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Abstrect:

The hybrids between AsiarAfrican cultivated rice display serious hybrid sterility, which
hinders the utilization of heterosis in distant lybrid rice. It was shown that several
African rice selfish genetic loci are irwolved in the interspecific hybrid sterility of
AsiarcAfrican genetic rice which is a complex quantitative trait., However, it is rarely
reported that the Asian rice selfish genetic locus oconfers the hybrid sterility of
AsiarcAfrican rice. In this study, the applicant found that Asian rice selfish genetic
loci are also involved in the interspecific hybrid sterility of AsiarcAfrican rice. In
this project, an Asian rice selfish genetic locus ARSL1 has been identified through
genetic aralysis, showing that ARSL1 causes the selfish transmission of the pollen
carrying Asian rice ARSL1. The ARSL1 was finemapped within a 114-kb region by map—based
cloning. Sequencing aralysis showed that only one gene ORFS exist functioral divergence
between Asian and African rice. Krockingout ORFS can elimirate hybrid sterility by gene
editing. Fased on these observations, we intend to verify the genetic basis of OFFS
causing selfish transmission of gamete carrying Asian rice OFFS by functional
oomplementarity. Furthermore, we intend to clarify the molecular functiom of OFFS by
expression aralysis, subcellular localization, molecular interaction and omics aralysis.
In addition, bioinformatics and FCR validation will be used to trace its evolutionary
originn This project will elaborate the molecular repulatory netwrk of ARSL1 for causing
the transmission adrantage of the pollen carrring Asian rice ARSLL.
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K.ﬂub(ﬁﬂ‘%ﬁ‘ﬂ‘) rice; isogenic lines; selfish genetic locus; map—based

cloning; functional analysis
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Abptruct (Limited to 4000 wards):

Based on the previously accomplished sequence of loblolly pine (pinus taeda)
chloroplast genome, which has been submitted to HCBI database and been
released, in this project, mixed sample from the first-generation nucleus
breeding population will be sequenced by using high-throughput sequencing
technology, with the above mentioned submission as the reference sequence.
After comparison, genetic diversity and wariation in the chloroplast genome of
loblolly pine will be profiled, and diversity loci will be screened. Featured
primer PCR based single nucleotide polymorphism (SHP) markers will be
developed with the high frequent mutation loci. The new developed SHP markers
will be used to detect the second-generation nucleus population, in order to
test the stability of the polymorphic loci among different generations under
complete pedigree mating design. The tested SHP markers will be used to detect
and profile the genetic relationship in the main populations of two
generations and then, inheritance model of genetic relationship among
different generations under incomplete pedigree mating design will be
established. this will be the basis of regulation for the genetic relationship
in the breeding population. The project will systematically explain the
polymorphism and wariation in the chloroplast genome sequence of loblolly
pine, establish a new technology system to regulate the genetic relationship
in the breeding populations of loblolly pine, innovate the model of
multi-generation recurrent selection. This is significantly important to
increase the level of genetic improvement in loblolly pine.

Eeyyords: FPinus taeda; chloroplast genome; genetic diversity; breeding
population; genetic relationship
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Abstract(limited to 500 words):

Moderately rolling leaf is of significance for improvement of plant-type in rice
breeding, and the cloning of gene controlling this trait has not been reported so far.
In this research, rl110(t), a rice rolled leaf mutant, induced by r-rays, was used for
cloning the gene responding for rolled leaf mutation. The mutation locus in r110(t) has
been mapped on chromosome 3 and the most possible candidate gene encoding a key enzyme
in 1AA biosynthesis has been predicted in the primary study. The main objects of this
project are to identify this mutated locus, as well as to analyze the gene function by
using the transformation complementary experiments, overexpression, RNAi and antisense-
RNA suppression. The analysis of spatial-temporal gene expression characteristics, the
changes in endogenous |AA content, the responses to exogenous |AA, and the cytological
changes in mutant,when compared with wild- type variety will be performed to understand
the molecular mechanisms of leaf rolling mutaion and the relationship with gene
regulation. The results from this study will lay the foundation for the utilization of
rolling leaf gene in rice breeding.

Keywords(limited to 5 keywords, seperated by;):rice;leaf rolling mutant;|AA;gene
cloning; functional analysis
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BIREAOERGRF (PIE 1D, WIEFERERKKREREHAZRNIIRE, £ ZAER
Y] S B 5 B AL DR ThRE A BN
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2007 SERE: (R I R AR AL R ) T b A 36 e
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RS RAFER, £ RFREHREERATEML R PHEN D BN HiEPAD
HIRHEIER (MattssonJ etal, 2003; Z2HR4EE, 1998; ZFEE, 20000, HHEM rl;g2S
T SEKFESHER.
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Mattsson J, Ckurshumova W and Bereth T. Auxin Signaling in Arabidopsis Leaf
vascular Development. Plant Physiology, 2003, 131: 1327~1339.
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EYHAFFTROEEE. ATRRERZUAANREFEZEE. AT H M TETE
AERETR « BB AT LESEES D HEEMFER, THT 1AA
EE K IAA B R EACET 24T

2. THE&MH

FIEH PIEREfE TEMAE, & REHETAFRZERE, CRSHITER
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The objective was to obtain a quantitative relationship between the multiscale structural
parameters and the elastic modulus of rice stem. Anisotropic elastic properties of rice stem
were calculated via multiscale simulation. The elastic constants of the sub-layers of cell
wall were calculated by the Halpin-Tsai equations and the rule of mixtures. Cellular
structure of stem cross section was reconstructed via a skeletonisation method and used to
create the finite element models. The influence of multiscale structural parameters,
including the volume fractions of skin and vascular bundle, the cell wall thickness of
different types of cells, the volume fraction and stiffness of compound composition, the
volume fraction of S2 layer and the microfibril angle (MFA) in the layer, on the overall
stiffness of rice stem was determined. Numerical results showed that if the volume frac-
tion and stiffness of each cell wall component are assumed to be constant, increasing the
volume fraction of the mechanical tissue layer, thickening the fibre cell wall and
decreasing the MFA in S2 layer are the most effective ways to increase the longitudinal
tensile modulus of rice stem. Changing the cell wall thickness and the volume fraction of
vascular bundle is useful for controlling the tangential modulus. However, more effective is
to change the cell wall thickness of parenchyma cell and the volume fraction of the
vascular bundle for controlling the radial tensile modulus of rice stem.

© 2019 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the field of rice breeding, it would be advantageous to
predict the plant stability by theoretical or numerical

methods instead of experimental tests. The elastic modulus
of rice stem determines the stability of a whole plant
(McMahon, 1973). Moreover, the rice straw granules can be
used as reinforcing fillers in the polymer composite. In
agricultural engineering, knowledge of crop stem stiffness is
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Nomenclature

Abbreviations

CT Cell wall thickness

CTFC  Cell wall thickness of the fibre cell
CTPC  Cell wall thickness of parenchyma cell
LVB Large vascular bundle

MC Moisture content

MFA Microfibril angle

MLM  Multilayer model

MT Mechanical tissue layer

RVE Representative volume element

Sv Transverse sectional area occupied by vessels and
phloem tissue

SvL Transverse sectional area occupied by vessels and
phloem tissue in large vascular bundle

SvS Transverse sectional area occupied by vessels and

phloem tissue in small vascular bundle
SVB Small vascular bundle
VBS Vascular bundle sheath
VBSL  Vascular bundle sheath in large vascular bundle
VBSS  Vascular bundle sheath in small vascular bundle

Symbols
A, A, Ay, Elastic properties of the composite, fibre and
matrix in Halpin-Tsai equations, Pa
Ce1, Cn1, Gy Volume fractions of the components in the S1
layers, %
Ce2, Cn2, Cp Volume fractions of the components in the 52
layers, %

C-cE Changes of the elastic modulus of cellulose, Pa

C-cV Changes of the volume fraction of cellulose, %

Cre(i), Cm(i), Cn(i) Volume fractions of the components in

the i interlayer, %
E1, Ez, Es Elastic moduli of the composite along different
directions, Pa

Ef,E5  Elastic moduli of the P layer along longitudinal
and transverse directions, Pa

Ecore  Elastic modulus of parenchyma tissue, Pa

Ef1 Longitudinal elastic modulus of the fibre, Pa

Eus, Enz  Elastic moduli of hemicellulose along longitudinal
and transverse directions, Pa

E; Elastic modulus of rice stem, Pa

Ep1, Erp  Elastic moduli of lignin along longitudinal and
transverse directions, Pa

Elvb Elastic modulus of large vascular bundle, Pa

Emi, Em2, Ems Elastic moduli of the matrix along different

directions, Pa

Eprea Predicted elastic modulus of rice stem, Pa

Eiars Elastic modulus of the referential rice stem, Pa

Eskin  Elastic modulus of mechanical tissue layer, Pa

Esvb Elastic modulus of small vascular bundle, Pa

Eyi(x1, X2, -+, xn) Partial derivative of the normalised
elastic modulus function of rice stem
F; Reaction force at the restricted end, N
G, Ga3, Go3  Shear moduli of the composite along different
directions, Pa

G5 Shear modulus of the P layer, Pa

Gz, Gups Shear moduli of hemicellulose along
longitudinal and transverse directions, Pa

Graa, Groz Shear moduli of lignin along longitudinal and
transverse directions, Pa

H-cE Changes of the elastic modulus of hemicellulose,

Pa

H-cV  Changes of the volume fraction of hemicellulose,
%

Ks Sensitivity coefficient

L-cE Changes of the elastic modulus of lignin, Pa
L-cVv Changes of the volume fraction of lignin, %

s Length of rice stem along the loading direction, m

Ly Total length of the cell wall in the region, m

Qu1, Qu2, Qss, Qge  Stiffness coefficients of the composite, Pa

8 Stem cross-sectional area perpendicular to
loading direction, m?

B¢ Region area, m?

i Average thickness of the double cell wall, m

tp Thickness of the P layer, m

te Thickness of the S2 layer, m

U Displacement along loading directions, m

V12, U2z, U13, Us3 Poisson's ratios of the composite along
different directions

Ve Volume fraction of the fibre, %

Vpi2 Longitudinal Poisson's ratio of the fibre

Umi12, Um2s Poisson's ratios of the matrix along longitudinal
and transverse directions

Vinn, Vi,  Volume fractions of the hemicellulose and the
lignin in the matrix, %

VS2 Volume fraction of 82 layer in the cell wall, %
Vskin  Volume fraction of skin mechanical tissue layer, %
Vvb Volume fraction of vascular bundle, %

Greek symbols

AE Relative change of tensile modulus, Pa

AS Relative change of variable

Axi The change of each normalised factor

E A measure of reinforcement geometry which
depends on loading condition

7 Parameter calculated by the ratio of Elastic

properties of fibre and matrix

84, 65 Microfibril angles in the S1 and S2 layers, °

a,{i) Microfibril angle in the i interlayer, °

Pr Average relative density of the cellular structure of
each region, kg m™>

97

useful for the efficiency improvement and energy conserva- Similar to other biological materials, a large range of stiff-
tion of straw choppers and balers (Igathinathane, Womac, & ness was found in rice stem (Chuanren, Bochu, Pingqing,
Sokhansanj, 2010; Tumuluru, Tabil, Song, Iroba, & Meda, Daohong, & Shaoxi, 2004; Huang, Liu, Zhou, & Peng, 2018).
2014). Therefore, the accurate prediction of rice stem stiff- The variation is attributed to the wide range of structural
ness is needed. parameters at different length scales (Brule, Rafsanjani,
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Pasini, & Western, 2016; Gibson, 2012). Rice stem is composed
of fibre and parenchyma cells. The cell wall can be regarded as
fibre-reinforced composite lamina where the cellulose mi-
crofibrils are embedded into the matrix of hemicellulose and
lignin. Therefore, the elastic constant of rice stem is affected
by the mechanical properties and arrangement of each
component, the sequence and thickness of each sub-layer of
cell wall and the morphology of the cells. The moisture con-
tent also influences the stiffness of living plant due to the fact
that the water can lower the rigidity of the cell wall (Wang, Liu,
& Lai, 2014b).

To fully understand the mechanical properties of rice stem,
it is essential to establish the quantitative relation between
the multiscale structural parameters and the elastic modulus
ofrice stem. Meanwhile, such quantitative relation can alsobe
used to tailor the stiffness of rice stem (Brule et al., 2016). Plant
breeders can obtain the suitable anisotropic elastic modulus
of the rice stem through exactly controlling the structural
parameters at different length scales. However, the length
scales of different structural parameters of rice stem range
from nanometre to centimetre, leading to the difficulty in
theoretical or numerical prediction.

Multiscale modelling is a suitable way to capture the rela-
tionship between the multiscale structural parameters and
the macro elastic modulus of biological materials. The pro-
cedure of the multiscale simulation of plant materials is
usually divided into two steps. Firstly, the cross section of the
cellular structure should be accurately obtained via Voronoi
tessellation (Faisal et al., 2012, 2014; Wang, Liu, Huang, & Ma,
2014a) or image-based reconstruction methods (Astley,
Harrington, & Stol, 1997, Huang, Liu, Zhou, & Peng, 2017,
Ntenga & Béakou, 2011), and then it is used to create the
finite element models. Sometimes, the cross section of the
plant tissue can even be regarded as periodic polygons to
simplify the calculation (Chen, Li, He, & Han, 2015; Magistris &
Salmén, 2008; Malek & Gibson, 2017; Qing & Mishnaevsky,
2009). The geometric accuracy of meso-scale finite element
model is based on the precision of reconstruction. Secondly,
the elastic properties of the cell wall are captured via the
theory of composite (Astley et al., 1997, Magistris & Salmén,
2008; Muzamal, Gamstedt, & Rasmuson, 2014; Wang et al,,
2014a) or the finite element method (Chen et al., 2015; Malek
& Gibson, 2017; Qing & Mishnaevsky, 2009). The calculated
elastic properties of cell wall can be served as the input pa-
rameters of the meso-scale finite element model. The first
step makes a connection between the macro-scale and meso-
scale parameters, whilst the second step links the meso-scale
and the micro-scale parameters. Once the connections of
parameters at different length scales are obtained, the rela-
tionship between the multiscale structural parameters and
the overall macro elastic modulus can be determined through
this method.

