrounding the leaf was maintained at 400 pmol mol!
with a CO, mixer. The flow rate through the leaf chamber was
maintained at 350-700 pumol s7! and the relative humidity
was set to 60 %. Excess flow from the leaf chamber vented
at the valve before the TDL. The measurements of gas ex-
change and isotope compositions were conducted within an
environment-controlled room. The temperature in the room
was controlled using an air conditioner to match the desired
leaf temperature, and air humidity was about 60 % during the
experiment. The whole plants were illuminated using LED
lights, and the light intensity at the leaf level was 1200 pmol
m~2 s in the room.

Mesophyll conductance was calculated according to Barbour
et al. (2016) and included the ternary effects of transpiration
rate on the flux of isotopologues of CO, through the stomata
(Farquhar and Cernusak, 2012). g was calculated from the dif-
ference between the calculated carbon isotope discrimination,
assuming infinite g (A'"C,), and the data were measured by the
coupled system (A%C()bs).

1 c,—C C,—C;

ABC = 1_{{(11, ud >+ a ~C d
l+t{g—abe’ R, C,—F*_%fﬁ
1—-tL C, oy A4+ Ry C, af C,
(1)

C, C and C, represent the ambient, leaf surface and inter-
cellular Co, concentration, respectively; a,, the fractionation
occurring during CO, diffusion through the boundary layer
(0.0029; Evans et al., 1986); a, the fractionation occurring
during CO, diffusion through the stomata (0.0044; Farquhar
and Richards, 1984); b, the fractionation during carboxylation
(0.03; Guy et al., 1993); ¢, the fractionation during day respir-
ation (—0.003; Tcherkez er al., 2010); £, the fractionation during
photorespiration (0.0162; Evans and von Caemmerer, 2013);
a, the fractionation factor for carboxylation (1 + b); ae’, the
fractionation factor for day respiration (1 + ¢”); o » the fraction-
ation factor for photorespiration (1 +f); R, represents the day
respiration; I'* represents the CO, compensation point in the
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absence of R ; and ¢ is the ternary effect. 7 is given by the fol-
lowing equation

_ OgcE

28ac

a,_ represents the fractionation factor of CO, diffusion (1 + ),

g, represents the total conductance of CO, through the

boundary layer and stomata. @ represents the weighted frac-

tionation across the boundary layer and stomata and is given by
(Evans et al., 1986)

Ca_cs s Cs_ci
—_a )+ a( ) 3)
C,—C;

Mesophyll resistance (r, ) can then be calculated from the dif-
ference between A"C, and APC, following Farquhar and
Cernusak (2012) and Barbour ef al. (2016).

1 -
1+1¢

2)

G

A(b—am—

where r_is the reciprocal of g _.gm = (1/ry). The values of I'*
and R, at 25 °C were used following Bernacchi et al. (2002).
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Measurement of leaf hydraulic conductance

Leaf hydraulic conductance was measured in an environment-
controlled room using the evaporative flux method (Sack and
Scoffoni, 2012) and all plants were dark-adapted overnight before
measurement. The excised leaves (4-8 leaves per genotype) were
placed under LED lights for transpiration; the light intensity at the
leaf level was 1500 pmol m= s and the air temperature of room
was controlled at 25 °C. The leaf temperature was measured using
a Multi-Channel Digital Thermometer (AZ88598, AZ Instrument
Corp. Ltd, Taichung, China) and was found to be slightly higher
than the air temperature because of the heating effect of the lights;
the average leaf temperature was 27.4 + 0.6 °C across genotypes
during the measurement of K, .. When the leaf transpiration rate
had reached a steady state for at least 15 min, the leaves were im-
mediately detached and placed in a sealable bag which had previ-
ously had the air removed. After equilibration for at least 15 min,
Y, was measured using a pressure chamber (PMS Instrument

Company, Albany, OR, USA). K| was calculated as
E

\Ilwater -

Kleaf = 5)

\Illeaf

where 'Pwam is the water potential of distilled water, which is
0 MPa in the present study. It should be noted that guttation was
observed in YY 12 and YY2640 after dark adaptation overnight,

while it was not found in other genotypes.

