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Abstract

Cellulose and lignin are the two main components of secondary plant cell walls with
substantial impact on stalk in the field and on straw during industrial processing.
The amount of fermentable sugar that can be accessed is another important param-
eter affecting various industrial applications. In the present study, genetic variabil-
ity of rice (Oryza sativa L.) genotypes for cellulose, lignin, and fermentable sugars
contents was analyzed in rice straw. A genome-wide association study of 33,484 sin-
gle nucleotide polymorphisms (SNPs) with a minor allele frequency (MAF) >0.05
was performed. The genome-wide association study identified seven, three, and
three genomic regions to be significantly associated with cellulose, lignin, and fer-
mentable sugar contents, respectively. Candidate genes in the associated genomic
regions were enzymes mainly involved in cell wall metabolism. Novel SNP markers
associated with cellulose were tagged to GH16, peroxidase, GT6, GTS, and CSLD2.
For lignin content, Villin protein, OsWAK1/50/52/53, and GH16 were identified. For
fermentable sugar content, UTP-glucose-1-phosphate uridylyltransferase, BRASSI-
NOSTEROID INSENSITIVE 1, and receptor-like protein kinase 5 were found. The
results of this study should improve our understanding of the genetic basis of the fac-
tors that might be involved in biosynthesis, turnover, and modification of major cell

wall components and saccharides in rice straw.

of straw behind (Santos et al., 2017). Dry rice straw is
composed of about 35-47% crystalline cellulose with a

Rice (Oryza sativa L.) is among the most consumed cere-
als in the world. Close to 1 billion tons of rice are con-
sumed annually, which leaves more than 1.1 billion tons

Abbreviations: CesA, cellulose synthase; CSC, cellulose synthase
complex; GH, glycoside hydrolase; GO, gene ontology; GT,
glycosyltransferase; GWAS, genome-wide association study; sz,
broad-sense heritability; LD, linkage disequilibrium; PC, principal
component; PM, plasma membrane; QTL, quantitative trait loci; SNP,
single nucleotide polymorphism; WAK, wall-associated kinase.

high degree of polymerization, 18% branched low-molecular
weight hemicellulose, and 19-24% lignin (Santos et al.,
2017). This cell wall composition makes the plant mechan-
ically strong to become resilient against lodging and to pro-
vide a first barrier against pests and diseases (Saeed, 2018).
In addition to the use of rice straw in bioenergy produc-
tion, that is, biofuels, bioethanol, and biomethane gas as fos-
sil fuel replacement (Mahlia et al., 2020), it can be used
in formulations of animal feeds, mushroom bed preparation
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(Demont et al., 2020), heavy metal biosorption toward health
and environmental preservation (Amer et al., 2017; Kardam
et al., 2014), pulp and paper raw material production (Kaur
et al., 2017), and medicine in forms of drug carriers by means
of cellulose fibers (Yusefi et al., 2020). Rice straw can also
be used to produce monomeric sugar required for production
of biosurfactants (Makkar et al., 2011). The silica present in
dried rice straw (~15%) can contribute to the ever-increasing
demand of numerous industries (Oladosu et al., 2016).