This study tries to establish the precise relation between
the multiscale structural parameters and the macro elastic
modulus of rice stem. Tensile moduli of rice stem along
different directions are calculated via numerical simulation.
The influences of multiscale structural parameters,
including the volume fractions of skin and vascular bundle,
the cell wall thickness of different types of cells, the volume
fraction and stiffness of compound composition, the volume

fraction of S2 layer and the microfibril angle (MFA) in S2
layer, on the tensile modulus of rice stem are determined
and fully discussed.

2. Methods
2.1, Anatomical structures of rice stem

Three different anatomical tissues are distinguished in the
rice stem: mechanical tissue layer (MT), small/large vascular
bundle (SVB and LVB) and parenchyma tissue, as shown in
Fig. 1. The mechanical tissue layer and vascular bundle
consist of thick fibre cells, whereas the parenchyma tissue
consists of parenchyma cells. According to the density of the
fibre cells, the cross section of vascular bundle can also be
divided into two different regions: the vascular bundle sheath
(VBS) and the transverse sectional area occupied by vessels
and phloem tissue (Sv). Moreover, air chambers with irregular
shape may exist in the parenchyma tissue, influencing the
mechanical properties of rice stem.

22, Reconstruction of stem wall

The acquisition of accurate plant tissue microstructure is
crucial for numerical simulation. Microstructures of rice
stems are not uniform, as shown in Fig. 2b. A large cell area
gradient (the transitional regions between different tissues)
and concave polygon feature (air chambers) are found in the
stem. A skeletonisation method is a suitable way to capture
these features (Fig. 2d). Hualiangyou 689 hybrid rice was used
as an example in this study. The 3D finite element models
were extruded from the framework of rice stem along the
longitudinal direction (500 um). A detailed introduction to the
skeletonisation method are referred to in our previous study
(Huang et al., 2017).

23: Mechanical properties of each sub-layer of cell wall

Two distinct types of cells can be found in the rice stem: the
fibre cell and the parenchyma cell. The fibre cell wall is made
up of a primary wall (P) and several secondary walls (S1, 52
and $3). Each of the sub-layer of cell wall is considered as the
fibre reinforced composite with different orientation ar-
rangements of cellulose microfibrils (Fig. 1g), whereas the
parenchyma cell wall only consists of primary wall. Adjacent
cells are connected by the middle lamella (M). The primary
wall and secondary walls are mainly composed of cellulose,
hemicellulose and lignin. The elastic properties of hemicel-
lulose and lignin are decreased as the moisture content (MC)
increases (Cousins, 1976, 1978), whilst the elastic properties of
cellulose almost remain constant when the moisture content
varies. Furthermore, the volume fraction of each component
changes with moisture content. Above two factors simulta-
neously decrease the stiffness of cell wall. Here, we assume
that the relative humidity (RH) of the fresh cell wall is around
80%. According to the method proposed by Marklund and
Varna (2009), the concentric cylinder model was used to
calculate the volume fractions of each component of different
sub-layers for fresh cell wall. The mechanical properties and
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Fig. 1 — Anatomical structures of rice stem (Huang et al., 2018), a whole stem, b stem cross section, ¢ anatomical structure of
rice stem wall, d small vascular bundle, e large vascular bundle, f fibre cell wall, g sub-layers of cell wall, LVB large vascular
bundle, SVB small vascular bundle, MT mechanical tissue layer, VBS vascular bundle sheath, Sv transverse sectional area
occupied by vessels and phloem tissue, CT cell wall thickness (scale bars b = 1 mm, ¢ = 200 ym, d, € = 50 pm, f = 1 pm).

Fig. 2 — Reconstruction of the cross section of rice stem via skeletonisation method, a cross section of stem wall obtained by
an optical microscope, b representative volume element (RVE) of stem wall, ¢ binary image of stem wall and d the final DXF

file reconstructed by straight lines.

volume fraction of dry and fresh cell wall components are
showed in Tables 1 and 2.

The fibre cell wall can be regarded as the cellulose micro-
fibril in a matrix of hemicellulose and lignin. The composite
mechanical properties of the matrix were obtained by the rule
of mixtures (Magistris & Salmén, 2008; Muzamal et al., 2014) as
follows:
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Table 1 — The mechanical properties of dry and fresh cell wall components (RH = 0% and RH = 80%, respectively) used in the

this study, the dry data are obtained from references (Bergander & Salmén, 2002; Cousins, 1976, 1978; Magistris & Salmén,
2008; Marklund & Varna, 2009) and the wet data are calculated by the concentric cylinder model (Marklund & Varna, 2009).

Elastic constant Cellulose Hemicellulose Lignin

dry wet dry wet dry wet
E, {GPa) 134 134 8 1.936 6 3.081
E, {GPa) 27.2 27.2 34 0.823 6 3.081
G, {GPa) 4.4 4.4 12 0.29 2.26 1.158
Vi 0.1 0.1 0.33 0.33 0.33 0.33
Vs 0.5 0.5 043 043 033 033

where Emi, Em2, Gmizr Ginos, ¥mie and wyes are the elastic
properties of the matrix. V,,y and Vi, are the volume fraction
ofhemicellulose and lignin in the matrix, respectively. Ey,; and
Ep, are the longitudinal elastic moduli, Ey, and Ep, are the
transverse elastic moduli, vg12 and vyq0 are the Poisson's ratio
in the longitudinal direction, Gui, and Gra, are the longitudinal
shear moduli, and Gy,3 and G,z are the transverse shear
moduli of the hemicellulose and lignin, respectively. The
elastic properties of M layer were directly calculated by the
Egs. (1)—(6).

For the secondary walls (S1, S2 and S3), the longitudinal
modulus and Poisson's ratio are calculated as follows:

E1=EnVi+EmVn %)

112 = ¥512 V5 + ¥m12 Vim (8)

where E; and Ep are the longitudinal elastic moduli and v
and vg, are the longitudinal Poisson's ratio of the composite
and the fibre, respectively. V¢ is the volume fraction of the
fibre.

The transverse and shear elastic properties of the sec-
ondary walls can be obtained by the Halpin-Tsai equations
(Halpin & Kardos, 1976) as follows:

A _1+6EqVs _ApfAn-1 ©
An d1-nV; T A JAn+1

where A is one of the elastic properties (E,, Gi, and G,3) listed
in Table 3. Afand A,, are the corresponding elastic properties

of fibre and matrix. { is the parameter influenced by the fibre
shape, fibre arrangement and the loading condition. For the
fibre which is cylinder shape and square arrangement, the
values of { are given in Table 3.

The relation between vq, and v,; is shown as follow:

Vi2 ¥

s 10]

E ", (10)
The in plane Poisson's ratio of the composite is calculated

as follows:

EsEs

— _ D
Yo G23(52+E3) ( )

Assuming E, = Es, Uyp = U3 and Gqp = Gy, all the elastic
constants of the secondary walls can be determined.

Combining the mechanical properties and the volume
fraction of the cell wall components (Tables 1 and 2), the total
elastic constants of each secondary wall can be obtained via
the Halpin-Tsai equations and the rule of mixtures.

AFM pictures indicated that P layer is a long random fibre
reinforced composite (Ding, Zhao, & Zeng, 2013). Therefore,
the elastic properties of P layer can be calculated as follows:

E
= S 12,
Qu 1—wvivm ( )
Ep
= 13
Qo=g——— (13)

Table 2 — The volume fraction of dry and fresh cell wall components at different sublayers of cell wall, the dry data are

obtained from reference (Bergander & Salmén, 2002) and the wet data are calculated by the concentric cylinder model

(Marklund & Varna, 2009).

Sublayers Cellulose Hemicellulose Lignin

dry wet dry wet dry wet
M (%) 0 0 44 457 56 54.3
P (%) 15 13.3 33 35.3 52 514
S1 {%) 28 25.2 31 338 41 41
S2 {%) 50 46.1 31 346 19 19.3
33 (%) 48 43.9 36 39.9 16 16.2

Elastic constant E» G1o

Gos

14 2 1 {14+Vm23Y/(3-Vm23-4Vm12- Vim21) Where Vimio, Vo1 and vim»s are the Poisson's
ratio of the matrix. For the incompressible isotropic matrix materials,

{<1
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Exra
Q12 Epm——— (14)
Qs =Gz (15)
El=E} :% (3Qu1 +3Q22 +2Qu2 +4Qe6)(1 — v12721) (16)
Gl :%(Qll +Q22 — 2Qu2 +4Qs) (17)

where Ey, E,, Vs, Ugy, G2 can be obtained from Egs. (7)—(10). E5,
E} and G}, are the elastic properties of P layer. The final
calculating results of each sub-layer of cell wall are shown in
Table 4.
2.4. Finite element analysis models of rice stem
According to the anatomic structure and the cell type in the
stem cross section, the cross section of 3D finite element
analysis models is divided into six regions: the mechanical
tissue layer (MT, thick fibre cell), the parenchyma tissue (pa-
renchyma cell), the vascular bundle sheath in small vascular
bundle (VBSS, thick fibre cell), the transverse sectional area
occupied by vessels and phloem tissue in small vascular
bundle (SvS, thin fibre cell), the vascular bundle sheath in
large vascular bundle (VBSL, thick fibre cell) and the trans-
verse sectional area occupied by vessels and phloem tissue in
large vascular bundle (SvL, thin fibre cell), as shown in Fig. 3.
The thicknesses of each sub-layer of fibre cell and paren-
chyma cell are shown in Table 5.

Table 5 — The thickness and MFA of each sub-layer of cell
wall (Huang et al., 2018).

Sub-layer of cell Fibre cell (nm) Parenchyma cell MFA
wall (nm) )P
M 62.47 62.47 -

P 134.16 0.5 x {t,-62.47) Random
S1 114.83 - 70

52 0.5 x {t1-858.89)" 17.71

3 149.22 - 70

# t, is the average thickness of the double cell wall in different
regions.

® Data are obtained from references (Bergander & Salmén, 2002;
Huang et al,, 2018).

The average thickness of the double cell wall is calculated

as follows:
S,

ti=p, T (18)
where p, is the average relative density of the cellular struc-
ture of each region, S, and L, are the region area and total
length of the cell wall in the region, respectively. Sr and Ly are
measured from the DXF file of the reconstructed image
(Fig. 2d). pr is obtained from the optical image (Fig. 2b). The
thicknesses of S2 layer of fibre cell, P layer of parenchyma cell
and the total thickness of cell wall (t., t, and t;, respectively)
for different regions of Hualiangyou 689 rice are calculated
from Eq. (18) and Table 5, as shown in Table 6.

Table 4 — The elastic properties of each sub-layer of cell wall at RH = 80%, data are calculated by using the Eqs. (7)—(17).

Sub-layer E; (GPa) E, (GPa) E; (GPa) Gy (GPa) G (GPa) Gys (GPa) V1o V13 Va3
M 2.559 1.368 1.368 0.490 0.490 0.486 0.33 0.33 0.406
P 8.760 8.760 8.760 2.958 2.958 2.958 0.481 0.481 0.481
s1 35.685 2:519 2.519 0.741 0.741 0.723 0.272 0.272 0.742
S2 63.041 3.430 3.430 0.8%4 0.894 0.868 0.224 0.224 0.976
33 60.138 3.066 3.066 0.808 0.808 0.778 0.229 0.229 0.970
Parenchyma
VBSL SvlL

VESS -

cell

Fig. 3 — Different regions in the cross section of rice stem.
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Table 6 — The thicknesses of S2 layer, P layer and the total thickness of cell wall for different regions of Hualiangyou 689

rice, data are calculated by using the Eq. (18) and the data of Table 5.

Region MT VBSS SvS VBSL SvL Parenchyma cell
ta {um) 3.795 2.699 1.386 2.196 1.386 1.292
ts2 {um) 1.468 0.92 0.264 0.669 0.264 -
t {um) - - - - — 0.615
2.5. Load cases and boundary conditions where AE (%) is the relative change of tensile modulus when

To calculate the macro elastic constants of the rice stem, the
3D finite element model is restricted at one end, while a
displacement (u;) is applied to the other end. The elastic
modulus of the rice stem is calculated as follows:

E—g (19)
where F; is the reaction force at the restricted end, L; is the
length of the rice stem along the loading direction, and S; is the
stem cross-sectional area perpendicular to loading direction.
In this study, the unit strains along different directions (u; = Ly)
are applied to the model to calculate the elastic modulus.

2.6. Convergence analyses

The S4R elements in Abaqus/CAE 6.14-1 were used in this
study. Convergence analyses were carried out to guarantee
the accuracy the results, as shown in Fig. 4. The plot shows
that when the global mesh seed size decreases from 0.04 mm
to 0.005 mm, the total mesh number increases around 55%,
however, the calculated tensile modulus is almost the same,
indicating that the simulated results are independent of the
mesh size. Considering the accuracy and the calculation time,
the global mesh seed size is set as 0.01 mm in this study.

2.7. Prediction of elastic properties of different species of
rice stem based on the total differential equation

The sensitivity coefficient Kg is calculated as follows:

AE

= (20)

3.2

w
-
1

w
=3

-9 0.04 0.02 0.01 0. 005
¢ Vs \

[eo] o} Q

Tensile modulus (GPa)
N
i

»
o
1

2.7

T T T T T T
160000 180000 200000 220000 240000 260000 280000 300000

Element number

Fig. 4 — The relationship among the total mesh seed size,
the mesh number and the final calculation results.

the variable changes AS (%).

The sensitivity coefficients can be used to approximately
predict the anisotropic elastic properties of different species
of rice stem based on the total differential equation as follows.

AE=E;(x1,x2, + + + ,xmMAX1+En(X1,x2, + + + , xn)AX2+ + + +
+En(x1,x2, « + +,xn)Axn
(21

where AE is the complete increment of the normalised elastic
modulus, Ey; (x1,x2, -+, xn) and Axi (1 =1,2,---,n) are the partial
derivative of the normalised elastic modulus function of rice
stem and the change of each normalised factor, respectively.
Exi (x1,x2,---,xn) can be approximately evaluated by the Eq.
(20). Then, the predicted elastic properties of rice stem Eprea
can be obtained as follows:

Epred = Erefe 2 (l + AE) (22)

where Ejefe 1S the elastic modulus of the referential rice stem.