Measurements of leaf mass per area

The newly expanded leaves were detached and photographed.
The images were used to measure the leaf area using Imagel
(Wayne Rasband/NIH, Bethesda, MD, USA). The leaves were
then oven-dried to achieve a constant weight at 80 °C, and the
leaf dry mass was measured. The LMA was calculated as the
ratio of leaf dry mass to leaf fresh area.
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Measurements of leaf structural traits

After the gas exchange measurements, three leaf discs
(1-2 c¢m?) from different seedlings were collected and
quickly fixed in formalin—acetic acid—methanol; they were
then dehydrated in an ethanol series, embedded in Paraplast,
and sectioned at 5 pm using a microtome (Leica HistoCore,
Leica Microsystems, Nussloch, Germany). The sections
were deparaffinized through two changes of 100 % EGEEA
for 10—15 min each, two changes of 100 % ethanol for
10 min each and 95, 90 and 80 % ethanol for 10 min each.
Then, the segments were washed in water. After that, they
were stained in 1 % diluted Safranin for 3-5 s, followed by
flushing in tap water. The segments were then decoloured
through 50, 70 and 80 % ethanol washes for 3-8 s each.
Following a colouration in 0.5 % quick green and 95 %
ethanol for 4-6 s, the segments were put in three successive
washes of 100 % ethanol for 5, 10 and 30 s, individually.
They were then drenched in xylene for 5 min and mounted
with a permanent resin. Leaf structures were photographed
at a magnification of x400 with a Nikon Eclipse E100
light microscope (Nikon Optical, Tokyo, Japan). The LT
and LD were calculated using the light microscope images
with Imagel:

Area of cross section

- Width of cross section ©)
LD = L—MA 7)
LT (

Rice leaf veins can be categorized into three types based on
their size: midrib, major veins and minor veins (Supplementary
data Fig. S1). In the present study, the total area of xylem con-
duits and phloem area per major vein (X o and P__ ) total
area of xylem conduits and phloem area per minor vein (Xmmor
and P . ), total vascular bundle areas per major and per minor
veins (S and S . ) and interveinal distance between major
veins and between minor veins u VDmajor and VD . ) were dir-
ectly measured from leaf cross-sections. There were in total
three different leaf cross-sections from three different plants
for each genotype and at least 3—5 technical replicates in each

cross-section for all parameters.

Measurements of stomatal morphologies

In order to study whether intraspecific variation of g_in
rice plants is related to stomatal morphologies, stomatal size
(SZ) and stomatal density (SD) were estimated. Three small
leaf discs (approx. 5 x 5 mm) from the centre of each leaf
(avoiding the midrib) were placed with the fixative 2.5 %
glutaric aldehyde in 0.1 mol 1! phosphate buffer (pH 7.6).
The leaf samples were stored at 4 °C until investigation.
For each genotype, three leaves from different plants were
chosen. Four pictures of both the abaxial and adaxial sides
were taken, utilizing a scanning electron microscope (JSM-
6390LV, Tokyo, Japan) under vacuum conditions. The SD,
guard cell length (L) and guard cell width (W) on each leaf
side were estimated with. In this study, SZ was determined
based on the assumption that stomata are elliptical in shape
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with their major axis equivalent to L. and their minor axis
equivalent to W (Zhang et al., 2019):
L

\\%
SZ=— x— X

) ®)

Statistical analysis

Multivariate analysis of variance (MANOVA) was used to as-
sess the difference in measured traits (Tables 1 and 2) among the
tested rice genotypes using SPSS 20. Both linear and non-linear
correlations were analysed using Sigma Plot 12.5 (SPSS Inc.,
Chicago, IL, USA), and the regressions with the lowest residual
sum of squares are shown. In order to investigate whether and
how the correlations between specific traits and A depend on other
variables, a partial correlative analysis was applied using SPSS 20
(Table 3), which could remove the effect of a specific trait on A
when studying the correlations between A and other traits.

The interactions between leaf photosynthesis and leaf struc-
tural and physiological traits were further analysed by path
analysis to investigate which parameters determined the vari-
ation of A among rice genotypes in our study. Path analysis
was tested using the R package lavaan based on genotype
mean values, which were log,, transformed before analysis.
We fitted each candidate model using a Wishart likelihood
(Wishart, 1928), which can compensate for any remaining
non-normality in the data. The minimal adequate model was
reported according to the following criteria: non-significant >
tests (P > 0.05), low root mean square error of approximation
index (RMSEA < 0.05), high Tucker—Lewis index (TLI = 0.90)
and comparative fit index (CFI 2 0.90) (Grace et al., 2010).