Although agricultural residues are valuable resources for
bioethanol production, the complex nature of plant cell walls
limits the bioavailability of fermentable sugar; the recalci-
trance of cell walls to depolymerization and fermentation
is dependent on lignin content and the interrelationship of
cellulose microfibrils with so-called matrix polysaccharides
(hemicellulose) (Robak & Balcerek, 2018). Cellulose is con-
sidered to be the main producer of glycosyl residues as the
most valued fermentable sugar via enzymatic hydrolysis. Cel-
lulose is synthesized and assembled (Figure 1) in the plasma
membrane (PM) by cellulose synthase (CesA) complexes
(CSCs) that are initially being assembled in Golgi appara-
tus and delivered to PM (Polko & Kieber, 2019). Cellulose
is an indispensable part of both primary and secondary cell
walls. In the rice straw secondary cell wall, cellulose together
with noncellulosic polysaccharides are immersed in a matrix
of lignin, forming an abundant but indigestible composite (lig-
nocellulose) (Donev et al., 2018). Lignocellulosic compounds
are widely used as a raw material in the production of second-
generation biofuels (Q. Liu et al., 2018; Tan et al., 2016). The
degrees of lignification, cross-linking of polysaccharides to
each other by ferulic acid, and crystallinity of cellulose cause
recalcitrance in lignocellulosic materials (Gupta et al., 2011).
Lignin inhibits saccharification processes aimed at produc-
ing simple sugar for fermentation to ethanol (Wegrzyn et al.,
2010) and therefore acts as a hindrance in the process of
biomass to biofuel. Physical and chemical pretreatments are,
therefore, necessary to facilitate biomass digestion by remov-
ing some xylans and lignin to enable enzymes to gain access
to the hydrophobic cellulose face (Baruah et al., 2018) and
release simple sugar (saccharification). In a balancing act
between food and biofuel production, sometimes the win-
ners are dedicated energy crops including herbaceous crops
such as switchgrass (Panicum virgatum L.), reed canary grass
(Arundo donax L.) and bamboo (Fargesia nitida L.) (Glithero
et al., 2015; Shortall, 2013). However, a win-win situation
can be envisaged when cereals are being considered, as these
crops produce both food grains and raw fermentable mate-
rials (straw + husk) that can be used to produce bioethanol
(Townsend et al., 2017).

Many initiatives have been taken in recent years to improve
the pretreatment or other aspects of industrial biomass pro-
cessing to improve the yield of released fermentable sugar
(Guragain & Vadlani, 2021; @stby et al., 2020). In addi-

Core Ideas

* GWAS was conducted for cellulose, lignin, and fer-
mentable sugar contents in rice straw.

* GWAS was conducted for the first time for cellu-
lose in rice straw.

* Many QTLs were found for rice straw composition,
some of which are reported for the first time.

* New candidate genes were found in vicinity of
genomic regions associated with studied traits.

tion to the process optimization of saccharification and fer-
mentation (Sukma et al., 2019; Takano & Hoshino, 2018),
attempts to change the plant cell wall structure to reduce
its recalcitrance have been undertaken, and most have been
dependent on silencing the genes that directly/indirectly pro-
duce the bulk of plant biomass to provide raw materials for
bioprocessing next to other processing means (Kalluri et al.,
2014). Therefore, knowing which genes and proteins define
the amount and structure of the main constituents of cell walls
in rice straw would be beneficial in designing future crops
toward targeted applications.

Genome-wide association studies (GWASs), also known as
linkage disequilibrium (LD) mapping, provide the opportu-
nity to find the correlation between phenotypes and associated
markers in a high-resolution manner (Alqudah et al., 2020;
Rosyara & Joshi, 2012). Choosing the right population in
terms of diversity and number, availability of marker-enriched
linkage groups for genotyping, and precision-phenotyping
greatly enhances the resolution of GWAS findings toward
the definition of candidate associated genes (Nayyeripasand
et al., 2021; Nguyen et al., 2020). Rice straw GWAS have
so far focused on biomass digestibility (Norton et al., 2018),
lignin, and saccharification (Nguyen et al., 2020), whereas
no such report has been presented for cellulose content. A
small number of studies from other plants have shown that
genes other than members of the CesA family and quan-
titative trait loci (QTLs) are involved in cellulose content
(Houston et al., 2015; Kaur et al., 2017; K. Li et al., 2016;
Miao et al., 2019; Niyitanga et al., 2019; Shiringani & Friedt,
2011; Thumma et al., 2010; Xu et al., 2017). For example, a
barley (Hordeum vulgare L.) GWAS identified members of
the glycosyltransferase (GTs) and glycosyl hydrolase (GHs)
families as candidate genes associated with cellulose con-
tent (Houston et al., 2015). Wheat (Triticum aestivum L.)
GWAS introduced B-tubulin and the auxin-induced protein
5NG4 as candidate genes (Kaur et al., 2017). Rice QTLs
associated with lignin and fiber content were reported to be
gADF-9, qADL-9, qADF-2, and qADF-3 (Bao et al., 2007).
In another study, eight related lignin monomers and biomass



PANAHABADI ET AL.