3. Results and discussions
3.1.  Modelling result and comparisons with experiments

The numerical result calculated by the aforementioned
multilayer model (MLM) is shown in Fig. 5. The simulated
longitudinal tensile modulus is 3.16 GPa, which is in accor-
dance with the experiment (2.87 GPa). Therefore, the multi-
layer model is suitable for predicating the elastic modulus of
rice stem. However, the finite element analysis (FEA) result is
still 10.1% higher than the experiment. Previous literatures
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Il VM I experimental data
[ MLM with interlayer

»
o
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o
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o
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Longitudinal tensile modulus (GPa)
(=13

-
o
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1.0~

Fig. 5 — Numerical and experimental results of the
longitudinal tensile modulus of rice stem. Experimental
data are extracted from reference (Huang et al., 2018).
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Table 7 — Elastic properties and MFA of each sub-layer of the interlayer at RH

(the INT-01and the S2 layers are

T R

adjacent).
Interlayer E; (GPa) E; (GPa) E; (Gpa) G (GPa) Gis (GPa) Gos (GPa) U1z V13 Vo MFA ()
INT-01 62.761 342 342 0.892 0.892 0.866 0224 0224  0.973 18.23
INT-02 60.524 3.338 3.338 0.879 0.879 0.853 0.228 0228  0.956 2242
INT-03 56.075 3.18 3.18 0.852 0.852 0.828 0236 0236  0.920 30.78
INT-04 49.467 2.955 2.955 0.814 0.814 0.792 0.248 0248  0.865 43.33
INT-05 40.779 2.675 2.675 0.767 0.767 0.748 0.263 0263  0.789 60.06
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60 g
MLM with interlayer ~ 35
55 g
o
7350 30 29.07
S5 4
&
E 404 - 25
EEN &
830 8 20
2
25 1
-.-‘ £ 15
w 20 G 15
g bl
= 15 5
104 § 10
5 =
8
0- E]
@
—
)
w1
|
@
=

Fig. 6 — Numerical results of tangential (T) and radial (R)
tensile moduli of rice stem.

showed that the simulation of the fibre cell wall stiffness
calculated by the MLM is higher than the experiment
(Bergander & Salmén, 2002), which may be attributed to the
inaccurate division of the S1 and S2 layers. Cur previous
studies found that the prediction accuracy of the fibre cell wall
will increase significantly if a gradual transition zone (inter-
layer) is introduced into the cell wall between the S1 and S2
layers during the fibre cell wall modelling (Wang, Liu, & Peng,
2013). Since the accurate thickness of the interlayer cannot be
observed by the experiment, here, it is assumed that the
thickness ratio of the interlayer to the total thickness of the S1
and 52 layers is equal to the optimised configuration result
(around 28.6%) in the reference (Wang et al., 2013). In order to

(a)

SKIN SVB LVB CORE SVBS SSV LVBS LSV

Fig. 8 — Longitudinal tensile modulus of each elementary
tissue.

simulate the gradual transition properties of the interlayer in
ABAQUS, the interlayer is discretised into 5 sub-layers with
the same thickness. The gradual transitions of the mechanical
properties and MFA of the interlayer are described by the
quadratic function as follows.

G1=0:(1) = (0, — 02) - (21‘15 1) ’ +0, (23)

; 2i —1\?
Cie=Cie(1)=(Ca —Cer) * T +Ce (24)

(c)

Fig. 7 — The stress contour of rice stem at different tensile directions, a longitudinal b tangential and c radial tensile

directions.
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Fig. 9 — Contribution of each elementary tissue to the
overall macro elastic modulus of rice stem.

. 2i -1\’
Con=Cin(i) = (G~ C) + (5~} +Ce (25)

: 2i—1\?
Cp= Cn(‘) =(Cn *Clz) * 5 +GCp (26)

where (i), Cici), Cm(i) and Cp(}) are the MFA and volume
fractions of the components in the i interlayer. #;, Ccq, Cn1, Cia

(a)

(dPa)
B

Tangential tensile modulus ET

45 T T ¥ T
10 12
Vb (%)

(c)

and 8,, Cey, Cna, Cro are the MFA and volume fractions of the
components in the S1 and S2 layers, respectively. Detailed
properties of each sub-layer are shown in Table 7.

Since the thicknesses of the S1 and S2 layers of the thin
fibre cell is small, which has a small influence on the final
results of the simulation, we only consider the interlayer in
the thick fibre cell (including the fibre cells in MT, VBSS and
VBSL). The calculated result is also shown in Fig. 5. The plot
shows that the calculated value of the multilayer model with
interlayer (MLM with interlayer) is 2.93 GPa, which is only
slightly higher than the experiment (2.87 GPa), indicating that
the input parameters of the cell wall and the multilayer model
with interlayer are reasonable for the multiscale modeling of
rice stem. Therefore, the following calculations are all based
on this model.

Figure 6 shows the transverse and radial tensile moduli
simulated by the models of MLM and the MLM with interlayer.
Due to the fact that the transverse and radial dimensions of
the rice stem are small, the results cannot be validated by the
experiment. Thus, for the transverse and radial tensile
moduli, only the numerical results are discussed. Figure 6
shows that the transverse tensile modulus (T) slightly in-
creases from 59.59 MPa to 60.79 MPa when considering the
interlayer in the thick fibre cell wall. However, the radial
tensile modulus (R) almost keeps constant (only increases
from 2.317 MPa to 2.319 MPa).

The stress contours of rice stem at different tensile di-
rections are shown in Fig. 7. The plot shows that the stress
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Fig. 10 — Effect of the volume fraction of vascular bundle (Vvb) on the stiffness of rice stem.
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Fig. 11 — Combined effect of the volume fractions of skin mechanical tissue layer and vascular bundle (Vskin and Vvb) on the

stiffness of rice stem.

concentrates in the regions of the MT, SVB and LVB during the
longitudinal stretch, indicating that the mechanical tissue
layer and vascular bundles are the main supporting tissues
during growth. For the tangential stretch, the high stress lo-
cates at the MT and the SVB. However, for the radial stretch,
the stress concentrates at the parenchyma cell, indicating the
maximum influence of the parenchyma cell on the radial
tensile modulus. These results also explain the phenomenon
that the longitudinal tensile modulus increases significantly
while the radial tensile modulus almost keeps constant when
considering the interlayer of the cell wall.

3.2.  Elastic modulus of different tissues in rice stem

As aforementioned description, rice stem is composed of MT,
SVB, LVB and parenchyma tissue. Therefore, the elastic
properties and the volume fraction of the elementary tissues
determine the total mechanical properties of rice stem. Due to
the small size of the rice stem, it is difficult to separate and
test the properties of each elementary tissue. However, based
on the multiscale simulation, this problem can be easily
solved. From Fig. 8, it can be observed that the rank order of
the elastic modulus is Eskin > Esvb > Elvb > Ecore for the
elementary tissues. The stiffness of the MT, SVB and LVB
ranges from 7 GPa to 30 GPa, which is much higher than that of
the parenchyma tissue (Ecore, 0.44 GPa), suggesting that these
tissues are important for the stiffness of rice stem. Combining
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the elastic properties and the position of elementary tissues in
the stem cross section, we can find that the stiffness of the
elementary tissue presents a decreased gradient distribution
from the skin to the core. Moreover, this gradient distribution
also appears in the cross section of vascular bundle (Fig. 8). As
a consequence, the macro elastic properties of rice stem pre-
sent high anisotropy.

The contribution of each elementary tissue to the overall
macro elastic modulus of rice stem is shown in Fig. 9. The plot
shows that the MT contributes 52.23% to the overall stiffness
of rice stem, but its volume fraction only occupies 5.12% in the
stem. The SVB and LVB contribute 32.74% to the overall stiff-
ness and their volume fractions occupy 10.44%, whereas the
volume fraction of parenchyma tissue occupies 84.44% in rice
stem, but it only contributes 15.03% to the overall stiffness.
Thus, it can be inferred that compared to the SVB and LVB, MT
is more important for the stiffness of rice stem, and the pa-
renchyma tissue exerts the least influence on the longitudinal
tensile modulus, which is in accordance with our previous
study (Huang et al., 2018).

3.3.  Effects of mesoscale parameters (tissue level) on the
overall macro elastic modulus of the rice stem

In order to determine the effect of the volume fraction of
vascular bundle (Vvb) on the mechanical properties of rice
stem, we adjust the volume fraction of the vascular bundle by
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Fig. 12 — Relation between the tensile moduli of rice stem and normalised cell wall thickness of different types of cells.

changing the width of the finite element model, as shown in
Fig. 10. The plot shows that the longitudinal and tangential
tensile moduli increase with the increase of the fibre volume
fraction, whereas the radial tensile modulus changes irregu-
larly. When the volume fraction of the vascular bundle in-
creases from 6.36% to 15.04%, the longitudinal tensile
modulus increases around 30%, whereas the tangential ten-
sile modulus increases around 59.1%, indicating that the vol-
ume fraction of vascular bundle exerts a greater influence on
the tangential tensile modulus.

In addition to the Vvb, the volume fraction of MT also in-
fluences the tensile modulus of rice stem at tissue level. We
change the quantity of the skin fibre cell layers (n = 1-6) to
control the volume fraction of MT (Fig. 11a). The combined
effect of the volume fractions of MT, SVB and LVB on the
mechanical properties of rice stem is shown in Fig. 11. The
plot shows that similar to the fibre volume fraction, the lon-
gitudinal and tangential tensile moduli increase with the in-
crease of the volume fraction of MT. Taking the fibre volume
fraction of 8.94% as an example, when the volume fraction of
MT increases from 0.83% to 5.65%, the longitudinal tensile
modulus increases around 71.5%, whereas the tangential
tensile modulus only increases around 13.3%. Therefore, the
volume fraction of MT exerts a greater influence on the lon-
gitudinal tensile modulus. Moreover, when the fibre volume

fraction is fixed, the increased values of the tensile moduli are
almost the same. This phenomenon may be attributed to the
weak mutual influences between the mechanical tissue layer
and vascular bundle on the tensile moduli of rice stem.

3.4. Effects of microscale parameters on the overall
macro elastic modulus of the rice stem

In addition to the volume fraction of different tissues at meso-
scale, the microscale structural parameters, including the cell
wall thickness, the volume fraction and stiffness of compound
composition, the volume fraction of S2 layer and the MFA in
S2 layer, directly dominate the mechanical properties of tis-
sue, and therefore influencing the macro stiffness of the rice
stem.

The tissues of rice stem are mainly composed of fibre cell
and parenchyma cell. Effect of normalised cell wall thickness
on the tensile modulus of rice stem is shown in Fig. 12. It can
be seen that the longitudinal and tangential tensile moduli
increase with the increase of cell wall thickness of fibre cell,
whereas the radial tensile modulus almost keeps constant.
The plot also shows that increasing the cell wall thickness of
parenchyma cell can significantly increase the radial modulus
and slightly increase the tangential modulus of rice stem.
However, the longitudinal modulus is independent of the cell

140



BIOSYSTEMS ENGINEERING 187 (2019) g6—113

107

5.0
§4.51
4.0
.,,

a5
g3.01

52,54

3
82.01

-

MRA (°)

(a)

2.244

»
]
N

10 20 30 40 50
MFA (%)

(c)

=]

0 10 20 30 10 50
MFA (%)

(b)

Fig. 13 — Effect of the MFA in S2 layer on the tensile moduli of rice stem.

wall thickness of parenchyma cell. Therefore, the fibre cell
dominates the longitudinal modulus and the parenchyma cell
determines the radial modulus of rice stem, whereas the fibre
cell and parenchyma cell simultaneously affect the overall
tangential modulus. Compared to the parenchyma cell, fibre
cell exerts a greater influence on the tangential modulus of
rice stem.

Effect of the MFA in S2 layer on the mechanical properties
of rice stem is shown in Fig. 13. Similar to the wood materials,
the longitudinal tensile modulus decreases as the MFA in-
creases. However, the tangential and radial tensile moduli
increase initially then decrease rapidly beyond the point of
20°. Due to the fact that the radial tensile modulus spans form
2.271 MPa—2.319 MPa when the MFA changes, the effect of
MFA in S2 layer on the radial tensile modulus can be
neglected.

The relative thickness of the $2 layer influences the
modulus of the fibre cell wall. In order to quantificationally
study the effect of relative thickness of the 52 layer on the
mechanical properties of rice stem, we assumed that the
thicknesses of M and P layers and the total thickness of the
cell wall keep constant, and the thicknesses of S1 and S3
layers vary with the change of the thickness of S2 layer.
Meanwhile, the thickness ratio of S1 to S3 keeps constant. The
numerical results are shown in Fig. 14. Since the S2 layer of the
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fibre cellis the main supporting structures of rice stem under
the longitudinal and tangential tension, the longitudinal and
tangential tensile moduli increase with the increase of relative
volume fraction of S2 layer in the fibre cell wall. The radial
tensile modulus is determined by the mechanical properties
of parenchyma tissue. Therefore, it is independent of the
relative volume fraction of 52 layer in the fibre cell wall.

As the fundamental elements of the cell wall, the me-
chanical properties and the relative content of each compo-
nent are closely correlated to the stiffness of the rice stem.
Figure 15 shows that the elastic properties of cellulose has a
greater influence on the longitudinal and radial tensile moduli
of rice stem, and the stiffness change of lignin has pro-
nounced effect on the tangential tensile modulus. However,
the effect of stiffness variation of lignin on the mechanical
properties of rice stem can be neglected. The relation between
the overall tensile modulus of rice stem and the normalised
change of volume fraction of each component is shown in
Fig. 16. Since plant cellulose always has the greatest influence
on the mechanical properties of cell wall, increasing the vol-
ume fraction of cellulose can directly increase the stiffness of
rice stem at all directions. The decrease of the volume frac-
tions of hemicellulose and lignin is equivalent to increase the
volume fraction of cellulose, leading to the increase of stiff-
ness of rice stem.
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Fig. 14 — Effect of the relative thickness of S2 layer on the mechanical properties of rice stem.

3.5.  Sensitivity analysis of multiscale structural
parameters on the stiffness of rice stem

The effects of normalised multiscale structural parameters on
the mechanical properties of rice stem are shown in Fig. 17.
From the slopes of the lines, one can obtain the relative
influenced degree of each factor on the stiffness of rice stem.