RESULTS

Variations in leaf gas exchange, hydraulic and structural traits

In general, there were large variations in leaf gas exchange and
hydraulic traits among the studied rice genotypes (Table 1). The
variations in A, g _and g_were similar, and varied by approx.
1.5-fold among the studied genotypes (Table 1). A larger

TABLE 1.
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variation was observed in K, ., from 12.2 +2.6 mmol m™ s™'
MPa! in YLY6 to 78.3 + 12.7 mmol m™2 s~ MPa™! in YY2640
(Table 1). However, C, and C_ did not show significant variation
among genotypes (Table 1).

There were also significant intraspecific variations in leaf
structural traits (Table 2). The largest variation was found in
X . . which varied from 54 + 14 to 187 + 74 um? among geno-
types. There were large variations in X _ sior® L major Pminor Sma ., and
S .. of 2.10-, 1.90-, 2.08-, 1.89- and 2.15- fold, respectlvely,
among the studied genotypes (Table 2). The variations in LMA,
LT and LD were similar, differing by 1.47-, 1.63- and 1.44-fold,
respectively (Table 2). The least variations among genotypes
were found in /VD . and IVD . . which were changed by
1.32- and 1.25-fold, respectively (Table 2). Substantial differ-
ences were also observed in stomatal size and density, which

varied between 1.32- and 1.81 fold among genotypes (Table 2).

Relationships between leaf gas exchange, hydraulic and
structural traits

In the present study, A was positively correlated with g, g
and K| (Fig. 1), but it was not correlated with either C, or C_
(Supplementary dataFig.S2).Inaddition, we found thatX .Urand
X, ... were positively correlated with g, g , K| .and A (F1g 2),
except for the non-significnat relationship between X . and g
(Fig. 2B). Similarly, P maor and P . were positively correlated
with g, K, . and A (Fig. 3) but they were not significantly cor-
related w1th g, (Fig. 3B). Additionally, we also observed that
S o, and Sminor were positively correlated with g, g . K| . and

lSupplementary data Fig. S3), though no significant relation-
sh1p was found between S . and g (Supplementary data Fig.
S3f). There was no significant relationship between IVD and g,

8, K, or A (Supplementary data Fig. S4).

In this study, g was positively correlated with K| . among
rice genotypes (Flg 4), while it was not correlated w1th either
stomatal size or density (Supplementary data Fig. S5). The
LT and LMA were found to be positively correlated with g,
K, and A; however, g was only positively correlated with

LMA and not with LT (Flgs 5 and 6). There was no significant
relationship between LD and g, g, , K|, or A (data not shown).

m’ " leaf

The intraspecific variations in leaf photosynthetic rate (A), mesophyll conductance (g, ), stomatal conductance (g ), intercel-

lular CO, concentration (C,), chloroplast CO, concentration (C ) and leaf hydraulic conductance ( K[mf) in the 11 studied rice genotypes

Genotype A & &, C, C, eat

(umol m~ s7) (mol m2s7") (mol m?s) (umol mol) (umol mol™) (mmol m2 s! MPa™")
LYPJ 293+24 0.60 + 0.01 0.57 £0.04 317+6 269 £ 10 17.4+4.7
TYHZ 329+3.0 0.71 £ 0.09 0.80 £ 0.04 334 +8 287 + 16 184+29
YY673 289+3.5 0.52+0.13 0.56 +0.05 318+3 261 +4 17.8 +4.8
YLY2 340+25 0.70 = 0.08 0.75+£0.13 326+ 8 278 +9 19.3+£6.2
YY12 37.5+0.7 0.74 £ 0.02 0.85+0.10 329+8 278 +7 492+ 14.2
FLYX1 298+ 1.3 0.57 £0.05 0.61 £0.03 322+ 1 269 +3 219+53
HY3 263 +3.3 0.49 +0.13 0.58 +0.23 322 +21 266 + 29 18.8+3.8
Y Y2640 38.3+2.7 0.65 +0.02 0.85+0.26 324 +17 265 + 15 783+ 12.7
SY63 30.8+3.3 0.63 +0.11 0.65 +0.13 323+ 10 273 £ 13 20.0+3.3
YLY6 30.1 1.2 0.53 +0.06 0.58 £0.08 316+ 11 258 +5 122+2.6
N22 31.5+0.8 0.52 +0.02 0.70 £ 0.03 327+5 267+5 16.1 5.6
MANOVA P <0.001 P<0.01 P <0.05 P =0.639 P=0.341 P <0.001