The Plant Genome .0 3o0f17

synthesis of
k. CesAsin ER

1 @ CESAL
@ © CESA3

O . % es
A

o

) @ CESA6/2/5/9

CesAs assembly into rings \/"

of 6-8 triplet proteins with
the contribution of STL1/2

FIGURE 1

=

£ [ e

extrusion of
cellulose fibrils

saxa|dwod
|eUIWIR) 3119501

$

Trafficking of cellulose synthase complex (CSC) in plant cells. Cellulose synthase (CesA) proteins are being synthesized in

endoplasmic reticulum and with the help of STELLO1 and 2 (STL1/2; GT75) are being assembled into CSC in Golgi apparatus (Zhang et al., 2016).
Cortical microtubule-associated (CMT) vesicles carry CSC to plasma membrane (PM) (Crowell et al., 2009; Gutierrez et al., 2009) with the help of
exocyst complex (Zhu et al., 2018). Exocyst is in interaction with CesA6 and POM2/CSI1, which the latter interacts with PATROL1 (PTL1) protein
(Zhu et al., 2018). SHOU4/4L involves in regulating CesA exocytosis and therefore levels the cellulose synthesis (Polko et al., 2018). For proper
CMT spacing during cellulose synthesis, CMT-interacting CELLULOSE SYNTHASE MICROTUBULE UNCOUPLING (CMU) is necessary (Liu
etal., 2016). KOR (an endoglucanase) interacts with CesAs and defines their processivity (Vain et al., 2014). COBRA (COB) found in apoplast
regulates the orientation of extruded cellulose microfibrils (L. Liu et al., 2013; Roudier et al., 2005). SOS5 (SALT-OVELY SENSITIVES) and
FEI1/2 (a leucine-rich repeat receptor like kinase) regulate cellulose biosynthesis (Basu et al., 2016)

digestibility QTL clusters were found for rice straw (Hu et al.,
2018). A GWAS for maize (Zea mays L.) lignin presented
xyloglucan endotransglucosylase/hydrolase among others (K.
Lietal., 2016), while laccase and peroxidase genes were pro-
posed for rice (Nguyen et al., 2020). For fermentable sugar
content, a QTL for cellulose digestibility was reported in
a recombinant inbred population of maize (Penning et al.,
2014). In arice biparental population, a broad region on chro-
mosome 1 was identified to have an impact on straw digestibil-
ity (B. Liu, Gémez et al., 2016). Overexpression of the OsAz10
gene, expressing a BAHD acyltransferase, altered the amount
of saccharification in rice straw (Bartley et al., 2013). Later,
overexpression of OsAt¢I0 in switchgrass enhanced sacchari-
fication of lignocellulosic biomass (G. Li et al., 2018). Rice
GWAS for fermentable sugar revealed the probable involve-
ment of BAMYB48, OsIRX9, and CesA 11 in defining the con-
tent (Nguyen et al., 2020).

Here, we have used rice as a model plant with genomic
data available to decipher the genes that might be involved
in defining cellulose, lignin, and fermentable sugar contents.
An understanding of the natural variability of cellulose and

lignin contents, and the potential for cell wall saccharification
in plants could, if associated with specific genomic regions,
facilitate the enhancement of the industrial applications of
rice.

2 | MATERIALS AND METHODS

2.1 | Plant material

A previously genotyped set of global rice accessions from
82 countries (Zhao et al., 2011) was received from the
T. T. Chang Genetic Resources Center, International Rice
Research Institute (IRRI) and grown in Sari Agricultural Uni-
versity (Northern Iran) on 2017-2019 in three replicates.
One hundred seventy of the grown accessions were randomly
selected for association mapping of cellulose, lignin, and
fermentable sugar in rice straws (Supplemental Table S1).
Accessions were TEJ (temperate japonica), IND (indica),
AUS (aus), ARO (aromatic), TRJ (tropical japonica) ADMIX
subpopulations. Single nucleotide polymorphisms (SNPs)
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information for the rice 44.1 K SNPs array (Zhao et al.,
2011) was downloaded from the Gramene portal (http://
gramene.org). The rice accessions were sown in plots of 2 X
2 m? with 25 cm within rows spacing. Superphosphate triple
(180 kg/ha at plowing): urea (100 kg/ha at seedling stage):
potash (80 kg/ha at plowing stage) were given to plants. Plots
were hand harvested at maturity and straw was stored at
25 °C.