In addition to the normalization of each factor, we also
used the sensitivity analysis to reflect the influenced degree of
the multiscale structural parameters on the overall stiffness.
The sensitivity coefficientKs is calculated by Eq. (20). Since the
responses of tensile modulus to different factors are not al-
ways linear, the value of Kg may change as the value of AS
varies. However, it can be still used directly to describe the
influenced degree of each factor. Assuming the value of AS is
—10%, the sensitivity coefficient of each factor is shown in
Table 8 based on the data of Fig. 17.

Generally, large absolute value of sensitivity coefficient
reflects the high sensitivity of tensile modulus to the factor.
The longitudinal tensile modulus is highly sensitive to the cell
wall thickness of fibre cell (CTFC) and the volume fraction and
stiffness variation of cellulose (C-¢V and C-cE). The less
important factors are the MFA, the volume fraction of hemi-
cellulose (H-cV) and the volume fraction of skin mechanical
tissue layer (Vskin). Other factors have minor effect on the
longitudinal stiffness of rice stem, especially for the stiffness

variations of hemicellulose and lignin (H-cE and L-cE). For the
tangential tensile modulus, the cell wall thickness of fibre cell
(CTECQ), the volume fractions of cellulose and hemicellulose
(C-cV and H-cV) and the stiffness variation of hemicellulose
(H-cE) are the most sensitive factors. The less important fac-
tors are the cell wall thickness of parenchyma cell (CTPC) and
the volume fractions of vascular bundle (Vvb). The effects of
other factors on the tangential tensile modulus can be
neglected. The cell wall thickness of parenchyma cell (CTPC)
exerts the greatest influence on the radial tensile modulus.
The less important factors are the volume fraction and stiff-
ness variation of cellulose (C-cV and C-cE) and the volume
fractions of vascular bundle, hemicellulose and lignin (Vvb, H-
¢V and L-cV). The contributions of other factors to the radial
tensile modulus can be neglected. Therefore, the influenced
degree of multiscale structural parameters on the macro
stiffness of rice stem can be directly compared through Table
8.

Since the lodging resistance of rice stem is closely corre-
lated to its elastic properties, it is crucial to control the stem
stiffness for the breeding of rice cultivar with high ability of
lodging resistance. Some of these structural parameters, such
as the stiffness and volume fraction of each component in cell
wall, may be the intrinsic properties, which are difficult to
change. However, the MFA in S2 layer, the cell wall thickness
and the volume fractions of mechanical tissue layer and
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Fig. 15 — Relation between the tensile modulus of rice stem and normalised elastic properties of each component, C:
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Fig. 16 — Relation between the tensile modulus of rice stem and the normalised change of volume fraction of each
component, G: cellulose, H: hemicellulose and L: lignin.
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Fig. 17 — Effects of normalised multiscale structural parameters on the mechanical properties of rice stem, MFA microfibril
angle, VS2 volume fraction of S2 layer in the cell wall, CTFC cell wall thickness of the fibre cell, CTPC cell wall thickness of
parenchyma cell, Vvb volume fraction of vascular bundle, Vskin volume fraction of skin mechanical tissue layer, C-cE, H-cE
and L-cE change of the elastic moduli of each component, C-cV, H-cV and L-cV change of the volume fraction of each

component.

Table 8 — Sensitivity coefficients of multiscale structural
parameters, data are calculated by using the Eq. (20).

Length scale Factor Sensitivity coefficient
L T R
Tissue level Vskin 0437261 0.166797  0.001286
Vvb 0.343531 0430743  0.600101
Micro level GTEG 1.00552 1.129889  0.043433
CTPC 0.14442 0477084  2.643011
Ultrastructural level ~ VS2 0372881  0.3236 0.005176
MFA —0.64847 —0.07431 0.00155
C-cV 0.971904  0.84588 0.810082
H-cV —0.54256 —0.81215 -0.50657
L-cv —0.27391 —0.0932 —0.73508
C-cE 0.828949  0.074694 0.767124
H-cE 0.143875 0796193  0.130945
L-cE 0.046197  0.163901  0.111622

vascular bundle may be adjusted through changing the
growth rate (Herman, Dutilleul, & Avella-Shaw, 1999), the
water and fertiliser conditions (Zhang et al., 2016a, 2016b),
using the phytohormones (Okuno et al., 2014; Rani Sinniah,

Wahyuni, Syahputra, & Gantait, 2012) or controlling the
related gene (Li, 2003; Ookawa et al, 2014). Increasing the
volume fraction of the mechanical tissue layer, thickening the
fibre cell wall and decreasing the MFA in $2 layer are the most
effective way to increase the longitudinal tensile modulus of
rice stem. For controlling the tangential modulus, changing
the cell wall thickness and the volume fraction of vascular
bundle is useful. However, it is more practical to change the
cell wall thickness of parenchyma cell and the volume frac-
tion of vascular bundle for controlling the radial tensile
modulus of rice stem.

In the field of plant breeding, plant breeders can regulate
the cell wall components, cell wall thickness or other traits
through gene mutation (Fan et al., 2017, 2018; Li et al., 2017).
However, the existing gene regulation is still a qualitative
method, lacking of quantitative prediction. We establish the
precise relation between the multiscale structural parameters
and the macro elastic modulus of rice stem in this paper. This
relationship is useful for guiding the selection of mutants
which can custom-tailor the mechanical properties of plant
stem. For example, according to the sensitivity coefficients in
Table 8, if we want to enhance the radial tensile modulus of
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Table 9 — The change of some normalised factors of different rice stems, data are calculated from the reference (Huang
et al,, 2018).
Ruanhuayoul179 02428 Hualiangyou689 Wuyoul179 Ben250
Vskin —0.08715 —0.24077 0 —0.19202 —0.03397
VF —0.07254 —0.34404 0 —0.29948 —0.12539
MFA —0.10446 —0.10051 0 0.10785 0.32637
vs2 —0.13586 —0.15665 0 —0.1205 —0.03198
CTEC —0.01895 —0.00669 0 0.00746 0.00423
CTPC 0.1651 —0.01299 0 0.00329 0.77952
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Fig. 18 — Tensile modulus of different kinds of rice stem, experimental data are obtained from reference (Huang et al., 2018).

rice stem, we should select the gene mutants which can in-
crease the cell wall thickness of parenchyma cell or increase
the volume fraction of vascular bundle (assuming the volume
fraction and stiffness of each cell wall component keep con-
stant). It is the first step to establish the quantitative rela-
tionship between the parameters and performance. In the
future, it is necessary to combine with the existing gene
regulation results in order to achieve the accurate regulation.

Moreover, these sensitivity coefficients also can be used to
approximately predict the anisotropic elastic properties of
different species of rice stem. Taking Hualiangyou 689 as the
referential rice stem, the elastic properties of four different
kinds of rice stems, including Ruanhuayou 1179 (hybrid rice),
02428 (japonica rice), Wuyou 1179 (hybrid rice) and Ben 250
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(indica type rice), were calculated according to the Egs. (21)
and (22). The change of some normalised factors of these
rice stems (Axi) is shown in Table 9. The final calculating re-
sults based on Tables 8 and 9 are showed in Fig. 18. The plot
shows that the predictions are in close agreement with the
experiments (Fig. 18a). In addition, the tangential and radial
tensile moduli of rice stems can be easily and fast determined
by using the Egs. (21) and (22), as shown in Fig. 18b and Fig. 18c.

4, Conclusions

In this work, the mechanical properties of rice stem are
calculated via numerical multiscale simulation. The elastic
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constants of the sub-layers of cell wall were calculated by the
Halpin-Tsai equations and the rule of mixtures. Cellular
structure of stem cross section was reconstructed via skel-
etonisation method and used to create the finite element
models. The predicted longitudinal tensile modulus is in good
agreement with the experiment. Effects of multiscale struc-
tural parameters, including the volume fractions of mechan-
ical tissue layer and vascular bundle, the stiffness and volume
fractions of each component, MFA, cell wall thickness and the
volume fraction of S2 layer in the cell wall, on the overall
macro stiffness of rice stem are investigated. If we assume the
volume fraction and stiffness of each cell wall component
keep constant, the sensitivity analysis results show that
increasing the volume fraction of the mechanical tissue layer,
thickening the fibre cell wall and decreasing the MFA in 82
layer are the most effective way to increase the longitudinal
tensile modulus of rice stem. Changing the cell wall thickness
and the volume fraction of vascular bundle is useful for con-
trolling the tangential modulus. However, it is more practical
to change the cell wall thickness of parenchyma cell and the
volume fraction of vascular bundle for controlling the radial
tensile modulus of rice stem. The results of sensitivity anal-
ysis also can be used to approximately predict the anisotropic
elastic properties of different species of rice stem. These re-
sults can be used in guiding the stiffness tailoring of rice stem.
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Abstract

Background: Plant mitochondrial transcription termination factor (mTERF) family members play important roles in
development and stress tolerance through regulation of organellar gene expression. However, their molecular
functions have yet to be clearly defined.

Results: Here an mTERF gene V74 was identified by fine mapping using a conditional albino mutant v74 that
displayed albinism only in the first two true leaves, which was confirmed by transgenic complementation tests.
Subcellular localization and real-time PCR analyses indicated that V74 encodes a chloroplastic protein ubiguitously
expressed in leaves while spiking in the second true leaf. Chloroplastic gene expression profiling in the pale leaves
of v14 through real-time PCR and Northern blotting analyses showed abnormal accumulation of the unprocessed
transcripts covering the rpoB-rpoCT and/or rpoCl-rpo(2 intercistronic regions accompanied by reduced abundance
of the mature poC7 and rpoC2 transcripts, which encode two core subunits of the plastid-encoded plastid RNA
polymerase (PEP). Subsequent immunoblotting analyses confirmed the reduced accumulation of RpoC1 and RpoC2.
A light-inducible photosynthetic gene psbD was also found down-regulated at both the mRNA and protein levels.
Interestingly, such stage-specific aberrant posttranscriptional regulation and psbD expression can be reversed by
high temperatures (30 ~ 35 °C), although V14 expression lacks thermo-sensitivity. Meanwhile, three V74 homologous
genes were found heat-inducible with similar temporal expression patterns, implicating their possible functional
redundancy to V74.

Conclusions: These data revealed a critical role of V14 in chloroplast development, which impacts, in a stage-
specific and thermo-sensitive way, the appropriate processing of rpoB-rpoCl-rpoC2 precursors and the expression of
certain photosynthetic proteins. Our findings thus expand the knowledge of the molecular functions of rice mTERFs
and suggest the contributions of plant mTERFs to photosynthesis establishment and temperature acclimation.
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Background

The mitochondrial transcription termination factor
(mTERF) family consists of a group of nucleic acid bind-
ing proteins with so-called mTERF repeats of ~31
amino acids forming three helices [1, 2]. Similarity
searches and phylogenetic analysis demonstrated that
the mTERF family exists only in eukaryotes except for
fungi [3]. All these proteins are predicted to localize to
mitochondria and/or chloroplasts. Mammal genomes
encode only four mTERFs (MTERF1-4) [4], while
higher plants harbor approximately 30 members [5]. The
mammalian mTERFs regulate mitochondrial gene ex-
pression. Human MTERF1, the first identified mTERF,
functions in terminating L-strand transcription at the
165 rRNA/leucyl-tRNA boundary [6], transcription acti-
vation [7, 8], and DNA replication [9], followed by the
discoveries of the roles of MTERF2 in restraining repli-
cation fork progression [10], MTERF3 in transcription
suppression, replication [11], and ribosomal biogenesis
[12], and MTERF4 in transcription activation [13] and
ribosomal biogenesis [14]. Plant mTERFs, by contrast,
are barely understood for their roles in the regulation of
organellar gene expression. Of the 35 mTERFs in Arabi-
dopsis, 11 are chloroplast-localized [15]. SOLDAT10,
the first mTERF characterized in higher plants, partici-
pates in stress acclimation response and affects the
abundance of 16S and 23S rRNA and ClpP protease
mRNA [16] in chloroplasts. BSM (RUG2) is targeted to
both mitochondria and chloroplasts and is required for
the maintenance of the constant accumulation of tran-
scripts in these two organelles [15, 17], which includes
splicing of the c/pP group IIA intron [15]. Two compara-
tive analyses of two other chloroplastic mTERFs,
mTERF5 (MDA1) and mTERF9 (TWIRT1), indicated a
functional relationship between them, that they share
some common targets in gene expression regulation,
both respond to salt and osmotic stresses, and both are
functionally related to the plastid-encoded plastid RNA
polymerase (PEP) [18]. Also, TWIRT1 is likely required
for plastid ribosomal stability and/or assembl y[19], and
MDA1 positively regulates psbEFL] transcription as a
transcriptional pausing factor [20], stimulates psbE and
ndhA transcription, and promotes the stabilization of
the 5'-ends of processed psbE and ndhA mRNA [21]. A
recent report further found that transcription termin-
ation of pshJ in the psbEFL] polycistron also involved an-
other PEP-associated mTERF, mTERF8/pTACIS, which
specifically binds to the 3" terminal region of psb/ [22].
In addition to the studies on chloroplastic mTERFs, two
mitochondrial mTERFs in Arabidopsis, mTERF18
(SHOT1) and mTERF15, were found to interfere in
retrograde signaling for heat tolerance [23], and splicing
of the nad2 intron-3 [24], respectively. Meanwhile, a few
studies provided some clues to the action modes of plant
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mTERFs. Zm-mTERF4, the BSM ortholog in maize, dir-
ectly binds the group II introns in certain chloroplastic
transcripts and interacts with some of the known chloro-
plastic splicing factors, thus promoting the splicing of
such transcripts, including frul-GAU, frnA-UGC, and
rpl2 [25]. Later, two studies of Arabidopsis mTERF6
demonstrated its DNA-binding activity in vivo, which is
required for the transcription termination at a specific
site in frul-GAU and at the 3'-end of rpoA polycistron
in chloroplasts [26, 27]. Recently, mitochondrial
ZmSmk3 was found involved in the splicing of nad4 in-
tron 1 and nadl intron 4 in maize [28], and Arabidopsis
mTERF9 was shown to promote chloroplast ribosome
assembly and translation by interacting with 16S and
23S rRNAs [29]. Despite these advances, the molecular
mechanism by which plant mTERFs regulate organellar
gene expression is still far from full understanding, and
it is not clear if mTERFs involve in processing organellar
polycistronic transcripts. Moreover, little information
has been provided so far for the impact of mTERFs on
chloroplast and mitochondrion development in rice (O.
sativa L.), a model crop species.