Data are shown as means + s.d. of 3-5 biological replicates for A, g _, g, C, and C , and of 4-8 biological replicates for K_ .
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TABLE 2. The intraspecific variations in leaf structural traits with means + s.d. of three biological replicates in 11 rice genotypes

SD

‘ada

Sz

‘aba

SZ

‘minor

major

(um?)

minor

(pm?)

major

P

minor

X

major

(um?)

‘minor

1vD

‘major

LD VD

LMA LT

(gm™)

Genotype

(mm™) (mm™)

(um?)

—~
&
E
=
=

(um?)

(um?)

(um)

(um)

(mg cm)

(mm)

577 + 68

78 £20 448 =102

68+ 11

741 £ 80
725 + 107

8512 + 1224
9486 + 1451

567 £ 118

1765 + 289
1816 £ 270
1560 + 223

69 + 32

87 +20
87 +£22

2829 + 355

1532 £220 243 +£26

0.334 +0.036
0.483 +0.044
0.421 £ 0.039
0.472 +0.048
0.371 £0.028
0.413 +0.048
0.403 +0.042
0.340 + 0.038
0.418 +0.041
0.443 +0.089
0.384 +0.031

P<0.01

0.107 £0.013
0.095 + 0.008
0.097 + 0.008
0.108 +0.011
0.133 +0.011
0.110 £ 0.012
0.099 +0.010
0.155 +0.015
0.095 + 0.009
0.100 + 0.021
0.106 = 0.009

P <0.001

355+0.6
457 +4.4

40.5+£34

LYPJ

557+68 499 +47
581+ 102

79+ 19
88+ 19

66 = 12

524 +99
575 + 106
639 + 107

3518 + 605
2722 + 329

1462 £ 119 223+ 16

TYHZ
YY673

51951

78 £ 13

699 + 81
856 + 168
1157 £ 261

7429 £ 773
10275 + 1632

223+ 11

1350 £ 70
1418 £ 184 230 +20

1583 £ 103
1200 + 145

537 +52

71+12 420+ 107

86+ 18
715+ 14
75+12
112 £20
73+11
69 + 10

78 =15
77 +12
72

102+46 2187 +261
150 £42 2470 + 306

88+ 17
59+10

3660 + 520

50.4 +4.0
489 6.0

YLY2

548 £ 96

441 70
433 +54

12178 + 1234
8796 + 1103

937 £ 96
499 + 101

269 = 14 4611 =740

YYI12

504 + 88

+15

832 + 102

744 + 131
1355 + 244

1932 + 242
1906 + 256

3236 + 231

2157

45.1+£53

FLYX1
HY3
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348 £84 510132

462 +73

68 15

7314 £ 1011

542 +91
1038 + 127

2737 £ 474

1391 £ 134 21813

57072

95+ 14

13820 + 1036

187 £74 2967 +279
66

5537 £ 485
2633 + 430

2924 + 908

1459+ 114 239+ 11

522+42

YY2640
SY63

440 £ 77
563 £ 116

307 + 60

86+ 13

629 + 159
762 + 176
943 + 160

522+ 128 8024 + 943
7683 + 2740

585+ 128

1733 £ 196

+35

1523 £ 112 229+23

1423 £ 217

39.6+3.8

517 +£49

399
P <0.001

60+6

72+ 15
P <0.001

1819 + 386
1622 + 187

54+ 14
132 +59
P<0.01

239 +23

42.6 3.8

YLY6
N22

488 + 65
P <0.001

+82

+
P <0.001

8810 + 869

P <0.001

579 + 82
P <0.001

3291 +471

1364 £ 159 222 +13

P <0.001

404 2.0

P=0.001

P <0.001

P <0.001

P<0.05

0.001

MANOVA P

, total area of xylem conduits per

‘major

, vascular bundle area of major vein; S

, interveinal distance between minor veins; X

minor’