2.2 | SNP genotyping data

The development and sequencing of a SNP array hybridiza-
tion for the rice population have previously been described by
Zhao et al. (2011). Briefly, previously published 44,100 SNP
data from a 44K SNP array, resulting in genotype data from
33,484 high-quality SNP markers, were used for GWAS.

2.3 | Measurement of cellulose, lignin, and
fermentable sugar contents

At the stage of complete maturity, first internodes (from the
top) were randomly collected from each accessions in three
replicates, ground with a mill, and filtered with a 0.1-mm
mesh. Crystalline cellulose content was determined using the
Updegraff acetic acid/nitric acid method (Updegraff, 1969)
with modifications as described in Pettolino et al. (2012).
Briefly, 1 ml of acetic acid:water:nitric acid (8:2:1) was added
to 50 mg dried tissue, vortexed, and incubated at 100 °C for
4 h. The tubes were cooled to 22 °C and centrifuged in a
swing-out rotor at 10,000 rpm for 10 min. The pellet was
washed four times with dH,O, vortexed in between, and the
repelleted by centrifugation at 10,000 rpm for 10 min, fol-
lowed by a 90% ethanol wash. The tubes were dried at 80 °C
and the amount of cellulose was measured as dry weight.

Lignin was measured using the Klason method (Dence,
1992). Briefly, 1 ml 72% (v/v) sulfuric acid was added to
100 mg dried tissue, vortexed, and incubated at 22 °C for
2 h. Water (30 ml) was added, vortexed, and centrifuged at
13,000 rpm to pellet lignin. The tubes were dried at 80 °C to
determine lignin content. If a visible pellet was not obtained
with one step centrifugation, the second round was carried
out.

Fermentable sugar were determined in two steps: chemical
pretreatment and a hydrolytic process optimized by Lee et al.
(2017). Cut pieces of rice straw (2-3 cm) were sieved through
a0.36-1.00 mm mesh and pretreated with 1% (v/v) of sulfuric
acid at 95 °C for 60 min (Ong et al., 2012). The treated straw
was washed with dH,O, dried at 60 °C, and used for enzy-
matic hydrolysis. Straw (100 mg) was pretreated with sulfu-
ric acid, incubated with 0.1 M of citrate buffer (pH = 6.0),
and 0.1 ml of cellulase (Accellerase 1000; Sigma-Aldrich)

at 50 °C for 48 h at 100 rpm on a rotary shaker (Hsu et al.,
2010). The concentrations of reducing sugar were analyzed
using the di-nitrosalicylic acid reagent and compared to a stan-
dard glucose curve (Lee et al., 2017). Each 10 ml of sam-
ple solution was mixed with 1 ml of di-nitrosalicylic acid
reagent and heated in boiling water for 5 min. The solution
was cooled down to 22 °C and the absorbance was measured at
540 nm.

2.4 | GWAS analysis

Analysis of population structure among rice accessions was
performed by principal components analysis (PCA) in TAS-
SEL (Bradbury et al., 2007). The PCA analysis and cor-
responding plot were generated using GAPIT, the genomic
association and prediction integrated tool (Lipka et al., 2012).
The kinship matrix was obtained using TASSEL v.5 and visu-
alized in GAPIT (Zhang et al., 2010). To determine the size of
LD blocks, pairwise LD between the markers was visualized
using the LD heatmap package in R (https://CRAN.R-project.
org/package = LDheatmap). Association analyses were per-
formed using the genotypes of accessions with 33,484 SNPs
and phenotyping data obtained from 170 accessions in GAPIT
by Bayesian-information and Linkage-Disequilibrium Itera-
tively Nested Keyway (Blink) model (Huang et al, 2019). A
QTL was considered significant when markers were associ-
ated with cell wall components content at —Log;o(P) > 4.
Broad-sense heritability of lignin, fermentable sugar, and cel-
lulose was estimated in rptR package using phenotypic data
(Stoffel et al., 2017).