Derived from a cyanobacterial ancestor, the chloro-
plast holds many genes organized in gene clusters.
Chloroplast mRNA maturation includes multiple steps,
which are precursor transcription, 5° and 3" end pro-
cessing, intercistronic cleavage, 5" and 3’ end matur-
ation and editing, and intron removal [30]. At least two
distinct RNA polymerases, PEP and the nucleus-encoded
RNA polymerase (NEP), are responsible for plastid gene
transcription during all phases of chloroplast develop-
ment and in non-green plastid types [31]. The gene en-
coding the o subunit of PEP, rpoA, is clustered with
multiple ribosomal protein-encoding genes in the rpoA
operon, while the genes encoding the f, 3" and " sub-
units of PEP, rpoB, rpoC1, and rpoC2, respectively, form
a separate operon. Both of the rpoA and rpoB operons
are transcribed by NEP [31-33] On the other hand,
photosynthetic genes, such as psbA, psbD, and psaB, are
PEP-dependent. The association between PEP and the
promoter regions of most of these genes is significantly
increased in the light [34]. For example, a light-
responsive promoter was identified between psbl and
psbD in the psbK-psbl-psbD-psbC operon, which ac-
counts for the transcription of the dicistronic psbD-
psbC. Two other standard PEP promoters residing up-
stream of pshbK and the light-responsive promoter, re-
spectively, otherwise produce five different overlapping
transcripts including psbK-psbi-psbD-psbC, psbK-psbl,
and psbD-psbC [35]. The light-induced psbD-psbC,
which was undetectable in the dark, was abundantly ac-
cumulated in green rice seedlings [35].

Here we described the effects of a rice mTERF, V14, on
appropriate intercistronic cleavage of the polycistronic
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rpoB-rpoCI1-rpoC2 precursor in chloroplasts and accumu-
lations of certain photosystem proteins, for example PsbD,
during early stage of seedling leaf development. Intri-
guingly, this regulation pattern is growth stage-specific
and temperature-sensitive. We thus suggest a role of V14
in chloroplast development and adaptation to
temperature.

Results

V14 is a chloroplastic protein critical to early stage of leaf
development

The V14 locus was previously mapped as a 162-kb re-
gion on chromosome 7, using a stage-conditional vires-
cent-14 (v14) mutant of Taichung 65 (T65), a japonica
cultivar [36]. This mutant develops albinism in the first
two true leaves at 25°C and returns green thereafter
[30]. Subsequent fine mapping narrowed down the VI4
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locus to a 30-kb region containing two protein-coding
genes (Additional file 1). One of which, Os07g0583200,
had a 1283-bp deletion in the promoter and 5" untrans-
lated/coding regions (- 1245 ~ + 38) in the mutant [36].
Indeed, deficiencies of Os07g0583200 mRNA [36] and its
protein product (Fig. 1A) were observed in vi4. This
gene encodes a putative chloroplastic protein (Refseq,
https://www.ncbinlm.nih.gov), and its chloroplast
localization was verified in rice leaf protoplasts express-
ing a 0s07g0583200-fused eGFP construct (Fig. 1B).
These data suggested that Os07g0583200 was a strong
candidate for the V14 locus. Transcripts of this gene
were observed in all analyzed stages of leaves (Fig. 1C),
and their products bear seven consecutive mTERF re-
peats at the C-terminus [36], which is annotated by
Refseq as a rice MTERF9. We further performed trans-
genic complementation and RNA interference (RNAI) to

T65 v14 T, plants

A \,W‘\ »\6‘7\:\ \,«"‘0 1\6‘3'\:5
S57kDDfl — o 0-V14
40 kD> G-Actin
C 3
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S o0s
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Q
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Fig. 1 V14 is critical to |eaf development in the early stages of seedling. A V14 deficiency in the vi4 mutant demonstrated by immunoblotting
analysis of the first and third leaves of vi4. B Chloropl
chloroplasts. BF, b field; Chl, autofluorescence o d); Bar =10 uM. C Expression of Vi4 in different organs and at different stages
of development. Coty, cotyledon; L1-L5, the first to the fifth true leaf; FL, flag leaf. D Complementation of the vI4 mutant confirmed by
phenotypic analysis and V14- and vi14-specific PCR in T, plants. G, green; v, virescent. The un-cropped gel image is provided in Additional file 1 8.
Bar=0.5cm {E) Reproduction of the v14-like phenotype in the T, generation of two independent V14-RNAI lines, which is confirmed by
phenotypic analyses and the gene expression analysis of V14 by gRT-PCR. Bar =0.5 cm. The significant difference between T+ (with the
transgene) and T- {without the transgene) plants was analyzed by student’s t test {n=3). ¥, P<005; **, P<0.01. (A} and (B), The data presented
here are the representative images of three independent experiments. (C) and (E), The relative expression levels shown here are the averages of
t experiments

three indepenaer
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confirm  Os07g0583200 represents the VI4 locus.
Successful complementation of the albinism was
achieved in those transgenic vi4-T; plants carrying an
0s07¢0583200-containing fragment with its native pro-
moter (Fig. 1D). Simultaneously, the vi4-like phenotype
was reproduced in the RNAi plants manifesting down-
regulated Os07g0583200 expression (Fig. 1E). We there-
fore assigned V14 to this gene thereafter.

V14 sustains functional chloroplasts via

posttranscriptional precursor cleavage

Our prior knowledge of vIi4 indicates an arrest of
chloroplast development in the first two true leaves, as is
evident from the absence of mature thylakoids and
starch grains [36]. We thus posited transcription defi-
ciency residing in the chloroplasts of the chlorotic
leaves. To determine the chloroplastic genes affected, we
first used qRT-PCR to assess the difference between vi4
and T65 in transcript abundance of all 62 chloroplastic
genes in the first true leaves. The results revealed
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significant gene expression changes (2 fold minimum) in
v14 as compared to the wild-type T65, which involved
two genes encoding the B’-, and B”-subunits of PEP,
rpoC1 and rpoC2, a photosynthetic gene psbD, and a
rice-exclusive gene orf56 [37, 38] encoding a truncated
NdhH [39] (Fig. 2A). The transcripts rpoCI, rpoC2, and
psbD were considerably down-regulated in vI4, whilst
orf56 was up-regulated (Fig. 2A). Further semi-
quantitative RT-PCR analysis of the overlapping region
across the coding sequences of psbD and psbC revealed
its absence in vI4 (Additional file 2A), confirming the
significant reduction in psbD mRNA abundance. Given
the important roles of the nucleus-encoded sigma fac-
tors in PEP activation, the expression of all five sigma
factors was also analyzed by qRT-PCR. The results indi-
cated that none of them were affected by V14 deficiency
(Additional file 2B). Subsequent immunoblotting ana-
lysis confirmed the protein deficiency of RpoC1l, RpoC2,
and PsbD in vIi4 (Fig. 2B, Additional file 2C). In
addition, the protein levels of some other photosynthetic

1poA 1ps18 orf56 rpoB poC1 rpoC2 psaB psbD

c o8- moC1- rpoC2- mpoC2-
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Fig. 2 V14 affects the intercistronic cleavage of the rpoB-rpoC1-rpoC2 precursor, psbD transcript abundance, and PsbA and PsaB accumulations
during early seedling development. A Expression analysis of the chloroplastic genes by gRT-PCR in seedlings {L1) grown at 25°C. The stably
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proteins were assessed with commercially available
antibodies. We found that two other photosystem
proteins PsbA and PsaB also decreased in vi4 (Fig. 2B,
Additional file 2C), even though their transcript abun-
dance was unchanged (Fig. 2A). In contrast, RpoA and
RpoB were more abundant in v/4 than in T65 (Fig. 2B,
Additional file 2C). This might be attributed to the feed-
back inhibition of translation that has been observed in
bacteria [40].

We next analyzed how V14 influences mRNA levels in
chloroplasts. We noted that the V14 target genes are or-
ganized in co-transcribed gene clusters with other non-
targeted genes. In light of the role of maize Zm-
mTERF4 in intron splicing [25], we hypothesized that
V14 may intervene in either precursor cleavage or RNA
stabilization. To explore the behavior of V14, the abun-
dance of the two intercistronic regions (P1 and P2) from
the polycistronic rpoB-rpoCI-rpoC2 precursor (Fig. 2C)
were analyzed by semi-quantitative RT-PCR in the first
two true leaves of vI4 and T65, using the two intercis-
tronic regions (P3 and P4) from the polycistronic psaA-
psaB-rps14 precursor (Fig. 2C) as controls. We found
that the chlorotic leaves boasted higher amounts of the
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unprocessed transcripts including the rpoB-rpoCI and/
or rpoCl-rpoC2 regions as compared to the wild-type
(Fig. 2C, Additional file 2D). No significant changes were
observed for the P3 and P4 regions in vI4 (Fig. 2C,
Additional file 2D). Using P1 as a probe for Northern
hybridization, we also detected a ~ 9-kb precursor tran-
script containing rpoB, rpoCl, and rpoC2 only in vI4
(Fig. 2D).

Taken together, these data reflect the effects of V14 on
the appropriate intercistronic cleavage of polycistronic
rpoB-rpoCI-rpoC2 and psbD mRNA, PsbA, and PsaB
accumulations. Given that light regulates expression of
the PEP components in the first phase of photosynthesis
establishment and psbD mRNA, PsbA, and PsaB abun-
dance [41-44], V14 may play a key role in light signaling
through chloroplast development.

The albinism phenotype of v14 is temperature-dependent
Similar to the three temperature-conditional rice vires-
cents reported previously [45], vI4 developed green
leaves at permissive temperatures, 30°C and 35°C
(Fig. 3A). To ascertain this full recovery at high tempera-
tures, we first evaluated the expression levels of rpoCl,

~

v14
25C 30C 35C

A

T65
25C 30C 35C

L1 12 L3

Fig. 3 vi4-induced defective posttranscriptional regulation and psbD mRNA reduction is reversed by high temperatures. A The chlorotic leaves of
v14 returned green at 30°C and 35 °C. Bar =05 cm. B gRT-PCR analysis showed the expression recuperation of 7poCl, rpoC2, and psbD in L1 of
vi4 at 35°C. € The maximum photosynthetic quantum yields represented as the Fv/Fm ratios recorded in L1, L2, and L3 of vi4 confirmed its
recovery of chloroplast function at 35°C. (B) and {C), The significance compared to T65 grown at 25 °C was analyzed by f test (n=3) .
**, P<001. D gRT-PCR showing that V14 is continuously expressed in leaves and unresponsive to high temperature. L1-L3, the first to the third
true leaf. The relative expression levels shown here are the averages of three independent experiments

T65(25 'C) v14(257C) TE5(35'C) v14(357C)

i

0.6

0.5

04

03

b

0.2

0.1

Relative Expression

*

poC1 poC2 psbD

25

| 25C

V14 /0sActin1
= 2 N
=) o o

L
o

0
Cotyl L1 L2 L3 L4 L5 FL

*, P<005;

152



Wang et al. BMC Plant Biology (2021) 21:406

rpoC2, and psbD in the first true leaves of the vi4 plants
grown at 25 °C and 35 °C. The RT-PCR analysis showed
that the abundance of these transcripts at 35°C could
reach a level comparable to their counterparts in T65
(Fig. 3B). Indeed, the appropriate cleavages of the two
intercistronic regions of rpoB-rpoCIl-rpoC2 were re-
trieved in these green-recovered vi4 plants (Additional
file 3). We further assessed chloroplast function in the
vI4 plants grown at 35°C by gauging the Fv/Fm ratio
(the maximum photosynthetic quantum yield), a meas-
urement representing Photosystem II efficiency, in the
first, second, and third true leaves. In agreement with
the expression recuperation of rpoC1, rpoC2, and psbD,
the Fv/Fm values recorded in the 35°C-growing vi4
plants showed no significant difference from those in the
T65s grown either at 25°C or 35°C (Fig. 3C). By con-
trast, the 25°C-growing vi4 plants still could not fully
retrieve the power of photosynthesis in their third leaves
even though they returned green (Fig. 3C). Interestingly,
V14 mRNA expression in T65 was neither heat-sensitive
nor stage-specific, albeit relatively high in the second
true leaf (Figs. 1C, 3D).

‘We thus postulated that there may be unknown V14
parallel factor(s) acting at high temperatures while V14
is inactive. Our similarity searches on NCBI identified
30 other V14-homologs in rice (Additional file 4). Ex-
pression analysis of these genes in 25°C- and 35°C-
grown T65s showed that three of them, 0s07g0134700,
0s08g0528700, and Os02g0602400, were significantly
up-regulated at 35 °C in the second true leaf where V14
expression reaches its peak (Fig. 4A, Additional files 5, 6
and 7). Os07g0134700 and Os02g0602400 are predicted
to encode chloroplastic mTERFs (annotated as rice
MTERF2 and MTERF5 homologs, respectively, by
Refseq), while Os08g0528700 encodes an unannotated
mTERF-like protein.