, phloem area per minor vein; S

, interveinal distance between major veins; /VD .

major

, total area of xylem conduits per minor vein; P_. , phloem area per major vein; P .
major’

LMA, leaf mass per area; LT, leaf thickness; LD, leaf density; IVD .

vascular bundle area of

, stomatal density on leaf adaxial surface.

minor’

major

minor’

, stomatal size on leaf adaxial surface; SD

‘minor’

X
minor vein; SZ

major vein;

, stomatal density on leaf abaxial surface; and SDE @

aba

, stomatal size on leaf abaxial surface; SZE @

aba

Relationships between A and leaf structural and physiological
traits

In order to investigate whether the correlations between A and
leaf structural and physiological traits are dependent on other
variables, a partial correlative analysis was conducted (Table 3).
There were significantly positive zero-order relationships be-
tween A and g g I(leaf’ Xma or’ Xmmor Pmajor Pmmor and LT When
g, was controlled however the relationships between A and g,
K X . and P were not significant, and the r values of

leaf” “"minor major

—A and LT-A correlations were greatly decreased.

Wmﬁgn Xma]:rlmwras controlled, the correlations between A and K|,
mino Prngjor? Pminor and LT were not significant, but the correl-
ations between A and g _ and g_were significant. In fact, the
correlations between A and g and me were all significant re-
gardless of the controlled traits. This suggested that g_and X
are two major determinants of A in this study (Table 3)
To identify the direct and indirect effects of leaf structural
and physiological traits on A in this study, a path analysis was
conducted (Fig. 7). We found direct impacts of g and P_. on
A, with path values of 0.426 and 0.390, respectively. However,
no significant or direct effects of g _ or X jor ONA were observed
(Fig. 7). X was found to have direct effects on g and g _
with path va Jlues of 0.876 and 0.615, respectively. Moreover,
Xmajor was found to be correlated with P although the causal
relationship between them was not clear. Therefore, the result
suggested an indirect influence of X sjor ON A viag and P, .
Collectively, our present data could explam 37.8, 76.7 and 93.2

%, respectively, of the variations in g , g_and A (Fig. 7).

major

Relationships between leaf structural traits among rice genotypes

In this study, we found that LMA was positively correlated
with LT, but not with LD (Table 4). Leaf thickness was posi-
tively correlated with X . X . . Pma . and P . and was
negatively correlated with hD among rice genotypes (Table 4).
Additionally, X X P and P were all positively

major’ minor’ mayj! jor minor

correlated with each other (Table 4).

DISCUSSION

The effects of X . on g_in rice plants

major

In the present study, leaf xylem sizes (X . and X . ) were
found to be positively correlated with g, KLl . and A (Fig. 2);
and Xma]or was found to have a direct impact on g_(Fig. 7). These
findings are in agreement with our first hypothes1s that a large
xylem size benefits leaf hydraulic conductance, stomatal con-
ductance and thus photosynthesis. To the best of our knowledge,
this is the first study investigating the relationship between leaf
photosynthesis and leaf xylem size in rice plants.

Water diffusion through xylem conduits is suggested to
follow the Hagen—Poiseuille equation, K, = vazl (md? /1287)
(Nobel, 2009; North et al., 2013), where N is the number of tra-
cheids in each vein multiplied by the number of veins in the leaf,
d is the diameter of tracheid and 7 is the viscosity of water. We
may infer from this equation that large xylem conduits should
be more important than small xylem conduits in determining K
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FIG. 1. Relationships between leaf photosynthetic rate (A) and stomatal conductance (g ), mesophyll conductance (g ) and leaf hydraulic conductance
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models were fitted, and the models with the lowest residual sum of squares are shown. Model equations: (A) A =29.5¢ +11.7, (B) A =32.6g_+ 12.1 and (C)

A=169(1-e

and in turn K. This would explain why X o DUENOL X
had a significant influence on g_and A in the path analysis (Fig.
7). Nevertheless, the correlation between A and X, o, Was sig-
nificantly decreased when controlling X . (Table 3), which
suggested that the correlation between X najor and leaf physio-
logical traits (including K. and A) may also be partly driven
by a developmental Constraint that ties X ior 0 X e (Table 4).
There may be some confusion about the high values of K_,
observed in YY12 and YY2640 (Table 1). However, we would
like to note that guttation was only observed in these two geno-
types after dark adaptation overnight, and this is consistent with
the high ¥, . (-0.14 MPa in YY12 and -0.09 MPa in Y'Y2640)
found in these two genotypes after K| . measurements.