Discussion

The mTERF family earned its name from its founding
member, human MTERF1 [6], as a group of transcrip-
tion termination factors 31 years ago, but more molecu-
lar functions have since been linked to it, such as
transcription initiation, DNA replication, and intron
splicing. Our data presented here extend the under-
standing of the molecular functions of mTERFs, which
may regulate intercistronic cleavage of polycistronic pre-
cursors. We showed that V14 is required for the appro-
priate intercistronic cleavage of rpoB-rpoCl-rpoC2
precursor, thus regulating the abundance of mature
rpoC1 and rpoC2 mRNAs that encode two core subunits
of PEP. The expression of rpoB, however, is not targeted
by V14. Since rpoB is co-transcribed with rpoCI and
rpoC2 by NEP [31-33], this result indicates that V14
specifically regulates precursor processing but not
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precursor transcription for the rpoB-rpoCIl-rpoC2
operon. Despite reduced expression of mature rpoCl
and rpoC2 mRNAs in vI4, expression of the PEP-
dependent genes is unaffected except for psbD, implicat-
ing that low levels of PEP in the proplastids can main-
tain the expression of most of these genes. This
observation is consistent with the developmental and
gene-specific regulation of PEP transcription proposed
in wheat seedlings [43]. In developing chloroplasts the
light-independent PEP functions in the dark as well as in
the light for the PEP-dependent genes including psbA,
psbC, psbE, and rrnl6, except for psbD, whilst the light-
dependent PEP selectively transcribes psbA and psbD in
mature chloroplasts [43]. A light-responsive promoter
producing a precursor including psbD and psbC has also
been identified in the psbK-psbI-psbD-psbC gene cluster
[46]. Considering psbC showed no expression change in
v14 while being co-transcribed with psbD, we speculated
that V14 may be crucial for psbD mRNA stability in a
light-dependent way. We also noted that two other
photosystem proteins PsbA and PsaB also decreased be-
cause of the V14 deficiency even without alterations in
their transcript abundance, which can be explained by
the facts that translation and stability of proteins
encoded by psbA and psaB are light-dependent during
chloroplast development [41]. Furthermore, a light re-
sponse model established in Arabidopsis indicates that
light signals precede plastid signals, where the first phase
of photosynthesis establishment relies on light and trig-
gers changes that will initiate chloroplast development,
and more importantly initiates expression of the PEP
components [47]. This model supports the impaired
processing of rpoB-rpoCI-rpoC2 precursor and reduced
accumulations of psbD, PsbA, and PsaB observed in the
chlorotic leaves of vi4, suggesting that V14 is essential
for light signaling during chloroplast development. V14
might not act directly on its molecular targets, such as
the rpoB-rpoCI-rpoC2 precursor, but interfere in a key
step during chloroplast development that introduces
these changes, which needs further investigations.

We showed that vi4 was rescued by higher tempera-
tures, and that the defective intercistronic cleavage of
the rpoB-rpoCl-rpoC2 precursor is temperature-
dependent (Fig. 3B, Additional file 3). However, the
expression of VI4 per se in wild-type is not
temperature-sensitive (Fig. 3D). Considering V14 might
act via phytohormone-mediated thermosensory path-
ways [48, 49], we examined the response of v14 seedlings
to various phytohormone treatments (Additional file 8).
However, none of such treatments could restore the al-
binism observed at 25°C, suggesting that Vi4 is irre-
sponsive to phytohormones. We further identified three
mTERF genes showing a similar temporal expression
pattern to VI4 that were significantly up-regulated by
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high temperatures in the second leaf (Fig. 4A), suggest-
ing that these genes may be potential candidates for the
unknown V14 parallel(s) whose functions compensate
for the V14 deficiency at high temperatures. These data
support the notion that plants have evolved functionally
redundant members of gene families, by which certain
members can be replaced by some other members in a
conditional manner.

Conclusion

V14 is an essential transcriptional and translational
regulator in chloroplasts supporting chloroplast biogen-
esis in the first two true leaves. While V14 expression is
neither stage-specific nor thermo-sensitive, the V14-
mediated regulation is stringently modulated by develop-
mental stages and temperature (Fig. 4B). The roles of
V14 in chloroplast development are just beginning to
emerge. Further studies are needed to dissect the mo-
lecular functions of V14 in intercistronic cleavage,
mRNA stability, and translational/posttranslational regu-
lation, and to define how such regulations respond to
temperature, thus helping to understand the contribu-
tions of organellar gene expression to photosynthesis es-
tablishment and temperature acclimation.

Methods

Plant materials and treatment

The seeds of T65 were obtained from Dr. Chuxiong
Zhuang’s lab at South China Agricultural University.
The seedlings were grown in growth chambers under
16-h light/8-h dark cycles at 25 °C. Details for the pos-
itional mapping of the V14 locus were provided in a pre-
vious study [36]. For the temperature treatments, the
seedlings were grown under 16-h light/8-h dark cycles at
259C,.30°C.or35°C.

Intracellular localization of eGFP fusions

For eGFP visualization, a ¢cDNA fragment of VI4 was
obtained from T65 using the primers V14-xho5 and
V14-spe3 (Additional file 9), and fused with the coding
sequence of eGFP in a pUC18-based vector to create the
construct P35S::VI14-eGFP. The construct was then tran-
siently transformed into rice leaf protoplasts following
the protocol described previously [50]. The images were
collected in the 500- to 550-nm (eGFP fluorescence),
and 670- to 750-nm (chlorophyll autofluorescence)
ranges with a laser confocal scanning microscope fitted
with a 40 x water immersion objective (7 DUO; Zeiss).

Genetic transformation

For complementation test of the vI4 mutant, a genomic
fragment containing the promoter, gene body, and a
914-bp 3" UTR region was amplified from T65 genomic
DNA using the primers V14P5 and V14P3 (Additional
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file 9, and cloned into a plant expression vector pCAM-
BIA 1380 with Gibson Assembly” Master Mix (New
England Biolabs). The success of the complementation
was confirmed by phenotypic analysis and PCR using
the VI4-specific primers as described in a previous study
[36]. For generation of the VI4-RNAi plants, a cDNA
fragment was obtained from T65 using two primer pairs
(Additional file 9), V14i-5-1 and V14i-3-1, and V14i-5-2
and V14i-3-2, and cloned into a plant expression vector
pCAMBIA 1301 with Gibson Assembly” Master Mix.
The complementation construct was introduced into
vl4, and the RNAi one was transferred into T65, by
Agrobacterium-mediated transformation.

Chloroplast isolation

Chloroplasts were prepared as previously published [51].
In brief, 10 g of fresh seedling leaves were frozen in li-
quid nitrogen and gently ground into fine powder. The
powder was then suspended in 100 ml of Medium A (50
mM HEPES-KOH pH80, 330mM sorbitol, 2mM
EDTA-Nay, 5mM ascorbic acid, 5mM cysteine, 0.05%
BSA) and the suspension was filtered through two layers
of gauze and then two layers of Miracloth (Merck). This
filtrate was subjected to centrifugation (1300xg, 4°C, 5
min) to collect chloroplast pellets followed by sucrose
density gradient centrifugation (30, 40, 55% sucrose
density gradient in Medium B, 30000xg, 4°C, 1 h) using
the pellets suspended in 200 pl of Medium B (50 mM
HEPES-KOH pH8.0, 330mM sorbitol, 2mM EDTA-
Na). The green band at the 30 and 40% sucrose inter-
face was collected and rinsed twice with 75mL of
Medium B through centrifugation (2000xg, 4°C, 15
min). Finally, the pellets were resuspended in 50 pl of
TRIzol™ Reagent (ThermoFisher Scientific) for RNA
extraction.

Nucleic acid extraction, qRT-PCR, northern blot and
immunoblotting

Genomic DNA was isolated from leaves with a DNeasy
Plant Mini Kit (Qiagen). Total RNA was extracted from
leaves or chloroplasts following the instruction of TRI-
zol® Reagent. DNase I (Invitrogen) digestion was applied
prior to reverse transcription. For assessment of the
abundance of nuclear transcripts, Oligo (dT)yo (50 pM)
was used for the synthesis of first-strand ¢cDNA from
total RNA extracted from leaves. For assessment of the
amounts of all chloroplastic transcripts, Random Hex-
amers (50 ng/pL) was used for the synthesis of first-
strand ¢cDNA from total RNA extracted from chloro-
plasts. The primers for the nucleus-encoded sigma fac-
tors were shown in Additional file 9. All the primer
sequences for detecting chloroplastic transcripts were
listed in Additional file 10, except for those for amplify-
ing the intercistronic regions (P1-P4), the overlapping
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region across psbD and psbC, and a region downstream
of psbC (Additional file 2 A), which were given in
Additional file 9. Northern blot analysis was performed
using total RNA as previously published [52]. The probe
P1 was labeled with 0.01 uM digoxigenin (DIG)-deoxyur-
idine triphosphate by PCR. To extract proteins, seedling
leaves were homogenized in 2 x SDS sample buffer (62.5
mm Tris-HCIl, pH 6.8, 20% [v/v] glycerol, 4% [w/v] SDS,
100 mm dithiothreitol, and 0.05% [w/v] Bromophenol
Blue), incubated at 95°C for 5min, and centrifuged at
the maximum speed for 20 min. The samples were quan-
tified and subjected to SDS-PAGE (12%) followed by wet
transfer to PVDF membranes (Millipore). The mem-
branes were then incubated with the antibodies against
V14, RpoA, RpoB, RpoCl, RpoC2, PsbA, PsbD, PsaB, or
NdhF. All these antibodies were obtained from BGI,
except for the V14 antibody, which was developed by
Abmart using a synthetic peptide EGRQPKTRDRCD
as the immunogen. All the protein levels were nor-
malized to NdhF by Image], which is shown in
Additional file 2C.

Chlorophyll fluorescence analysis

The experiments were performed following the protocol
published previously [53] with some minor modifica-
tions. Six plants for each group were dark-adapted for
20min before taking measurements with a PAM
fluorometer (Walz). All measurements were taken at the
same time during the day. A saturating pulse of radi-
ation (2700 pmolm_2 s~ 1) was applied to record the
maximum fluorescence yield (Fm), and a weak modulat-
ing radiation (0.5 pmolm™> s ™) was used to measure
the minimum fluorescence yield (Fp). The maximum
photosynthetic quantum yield was then calculated as Fv
(variable fluorescence yield)/Fm = (Fm-Fp)/Fm.

Abbreviations

mTERF: Mitochondrial transcription termination factor; PEP: The plastid-
encoded plastid RNA polymerase; NEP: The nucleus-encoded RNA polymer-
ase; Fv: Variable fluorescence yield; Fm: The maximum fluorescence yield;

Fo: The minimum fluorescence yield; NCBI: National Center for Biotechnology
Information
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Additional file 1. {4) Fine mapping of the V14 locus on chromosome 7.
The dashed line represents the genomic deletion in the promoter and
S‘untranslated and coding regions {— 1245 ~ + 38) in the v14 mutant.
Arrows indicate primers for detecting the endogenous and transgenic
fragments of V14 and v14 as shown in Fig. 1D. {B) Complementation of
the vi4 mutant confirmed by V14- and v?4-specific PCR in T; plants.

Additional file 2. Analysis of the psbD-containing transcripts by semi-
quantitative RT-PCR (31 cycles) {A), expression analysis of the rice sigma
factors by qRT-PCR (B), quantification of the immunoblotting analysis
shown in Fig. 2B by ImageJ (C), and analysis of the two intercistronic re-
gions {P1 and P2) of rpoB-poCi-rpoC2 in the second true leaves {grown
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at 25°C) of v14 by semi-quantitative RT-PCR (31 cycles) (D). {A), The posi-
tions of the primers are designated relative to the start codon of the
ORFs where they are located. {B), The significance compared to T65 was
analyzed by t test {n =3). (O, All the protein levels were normalized to
NdhF. {D), The two intercistronic regions {P3 and P4) of psaA-psaB-rpst4
were used as the control. {A) and {D), The images presented here are the
representatives of three biological repeats.

Additional file 3. High temperature (35 °C) rescued the cleavage of the
two intercistronic regions (P1 and P2) of the rpoB-rpoCi-rpoC2 precursor
in L1 of vi4. The semi-quantitative RT-PCR was carried out by 31 cycles.
L1, the first leaf. P3 and P4 are the two spacer regions in the psaA-psaB-
rpsi4 operon shown in Fig. 2C. The image presented here is the repre-
sentative of three biological repeats.

Additional file 4. Phylogenetic analysis of V14 in rice. The neighbor-
joining tree was built on protein sequences using the software PHYLIP
{version 3.66) and visualized with the software TreeView and MEGAS. Ar-
rows indicate the three genes with temperature-sensitive expression in
the second leaf {Fig. 4).

Additional file 5. Gene expression profiles of the other 27 V14-
homologous genes at different stages of leaf development at 25 °C and
35 °C. The relative expression levels shown here are the averages of three
independent experiments.

Additional file 6. Gene expression profiles of the other 27 V14-
homologous genes at different stages of leaf development at 25 °C and
35 °C. The relative expression levels shown here are the averages of three
independent experiments.

Additional file 7. Gene expression profiles of the other 27 V14-
homologous genes at different stages of leaf development at 25 °C and
35°C. The relative expression levels shown here are the averages of three
independent experiments.

Additional file 8 v/4 seedlings on various phytophormone treatments
at 25°C. Bar=0.5 cm; L1, the first true leaf; L2, the second true leaf.
Additional file 2. Primer sequences for complementation, RNAI, and the
assessment of the processing intermediates.

Additional file 10. Primer sequences for the mRNA expression profiling
of the chloroplastic gene transcripts.

Additional file 11. The un-cropped blot images of Figs. 1A, 2B, and .

Additional file 12. The original real-time PCR data for Figs. 2A, 3B, and
4A
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Selection of beneficial genomic variants was crucial for regional adaptation of crops during domestication, but the underlying
genomic basis remains largely unexplored. Here we report a genome-wide selective-sweep analysis of 655 japonica and 1,205
indica accessions selected from 2,673 landraces through principal component analysis to identify 5,636 non-synonymous single
nucleotide polymorphisms (SNPs) fixed in at least one subspecies. We classified these SNPs into three groups, jiS (japonica- and
indica-selected), jS (japonica-selected only), and iS (indica-selected only), and documented evidence for selection acting on
these groups, their relation to yield-related traits, such as heading date, and their practical value in cropping area prediction. We
also demonstrated the role of a jiS-SNP-containing gene in temperature adaptability. Our study informs genes underpinning
adaptation that may shape Green Super Rice and proposes a time-saving, cost-reducing selection strategy of genomic breeding,
sweep-SNP-guided selection, for developing regionally-adapted heterosis.
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INTRODUCTION

perate regions with longer days. During rice domestication,
humans selected for genomic variants that improved agro-

The two subspecies of Asian cultivated rice (Oryza sativa
L.), japonica and indica, domesticated from wild rice (O.
rufipogon Griff. and O. nivara Sharma et Shastry) (Fuller et
al., 2010), have distinct morphological and physiological
traits and regional distributions. Indica varieties are adapted
to lower-latitude tropical/subtropical regions with shorter
days; japonica varieties are adapted to higher-latitude tem-
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nomic traits and adapted to the local environment. These
genomic variants form the molecular foundation of indica-
Japonica differentiation, and thus are fundamental for un-
derstanding inter-subspecific heterosis and characterizing
germplasm. Studies have aimed to elucidate these genomic
variants since the release of whole-genome assemblies of the
first japonica cultivar, Nipponbare (Goff et al., 2002; Yu et
al.,, 2005), and several indica cultivars, 93-11 (Yu et al,
2002; Yu et al., 2005), Zhenshan 97 (Zhang et al., 2016),
Minghui 63 (Zhang et al., 2016), and Shuhui498 (Du et al.,
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2017). Whole-genome re-sequencing of 1,083 japonica and
indica varieties identified 1,120 functional variants that were
fixed in japonica or indica (Huang et al., 2012). Recently,
two whole-genome screens for variation in genes between
Japonica and indica provided additional insight (Sun et al.,
2015; Yuan et al., 2017). Despite these advances, the func-
tional significance of the identified variants/genes that differ
between japonica and indica remains to be clarified.

Heterosis provides major improvements in yield and ja-
ponica-indica hybrids may give the highest heterosis in rice
(Khush, 1995; Ouyang et al., 2009), but they face two major
challenges: reproductive barriers and the identification of
genetic combinations that generate hybrids that are adapted
to local conditions. Studies of japonica-indica hybrid ferti-
lity have identified ~50 wide-compatibility loci (Xie et al.,
2019) and two of them have been cloned (Chen et al., 2008;
Long et al., 2008). However, the comprehensive genomic
signatures of indica-japonica differentiation have yet to be
identified and clarified. Additionally, how the interplay be-
tween human-driven selection and geographical/ecological
adaptation shaped rice genetic diversity remains unclear. To
develop optimum japonica-indica hybrids, there is an urgent
need for deeper comprehension of the differences between
Japonica and indica.

Here we address these challenges by identifying selective
sweeps in japonica and indica populations followed by
functional validation. Our comparative, population genomics
approach harnessed a large collection of all published data as
of Jan 31 2019 for typical japonica and indica accessions,
which were defined by genomic data-based principal com-
ponent analysis (PCA). This comprehensive study revealed
single nucleotide polymorphisms (SNPs) within protein-
coding regions of adaptive significance for rice cultivars,
which may represent the “genomic guide” for breeding to-
wards regionally-adapted heterosis.

RESULTS

Genome-wide selective sweep analysis of japonica and
indica populations

We used 42,189 records of whole-genome Sequence Read
Archive (SRA) data from 5,166 Asian cultivated rice Bio-
samples (www.ncbinlm.nih.gov/sra/) with sequencing
depth>10x and aligned coverage depth>85%. There were
6,087,038 SNPs detected between the indica and japonica
panels. Subsequent SNP-assisted PCA filtered out 813 ad-
mixed accessions, after which 655 japonica and 1,205 indica
accessions distributed worldwide were retained (Figure 1A
and B; Tables S1-S4 in Supporting Information) for further
analysis. This PCA result was also consistent with that of a
tree-based selection (Figure S1 in Supporting Information).
To identify the selective sweeps, we searched for genomic
regions with reduced heterozygosity (Hp) (Rubin etal., 2010)
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concurrent with increased genetic distance (Fgp) (Axelsson
etal., 2013) between japonica and indica. Our analyses were
performed on sliding 10-kb windows and focused on those
with Hp<0.001 in either of the two panels and Fg;>0.95,
representing the extreme ends of the distributions (Figure
1C; Figure S2 in Supporting Information). Considering that
the regions reaching the Hp threshold but not the Fgp cut-off
may be subjected to selection as well, we included them for
further analysis along with those in the extreme windows.
We identified 5,636 non-synonymous SNPs within 3,224
protein-coding regions (Table S2 in Supporting Informa-
tion), which were categorized into three groups: jiS that were
selected in both japonica (for j alleles) and indica (for i
alleles) with Hp<0.001 and Fg>0.95 in either subspecies; /S
(only selected in japonica for j alleles) with Hp<0.001 and
Fg1<0.95 only in japonica; iS (only selected in indica for i
alleles) with Hp<0.001 and F¢<0.95 only in indica.

We used two candidate sweeps, SGI for grain shape
(Nakagawa et al., 2012) and 5ZIP73 for cold tolerance (Liu
etal., 2018), as a proof of principle for our approach to locate
high-confidence sweeps, as these two traits differ between
Japonica and indica varieties. Indeed, we observed japonica
Hp scores of zero over SG1 and bZIP73, indica Hp scores of
zero and 0.02943, and Fgy values of 1.00000 and 0.97050 for
SG1 and bZIP73 (Figure S3 in Supporting Information),
respectively, which exhibit high degrees of fixation in ja-
ponica and indica populations. Literature search and anno-
tations in the literature-based Oryzabase (Kurata and
Yamazaki, 2006) (https://shigen.nig.ac.jp/rice/oryzabase)
indicated that some of these candidate sweep genes relate to
the traits differentiated between japonica and indica vari-
eties, including grain shape, nitrogen sensitivity, disease re-
sistance, and cold tolerance (Table S3 in Supporting
Information). Here we present evidence for selection for cold
tolerance on a candidate sweep LOC Os07g39430 (V14,
Zhang et al., 2014) (Figure 2A). This sweep contained two
non-synonymous jiS SNPs and demonstrated almost com-
plete fixation not only in japonica and indica populations,
but also in O. rufipogon and O. nivara genomes (Figure 24A).
At 25°C the vI4 mutant (a V14-deficient japonica cultivar
T65) developed albinism in its first two true leaves (Zhang et
al., 2014), which may be reversed by high temperatures (30—
35°C). Cold temperature (15°C), however, may bring all
green-restored leaves of 25°C-grown vI4s back to albinism
(Figure 2B). We thus evaluated the effect of V14 on tem-
perature adaptability by genetic transformation of the vi4
mutant with the V147 (derived from T65) and V14-i (derived
from an indica cultivar HHZ) transgenes (denoted as Tj and
Ti, respectively). We observed that vI4/Ti showed higher
tolerance to heat stress (44°C) than v14/Tj (Figure 2C),
whereas vI4/Tj was superior to vI4/Ti under cold stress
(4°C) (Figure 2D). The higher cold-tolerance of Tj was also
observed in HHZ/Tj (Figure 2D). In contrast, all lines
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for 10-kb windows on chromosome 7. Below the graphs are two jiS SNPs in the coding region. B, Phenotypes of the v/4 mutant (a japonica cv. T65 mutant)
treated by a chilling temperature. C, Differential heat-stress tolerance of the v/4 mutant and its transgenic complementation lines with V74 (Tj) or V14-i
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bearing the endogenous or transgenic V'/4-i (HHZ, v14/Ti, exemplified the adaptive value of jiS SNPs, which con-
and HHZ/T}) exhibited more vigorous growth than the lines tributed to the genetic differentiation between japonica and
lacking 1"/4-i when grown at 33°C (Figure 2D), implicating indica, two divergent populations adapted to different agro-
I714-i in adaptation to indica-favored conditions. These data ecosystems.
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Evolution of the sweep SNPs during domestication

To validate the sweeps detected, we used genomic data from
wild rice and evidence of phenotypic changes associated
with the candidate loci. We first used SRA data to find the
candidate sweep SNPs in 58 O. rufipogon (Or-1I1 type
(Huang et al., 2012)) and 67 O. nivara (Or-1 type (Huang et
al., 2012)) accessions (Table S4 in Supporting Information),
which mainly contributed to the japonica and indica gen-
omes, respectively. About 94% of the SNPs (5,321/5,636)
uniquely mapped to the O-I and O#-III genomes where the
major allele frequencies at 3,370 sites were at least 0.80. The
evolutionary relationships among Oryza genomes calculated
from these 3,370 sites (Figure 3A) are consistent with those
based on whole-genome SNPs (Ammiraju et al., 2008,
Huang et al., 2012; Stein et al., 2018). We observed that 46%
of these sites (1,549/3,370) differed between the O-I and
Or-I11 genomes (“dimorphic sites”), whilst the rest were
identical between Or-I and O#-IlI (“monomorphic sites”)
(Figure 3B), suggesting that new mutations were introduced
at the monomorphic sites during domestication. Indeed,
fixed mutations were seen at 33% (606/1,821) and 1%
(27/1,821) of these “monomorphic sites” in the japonica and
indica genomes, respectively (“Fym” and “Fim”, respec-
tively) (Figure 3B). The progenitors’ genotypes, meanwhile,
occupied the rest of the “monomorphic sites” but were fixed
only at 31% (569/1,821) and 62% (1,126/1,821) in the ja-
ponica and indica genomes, respectively (Figure 3B). As for
the 1,549 “dimorphic sites”, most of the Or-I11 type and Or-1
type alleles became fixed in the japonica and indica gen-
omes, respectively (Figure 3B). These findings support the
hypothesis that the mapped sites represent targets of natural
and artificial selection during domestication.

We further elaborated on the evolution of 3,370 mapped
sites during rice domestication. Out of the 1,549 “dimorphic”
sites, 886 jiS SNPs were inherited from the standing di-
morphism between the Or-III and Or-I genomes, whereas
325 and 338 were classified to the jS and iS groups in ja-
ponica and indica, respectively (Figure 3C). Regarding those
“monomorphic” sites, 95% (482/507) and 5% (25/507) of the
JiS group were derived from Fjm and Fim, respectively
(Figure 3C). For the monomorphic site-derived jS and iS
SNPs, most of them (544/668 and 644/646, respectively)
inherited the wild rice alleles, whilst the rest (124 and 2)
were derived from Fjm and Fim, respectively (Figure 3C).
These results support our speculation that the “mono-
morphic” sites may serve as hotspots in the recently diverged
genes with adaptive potential. In agreement with this notion,
the Ka/Ks ratios (Ka, the number of non-synonymous sub-
stitutions per non-synonymous site; Ks, the number of sy-
nonymous substitutions per synonymous site) calculated for
Fjm and Fim sites were greater than 1.0 (Figure 3C), in-
dicating positive selection at these sites during domestica-
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tion. Literature search showed that many of the Fyms and
Fims fall within the genes responsible for disease resistance
and stress tolerance (Tables S5 and S6 in Supporting In-
formation). The evolution of these 3,370 sites during do-
mestication reflects the interplay between divergent natural
selection and frequent breeding activities driving the for-
mation and maintenance of the two subspecies.

Differential allele biases at sweep SNP sites in different
environments

We next validated selection acting on the candidate sweep
SNPs by analyzing three recombinant inbred line (RIL) po-
pulations derived from three different japonica-indica
crosses generated in two different regions in China with
distinct climates (Figure 4A). RIL-B-GZ (Fo) was bred in
subtropical China (Guangzhou, GZ) with breeding selections
for optimum agronomic traits. RIL-GZ (F,) and RIL-SY
(Fip) (L1 et al,, 2018) were produced in Guangzhou and a
temperate area Shenyang (SY), respectively, without artifi-
cial selection. We randomly selected five RIL-B-GZ lines
and 112 RIL-GZ lines for genotyping. For RIL-SY, we used
published whole-genome data for 151 lines (Li et al., 2018).
Given the possible pedigree introgression between japonica
and indica varieties during breeding, we filtered out any
SNPs that were monomorphic between the parental lines.
The analysis revealed significant differences in allele bias
between the two locations. In GZ more indica alleles occu-
pied the jiS and iS sites, whilst in SY more japonica alleles
existed in the jiS and jS groups (Figure 4B). These allele
biases were absent at the non-selected (NS) sites and the jS
and S sites in the RIL-GZ and RIL-SY lines, respectively
(Figure 4B), reflecting differential selection biases in varied
environments. Furthermore, comparison of the RIL-B-GZ
and RIL-GZ lines indicated a much stronger indica bias in
the RIL-B-GZ lines (Figure 4B; Table S7 in Supporting In-
formation), which suggests that human-driven selection in-
creased selection pressure on sweep regions, thus
maximizing environmental effects on genomic differentia-
tion.

Effects of selection biases on a yield-related trait, head-
ing date

To investigate the effect of differential selection biases on
agronomic traits, we revisited published genomic and
phenotypic data for the 151 RIL-SY lines (Li et al., 2018)
(Table S8 in Supporting Information). Pearson’s bivariate
correlation analysis showed that 312 and 248 sweep SNPs
(Table S9 in Supporting Information) were strongly cor-
related with the heading date in a subtropical area Shen-
zhen (SZ) and a temperate region SY, respectively (Figure
4C; Table S10 in Supporting Information): the frequency
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Figure 3 Evolution of the sweep SNPs during domestication. A, Phylogenetic relationships built among Oryza genomes using the 3.370 sweep SNPs that
mapped to the genomes of the wild progenitors, O. rufipogon and O. nivara, with major allele frequencies>0.8 are shown in a maximum-likelihood tree with
a bootstrap value of 1,000. B, Sweep SNPs derived from O. rufipogon and O. nivara. The figures in the pie charts represent the numbers of the SNP sites that
mapped to O. rufipogon and O. nivara genomes with major allele frequencies>0.8, of which 1.549 are “dimorphic sites™ and 1,821 are “monomorphic sites™.
For the mutations observed at the “monomorphic sites™ in japonica and indica genomes, Fjm and Fim represent fixed mutations and jm and im denote random
mutations in japonica and indica, respectively. C. Delineated evolution of the 3.370 mapped SNPs. Per differential selection, the sweep SNPs were
categorized into three groups, jiS (japonica- and indica-selected), /S (japonica-selected only), and iS (indica-selected only). Ka/Ks>1.0 indicate positive
selection at the corresponding sites. Na, null value.
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Figure 4 Selection acting on the sweep SNPs. A, Development of the japonica-indica RILs with or without breeding selections in two different locations.
B. Frequencies of the japonica and indica alleles at sweep SNP sites and 103,988 NS sites in the RIL populations. * and ***, significant differences to NS at
P<0.05 and P<0.001, respectively. The primary genomic and phenotypic data in B, C, and D for RIL-SY are from a previous report (Li et al., 2018). C,
Correlations between the allele frequencies at the heading-date-correlated sites and heading date of RIL-SY's grown in Shenzhen and Shenyang. Trend lines
were added on the bar graphs to indicate the linear correlation in Pearson correlation analysis. R-squared values of the trend lines are also shown. D, A
prediction model for cropping areas based on the latitudinal distribution-correlated sweep SNPs. The primary genomic and geographic datasets of 736
Chinese lowland accessions are from a previous report (Li et al., 2020). The cultivation regions are divided by latitude and displayed in the left table. with

prediction accuracy shown in the right panel.