In fact, leaf vein traits have been frequently found to be re-
lated to K, (Brodribb et al., 2007; Brodribb and Field, 2010;
Brodribb and Jordan, 2011) and thus g (Boyce et al., 2009;
Brodribb and Jordan, 2011). Inside leaves water first flows
through leaf xylem and then through the tissues outside the
xylem, both of which are related to leaf morphological and ana-
tomical traits (Buckley ef al., 2015; Xiong et al., 2017). More
densely packed leaf veins can provide more parallel water flow
paths through the vein system (Buckley et al., 2015), and can
shorten the distance from leaf veins to stomata (Brodribb et al.,
2007). Therefore, K, is frequently found to be positively cor-
related with leaf vein density (Sack and Frole, 2006; Brodribb
et al., 2007; Brodribb and Field, 2010), and to be negatively
correlated with the IVDs (Brodribb and Jordan, 2011). In the
present study, however, K. was found to be positively correl-
ated with Xma ., (Fig. 2C) but not with IVDs (Supplementary
data Fig. S4). In a previous study, K, was found to be p051—
tively correlated with /VD . in 11 cultivated and wild rice
plants (Xiong et al., 2015), "which contradicts the previous hy-
pothesis that more leaf veins can lead to a larger K. Thus,
both the study of Xiong et al. (2015) and the present study sug-
gested that leaf vein density is not the major determinant of K,
in rice plants, and leaf xylem size is a more promising target
trait than leaf vein density in manipulation of K_ and thus g_
in rice plants.

Intraspe01ﬁc variation in g_was not correlated with either
stomatal size or density in the present study (Supplementary
data Fig. S5), which is in agreement with previous studies
(Xiong et al., 2017; Zhang et al., 2019). This suggested that

—0.02Kleat) +253.

stomatal aperture is more important than stomatal morphology
in determining g, in rice plants. In contrast to the intraspecific
variation in g, 1nterspe,01ﬁc variation in g_may be positively
correlated with stomatal density and/or the ratio of stomatal
densities between the adaxial and abaxial leaf surface (Franks
and Beerling, 2009; Xiong and Flexas, 2020).

The effects of X

In this study, we found that X . was p0s1tively correlated
with g  (Fig. 2B), which has not been reported in previous
studies. However, the mechanisms underlying the correlation
are not known. We speculated that larger major xylems might
be associated with more mesophyll cell layers between the
upper and lower epidermis, which may consequently lead to
a larger mesophyll cell area and thus a larger chloroplast sur-
face area facing the intercellular airspace (Hanba et al., 1999).
Further research is needed in this area to study the mechanism
underlying the correlation between X . and g, .

major

ong inrice plants

major

The effects of P . on A in rice plants

and P

minor

Leaf phloem sizes (P_ . ino) Were found to be posi-
tively correlated with g, kl cand A (Fig. 3); and P, had a
direct impact on leaf photosynthesis (Fig. 7). These results sup-
port our second hypothesis that leaf phloem size is positively
correlated with leaf photosynthetic rate.

In C, plants, leaf photosynthesis is limited by stomatal con-
ductance mesophyll conductance, leaf biochemical capacities
and the utilization of photoassimilates (Paul and Foyer, 2001;
Ainsworth and Bush, 2011; Tanaka et al., 2013; Simkin et al.,
2017; Xu et al., 2019). The transport capacity of carbohydrates
is closely related to leaf vein structures (Flora and Madore,
1996; Stewart et al., 2019). There are several studies that pro-
vide evidence that the responses of leaf phloem structures and
photosynthesis to various growth conditions are tightly coord-
inated (Adams et al., 2007, 2013, 2016). These studies are con-
sistent with our present findings that a larger P . was directly
associated with a higher leaf photosynthetic rate among rice
genotypes (Fig. 7), which may be due to the increased phloem
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loading capacity. Consistently, in rice plants, mutant lines with
increased leaf vein density were associated with the enhanced
capacity for triose phosphate utilization, which was suggested
to be related to the improved photoassimilate transport capacity
(Feldman et al., 2017). In fact, most of the mesophyll cells
inside leaves are closer to minor phloem than major phloem