of the indica alleles was positively correlated whereas the
frequency of the japonica alleles was negatively corre-
lated. Among these heading-date-correlated SNPs, 82 were
shared by the SZ and SY groups (Table S9 in Supporting
Information). To test our sweep-SNP-trait correlations, we
showed the Pearson’s correlation for three functionally-
validated/annotated heading-date-related genes (Table S3
in Supporting Information) containing seven heading-date-
correlated SNPs (Table S9 in Supporting Information):

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

165

LOC_0s03g03990, LOC_0s05g41070 (//BF1. Brambilla
et al., 2017). and LOC_Os09g38790 (SI/P1, Jiang et al.,
2018) (Figure S4A in Supporting Information). Given that
moderately late heading is preferred in subtropical regions
whereas relatively early heading is desired in higher lati-
tudes, these findings were consistent with the selection
biases differentiated between subtropical and temperate
areas, stressing the significance of sweep SNPs for re-
gional breeding.

http://www.cnki.net
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A sweep-SNP-based statistical model for cropping area
prediction

We further explored the application of sweep SNPs to pre-
dicting suitable cropping areas for rice cultivars. To build our
genomic prediction model, we selected by PCA 472 japonica
and 264 indica Chinese lowland accessions growing in sin-
gle latitudes with available genomic and geographic datasets
(Li et al, 2020). Pearson’s bivariate correlation analysis
identified 214 and 280 sweep SNPs (Table S11 in Supporting
Information) in the japonica and indica genomes, respec-
tively, strongly correlated with the latitudinal distribution
among five japonica (R1-R5) and three indica (R1-R3)
cultivation regions (Figure 4D). The allele frequencies of
these SNPs coupled with the PCA-based environmental
covariables of R1-R5 were used for modeling (Methods). To
test this model we first compared the prediction performance
of latitudinal distribution-correlated sweep SNPs, non-se-
lected SNPs, and 4dTVs (Fourfold degenerate synonymous
sites of the third codons) using all 736 rice accessions (616
modeling-involved and 120 modeling-uninvolved). We ob-
served that the sweep SNPs significantly outperformed the
other two in prediction accuracy, reaching 83.7% and 93% in
average in R1-R3 and R1-RS5, respectively (Figure S4B,
Tables S12 and S13 in Supporting Information). We next
used two cross-validation (CV) schemes to assess the model
prediction accuracy: predicting the locations of all (CV1)
and random samples with different sizes (CV2) from 736 rice
accessions. The results showed that most of the japonica and
indica landraces were correctly located in CV1 (Figure 4D;
Table S12 in Supporting Information), and that over 85%
average prediction accuracy was achieved across nine sam-
pling sizes for both japonica and indica in CV2 (Figure S4C
and Table S14 in Supporting Information), suggesting the
high predictability for rice planting areas by sweep-SNP-
guided modeling.

DISCUSSION

Our study provides the genomic landscape of indica-japo-
nica differentiation. While there have been a few attempts
before (Huang et al., 2012; Sun et al.,, 2015; Yuan et al,,
2017) at illuminating the genomic base of indica-japonica
differentiation, our comparative, population genomics ana-
lysis features the application of whole-genome SNP-based
PCA to sample clustering along with sample descriptions.
This PCA-assisted sample filtering helped rule out the ad-
mixed accessions that may mask the real difference between
Japonica and indica populations, and thus lowered the sig-
nal-to-noise ratio of our selective sweep analysis where
3,224 sweep-SNP-containing protein-coding genes were
identified. As these genes are selected for during domes-
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tication, they are informative targets for basic research pro-
jects respecting rice development, where functional
differentiation between indica and japonica should be con-
sidered. In addition, the availability of these genes permits
the practical utility of them as potential targets for genomic
breeding efforts and to predict agronomic potential, due to
the fact that selection signatures confer many valuable
agronomic traits on Green Super Rice (GSR) (Meyer et al.,
2016; Olsen et al., 2006; Olsen and Purugganan, 2002; Wing
etal, 2018), a new generation of sustainable crops proposed
to meet future demands for yield increase, quality improve-
ment, reduced fertilizer requirement, and resistance to dis-
ease and stress (Zhang, 2007).

Our work also introduces a sweep-SNP-guided selection
strategy for breeding regionally-adapted cultivars, which
stems from the adaptive value of sweep SNPs demonstrated
here. In this regard, incorporation of our cropping area pre-
diction model with allele frequencies at the sweep SNP sites
may be applied to guide and accelerate selection of genetic
combinations and hybrid lines that are adapted to targeted
growing areas, which holds the key of genomic design and
whole-genome selection, the two major phases of genomic
breeding, respectively (Wing et al., 2018). This application
only requires low-depth sequencing (1x minimum) of 5,636
sweep SNP sites instead of whole-genome, which may help
reduce breeding costs. Furthermore, this selection platform
allows breeders to locate appropriate growing areas for those
hybrid lines not well adapted to local conditions but dis-
playing good agronomic characteristics, which further makes
the breeding process more cost-effective. The sweep-SNP-
guided selection strategy, if adopted, may also work for other
crop systems. Overall, our sweep-SNP map offers founda-
tional resource for both basic research and crop improve-
ment.

MATERIALS AND METHODS

Sequence sources

All the genomic data for selective sweep analysis were
downloaded from the SRA at the National Center for Bio-
technology Information (NCBI) (www.ncbi.nlm.nih.gov/sra/)
where the filters “DNA”, “genome”, “platform illumina”,
and “paired end”, were applied by Jan 31 2019. The data
selected for analysis were required to have BioSample ac-
cession numbers (https://www.ncbi.nlm .nih.gov/biosample/)
with “library strategy=WGS”, “library source=genomic”,
“library _selection=random”, read length >75 bp, sequencing
depth>10x, and aligned coverage depth>85%.

SNP detection and analysis

Prior to the alignment of japonica and indica data to
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Nipponbare MSU v7.0 (http://rice.plantbiology.msu.edu/)
(Kawahara et al., 2013) and Minghui 63 (MH63) (RIGW,
http://rice.hzau.edu.cn/rice/) (Zhang et al., 2016) genomes,
respectively, we first aligned the published data of these two
reference genomes on blastn (https://blast.ncbi.nlm.nih.gov/),
followed by the application of L-INS-i algorithm im-
plemented in a multiple sequence alignment program mafft
(v7.475, https://mafft.cbrc jp/alignment/software/) for more
accurate pairwise sequence alignment. The parameters ap-
plied in mafft were as follows: - -localpair - -maxiterate
1000. All the paired-end reads for japonica and indica ac-
cessions were aligned with the BWA-0.7.16a (r1181) aligner
(L1 and Durbin, 2009) (setting: bwa aln -n 0.04). After the
BAM files were sorted and indexed by samtools-1.4 (http://
samtools.sourceforge.net/) (Li, 2011), SNPs were called
using the Genome Analysis Toolkit (GATK) following the
instruction on hard filter application (https:/gatkforums.
broadinstitute. org/gatk/discussion/2806/howto-apply-hard-
filters-to-a-call-set). The parameters applied were as follows:
QD<2.0, FS$=>60.0, MQ<40.0, MQRankSum<-12.5, and
ReadPosRankSum<—-8.0. A minimum of three reads sup-
porting the non-reference allele were required to call an SNP.
All reported SNPs are unique sites. To calculate allele fre-
quencies in the japonica and indica populations, we called
genotypes for all SNPs by counting the sequencing reads
with a minimum base quality of 20 that support either the
reference or variant alleles.

Population structure analysis

Phylogenetic trees were built on the matrix of pairwise
genetic distances derived from simple SNP-matching
coefficients, using jModelTest (version 2.1.7) (Posada,
2008) to choose the best-fitting model according to AICc
and the maximum likelihood method implemented in raxml
(version 8.2.12) (Stamatakis, 2014) with 1,000 bootstrap
replicates. Principal component analysis was performed
using PLINK 1.9 (Chang et al., 2015; Purcell et al., 2007)
and Genome-wide Complex Trait Analysis (GCTA, version
1.26.0, http://cnsgenomics.com/software/gcta/) (Yang et
al,, 2011) on the filtered SNPs (MAF=>0.05) at the whole-
genome and chromosome levels, both of which generated
two apparent clusters, japonica and indica. The rice ac-
cessions carrying two or more chromosomes scored<10%
deviation on either side from the midpoint of the minimum
pairwise distance between the japonica cluster and the in-
dica cluster for PC1 were defined as admixed accessions,
which were not included in the subsequent selective sweep
analysis.

Selective-sweep analysis

Allele counts and allele frequencies at all identified SNP
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sites (6,087,038 in total) were used to detect selective
signals in 10-kb windows with a step size of 5 kb. We first
calculated the average pooled heterozygosity (Hp) in all
the windows following the methodology described in the
references (Rubin et al., 2010; Axelsson et al., 2013).
Briefly, at each SNP position we counted the numbers of
reads corresponding to the most and least frequently ob-
served allele (1,47 and myy, respectively) in each popu-
lation, and estimated Hp wusing the formula
Hy=2 myar 2/ (ZnMAJ+ZnDA]N)2> where Yy, and
Yoy are sums of my,; and myy, respectively, in each
window. The windows in the extreme tail of the distribu-
tion, of which have Hp<0.001, were extracted as the pu-
tatively selected regions (Figure 1C). We then calculated
Fgrvalues between japonica and indica using the method
for unequal sample sizes (Weir and Cockerham, 1984). We
applied an Fgr>0.95 cut-off to extract the windows at the
extreme higher end of the distribution (Figure 1C). Win-
dows having Fgp>0.95 with Hp scores below 0.001 in ei-
ther of the populations were selected as putative selective
sweeps. Considering that the windows reaching the Hp
threshold but with Fgp values lower than 0.95 might be
under selection as well, we included these windows for
further validation along with those extreme windows. To
preclude spurious fixation signals, we ruled out the win-
dows containing fewer than 10 informative sites for both
Hp and Fgp analyses. According to differential selection
states, the putative sweep SNPs were classified into three
groups: jiS (selected in both japonica and indica) with
Fgr>0.95 and Hp<0.001 in either subspecies; jS (only
selected in japonica) with Fgp<0.95 and Hp<0.001 only in
Japonica; iS (only selected in indica) with Fgp<0.95 and
Hp<0.001 only in indica.

Estimation of the rates of synonymous and nonsynon-
ymous substitution

Ka/Ks ratios were calculated for 3,370 sweep SNP sites that
mapped to O. rufipogon (Or-111 type) and O. nivara (Or-1
type) (Huang et al., 2012) genomes. Only the exons within
the coding regions carrying the Fym, Fim, j=r, i=n, j=n=r, or
i=n=r sites were applied to Ka/Ks calculation. The multiple
sequence alignment among O. rufipogon, O. nivara, japo-
nica, and indica populations was performed using the E-INS-1
algorithm implemented in mafft (v7.475, https://mafft.cbre.
jp/alignment/software/) that assumes that the arrangement of
the conserved motifs is shared by all sequences. The max-
imum iterative refinement cycles were set at 1,000. The
aligned coding sequences were then subjected to Ka/Ks
calculation using the kaks function provided in the seqinr
package 3.6-1, which is based on an unbiased estimation of
the rates of synonymous and nonsynonymous substitution
(Tzeng et al., 2004).

167



1378 Wang, M., et al.

RILs analysis

Seeds from the RIL-B-GZ lines were kindly provided by Dr.
Feng Wang of Guangdong Academy of Agricultural Science.
Seeds were grown in a growth chamber set at 28°C for leaf
collection. For the RIL-SY lines, all the genomic sequences
were obtained through the links in the reference (Li et al.,
2018). The RIL-GZ lines were generated and maintained by
our laboratory. Genomic DNA was extracted from leaves
using a DNeasy Plant Mini Kit (QIAGEN, Germany), and
genotyped on Illumina HiSeq2500 system.

Pearson correlation coefficient

The phenotypic data of the 151 RIL-SY lines were down-
loaded through the links in the reference (Lietal.,, 2018). The
correlation coefficients were computed in R using the
cor.test() function that returns both the correlation coefficient
() and the significance level (P-value) of the correlation.
The ggpubr R package (Ginestet, 2011) was used for data
visualization. The SNPs having [r|>0.7 together with P<0.01
were considered strongly correlated SNPs. The summary of
the 7 scores is in Table S12 in Supporting Information.

Sweep-SNP-guided modeling for cropping zone predic-
tion

Published genomic and geographic datasets for 736 Chinese
rice landraces were downloaded through the link in the re-
ference (Li et al, 2020). The landraces were selected for
modeling by PCA, and the cultivation areas were divided by
latitude (R1-R5, Figure 4D). Pearson’s bivariate correlation
analysis was performed to identify latitudinal distribution-
related sweep SNP sites where allele frequencies correlate
with standardized latitude values. The allele frequencies (j-
allele frequencies for japonica accessions and i-allele fre-
quencies for indica accessions) at these sites were then used
to build a prediction model incorporating the PCA-based
environmental covariables of R1-RS. This model is available
at http://pbgarl.scgene.com.

Genetic transformation and treatments

The fragments including the promoter and the coding and
downstream regions of V14-j and V14-i were amplified from
T65 and HHZ genomic DNA, respectively, using the primers
V14P5 (gcttttteatatetcattgecccccGAGGGTGGTTGGAGA-
GGAAG) and V14P3 (tctctetegagcetttcgeagatcccGGA-

GCCGCACGTTGGTCTGCA). The PCR products were
then cloned into a plant expression vector pPCAMBIA 1380
with a Gibson Assembly® Master Mix (New England Bio-
labs, USA), followed by Agrobacterium-mediated transfor-
mation into the vI4 mutant and HHZ. Transgene expression
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was confirmed by Sanger-sequencing the RT-PCR (reverse
transcription-polymerase chain reaction) products of V14-
c¢DNA. For the heat and cold treatments, all the plants were
grown in growth chambers with the designated conditions.

Data availability

The genomic data for RIL-B-GZ and RIL-GZ lines are de-
posited in GenBank (http://www.ncbi.nlm.nih.gov/genbank/)
with the accession# PRINA623486.
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