1.2

1.0 1

0.8 ~

0.6 1

gs (mol m=2 s71)

R2=0.55, P<0.05

0.4 1

0.2 T L] L] T
0 20 40 60 80

Kieag (MmMol m2 s~! MPa~")

100

FIG. 4. Relationships between leaf hydraulic conductance (K, ) and stomatal

leaf”
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(Supplementary data Fig. S1). Therefore, it is no surprise that
we only observed a significant impact of P on leaf photo-
synthesis because transport capacity of carbohydrates from
mesophyll cells to sink tissues may be largely dependent on
minor phloem (Sack and Scoffoni, 2013).

The effects of LT and LMA on A in rice plants

Leaf thickness was found to be positively correlated with

major® Xominor® L maor and P (Table 4); and it was also found
to be positively correlated with g, K, . and A (Fig. 5). These
results support our third hypothesis that leaf thickness is correl-
ated with leaf xylem and phloem sizes, and thus gas exchange
parameters. However, the correlation between leaf thickness
and photosynthesis was also significant when g_was controlled
(Table 3). This suggested that the influence of leaf thickness on
photosynthesis is only partially correlated with g and K. In
fact, there have been many studies showing higher leaf nitrogen
and chlorophyll contents in thicker leaves (Peng, 2000; Han
et al.,2019; Reddy et al., 2020), which can result in a higher A.

The positive correlation between leaf thickness and K|_,
was consistent with a previous study in rice plants (Xiong
et al., 2015). The study of Xiong et al. (2015) hypothesized
that thicker leaves may have more parallel flow pathways out-
side the xylem and consequently result in a higher K. In the
present study, however, we suggested that the positive correl-
ation between leaf thickness and K| . may be related to the
co-ordination between leaf structures, because leaf thickness
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FIG. 5. Relationships between leaf thickness (LT) and stomatal conductance (g,), mesophyll conductance (g, ), leaf hydraulic conductance (K,_,) and leaf photo-

synthetic rate (A). The data points are the means * s.d. of 3-5 biological replicates for LT, g, g, and A, and of 4-8 biological replicates for K| .. Both linear and

non-linear models were fitted, and the models with the lowest residual sum of squares are shown. Model equations: (A) g =4.14LT +0.229, (C) K, = 1.1*"T
and (D) A = 157LT + 14.5.
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TABLE 3. Partial correlations (Pearson’s r) between leaf photosynthetic rate (A) and the related physiological and structural traits

A
& 0.78*: / 0.15 0.79%* 0.75% 0.88** 0.69* 0.81° 0.83:%:
8, 0,935 0.817 / 0.86%* 0.68* 0.79%* 0.84%* 0.86%* 0.89:
K. 0.80% 0.81° 0.55 / -0.38 0.24 0.19 -0.02 0.17
X ior 0,927 0.97 5 0.64* 0.81°%* / 0.66* 0.78%* 0.67* 0.827#
X o 0.86% 0,927 0.51 0.56 0.08 / 0.62 0.46 0.54
P or 0.817+* 0.74* 0.53 0.34 -0.32 0.48 / 0.19 0.32
P 0.85%: 0.877+ 0.70%* 0.51 0.01 0.44 0.47 / 0.49
0.80% 0.85%: 0.66* 0.21 -0.44 0.19 0.20 -0.01 /

Control variables Zero-order Em 8 Keat major minor major minor LT

*P < 0.05,

“P<0.01,

wok

‘P <0.001. & mesophyll conductance; 8y stomatal conductance; K

leaf”

leaf hydraulic conductance; X

total area of xylem conduits per major vein; X .

major’ minor’

total area of xylem conduits per minor vein; P_ . phloem area per major vein; P_ ., phloem area per minor vein; and LT, leaf thickness.
major minor

was highly correlated with X jor (Table 4). In contrast to the
positive correlation between leaf thickness and K|, found
in the present study and the study of Xiong et al. (2015), the
studies of Brodribb et al. (2007) and Brodribb and Field (2010)
found a negative relationship between K| _ . and vein—epidermal
distance (VED), where VED is generally positively related to
leaf thickness, among different plant species. They hypothe-
sized that a longer distance for H,O to diffuse from leaf veins
to the epidermis can potentially result in a higher diffusion re-
sistance and a lower K. (Brodribb et al., 2007; Brodribb and
Field, 2010). Therefore, the correlation between leaf thickness

and K, may be species dependent.

leaf

The present study showed that LMA was positively correl-
ated with LT, g, g, K, . and A (Table 4; Fig. 6). These results
support the previous hypothesis that LMA is positively related
to leaf photosynthesis if leaf thickness determines the variation
of LMA. However, the finding that LM A was positively correl-
ated with leaf thickness but not with leaf density (Table 4) is
inconsistent with our previous study (Xiong et al., 2016) which
was also conducted in rice plants. Xiong et al. (2016) found that
LMA is determined more by leaf density than leaf thickness,
which is similar to the findings in the study of Poorter et al.
(2009) which investigated various different plant species. The
different results regarding the determinant of LMA may relate
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TABLE 4. Linear Pearson correlation matrix of leaf structural traits

LMA LT LD Xmaj or Xminor Pmajor Pminor Smajor Sminor
LMA 1
LT 0.674* 1
LD 0.156 -0.618* 1
X 0.841%% 09345 -0.348 1
X 0.694* 0.878:+ -0.453 0.916%+ 1
P ior 0.814** 0.929%** -0.368 0.9327#%% 0.765%** 1
P 0.690* 0.9407 -0.515 0.92477% 0.861%* 0.9067* 1
S sior 0.823%** 0.920%** -0.360 0.9837#** 0.900%** 0.924%%* 0.908*** 1
s 0.716* 0.963+ -0.531 0.95077+ 0.93975 0.8847% 0.931+ 0.915%5+ 1
*P <0.05,
“P<0.01,

P < 0.001. LMA, leaf mass per area; LT, leaf thickness; LD, leaf density; X total area of xylem conduit

major?

, phloem area per minor vein; Smujm, vascular bundle area of major vein; and S o vascular bundle area

total area of xylem conduits per major vein; X

minor”
per minor vein; P_ . : phloem area per major vein; P

of minor vein among rice genotypes.

major minor’

to the differing genotypes. Several wild relatives of rice plants  Perspective for future crop breeding
were used in the study of Xiong et al. (2016), while only culti-
vated rice plants were examined in the present study. This sug-
gested that the determinant of LMA is complex, and is species
and/or genotypic dependent.

Improving photosynthesis is considered as one of the most
important approaches to further increase crop yield in the fu-
ture (Zhu et al., 2010; Long et al., 2015). Our present study
suggested that leaf xylem size could be used as a new targeted
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trait during rice breeding to further increase photosynthesis
via improving K, g and g _ (Fig. 2). The improvement of
leaf photosynthesis may not necessarily increase crop yield
if the utilization of photoassimilates is limited (Flexas, 2016).
Interestingly, our results indicated that minor phloem size is a
promising target to increase the transport capacity of carbohy-
drates from mesophyll cells to sink tissues (Fig. 7). Therefore,
the manipulation of vascular bundles, which consists of both
xylem and phloem conduits, is a promising approach to improve
photosynthesis in rice plants (Table 4; Fig. 7; Supplementary
data Fig. S2). However, we would like to note that the impacts
of both leaf xylem and phloem sizes on crop photosynthesis
and yield should be further studied under field conditions,
which should be more relevant for crop breeding programmes.

Conclusion

This study provided the first evidence for the important role
of X . and P . in leaf photosynthesis in rice plants. P_.
had a direct impact on leaf photosynthesis, and X aior had an in-
direct impact on leaf photosynthesis via g and P . . The influ-
ence of leaf thickness on photosynthesis may be partly related
to the co-ordination between leaf thickness and leaf xylem and

phloem sizes.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Table S1: species of 11
rice genotypes used in this study. Figure S1: diagram illustrating
details of the leaf anatomical traits measured in Shanyou 63.
Figure S2: relationships between leaf photosynthetic rate and
intercellular CO, concentration and chloroplast CO, concentra-
tion. Figure S3: relationships between vascular bundle area and
8. &, K. and A. Figure S4: relationships between interveinal
distance and g, g, , K, . and A. Figure S5: relationships between
the effect of stomatal conductance and stomatal size and density
on both abaxial and adaxial leaf surfaces.
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