2.5 | Candidate gene finding and analyses

We extended marker intervals by 200 kb in both directions
(400 Kb window) to take account of map order uncer-
tainty and LD. This window of 400 Kb was chosen due
to the very slow LD decay in rice genome (Mather et al.,
2007). To identify genes underlying the QTLs of cell wall
content, genes overlapping the physical regions of these
QTLs (i.e., in the vicinity of their associated SNPs) and
any gene deposited on the Rice Annotation Project database
(http://rice.plantbiology.msu.edu/) were assessed. The co-
expression gene analysis of candidate genes was carried out
using Genevestigator (https://genevestigator.com/) and Rice-
Frend (https://ricefrend.dna.affrc.go.jp/). Expression pattern
of the candidate genes was determined by RNA-Seq assay
in eight different tissues (leaves, shoots, seed, endosperm,
embryo, anther, pistil, and panicles) and was retrieved from
RGAP database (http://rice.uga.edu/), in which the expres-
sion level was reported based on FPKM. The KEGG (https:
/lwww.kegg.jp/) and PANTHER (http://pantherdb.org/)


http://gramene.org
http://gramene.org
https://CRAN.R-project.org/package
https://CRAN.R-project.org/package
http://rice.plantbiology.msu.edu/
https://genevestigator.com/
https://ricefrend.dna.affrc.go.jp/
http://rice.uga.edu/
https://www.kegg.jp/
https://www.kegg.jp/
http://pantherdb.org/

PANAHABADI ET AL.

The Plant Genome .0 5of17

TABLE 1 Descriptive statistics of celloluse, lignin and
fermentable sugar content in a collection of rice (Oryza sativa L.)
genotypes
Descriptive Fermentable
statistic Cellulose Lignin sugars
——pg/mg—— g/l
Average 485.62 273.02 9.74
Maximum 593.08 395.51 15.16
Minimum 240.55 98.88 2.49
SD 58.85 73.14 2.70
CvV 0.121 0.268 0.277
H, 0.69 0.70 0.63

Note. th, maximum, minimum, standard deviation, coefficient of variation, and
average values in the collection are represented.

analysis tools were used for understanding the function of
candidate genes.

3 | RESULTS

3.1 | Variation of phenotypic traits

Phenotypic variation in 170 rice accessions was estimated
for cellulose content using three biological replicates, and for
lignin and fermentable sugar using two biological replicates.
The average amount of cellulose in our study was equal to the
amount of cellulose reported in other studies for rice (46.5%)
(Siro & Placket, 2010). The typical lignin content observed
in rice straw was at a similar level to that of grasses in gen-
eral and higher than that found in dicots but lower than woody
species (Abramson et al., 2013). Although we used a different
method for lignin measurement than that used by Nguyen et al.
(2020), similar results (26.3%) were obtained. Our mean val-
ues for cellulose, lignin, and fermentable sugar content were
485.6, 273, and 9.7 g/l in rice straw, respectively (Table 1).
The broad-sense heritability (H?b) was 0.69 for cellulose, 0.70
for lignin, and 0.63 for fermentable sugar (Table 1). These
data indicate the greater contribution of accessions genotype
in defining straw cell wall polysaccharide contents.

3.2 |
results

PCA and population stratification

The results showed relatively higher genetic relatedness
among accessions within subpopulations. Population struc-
ture of rice collection justified by principal component
(PC); = 8.5% and PC, = 7.4% (Figure 2a). GAPIT was used
to characterize population structure and PC, against PC; scree
plot from GAPIT showed the selection of PCs for associ-
ation study. Results were illustrative of three main groups

(Figure 2b). The kinship matrix summarized the distribution
of the pairwise relative relationship coefficients among the
accessions in the association panel based on SNPs’ informa-
tion (Figure 3). As expected, genetic relatedness was greater
within populations as opposed to between populations.

3.3 | GWAS results and candidate gene
identification

To identify the genetic loci responsible for the variation
in cellulose, lignin, and fermentable sugar contents in rice
accessions, GWAS was conducted with SNP data using the
BLINK model in GAPIT (Huang et al., 2019). BLINK model
revealed eight, five, and five significant marker-trait asso-
ciations with —logo(P) > 4 for cellulose, lignin and fer-
mentable sugar, respectively (Figure 3). In the vicinity of sig-
nificant SNP markers (400 kb window), several co-located
genes were retrieved from RAP db (http://rice.plantbiology.
msu.edu/) (Supplemental Table S2). Among the co-located
genes with the associated SNP markers for each trait, we intro-
duced nine, six, and four genes as candidate genes for cel-
lulose, lignin, and fermentable sugar, respectively (Table 2).
Candidates were selected based on whether the function of
the genes had been characterized before in rice or if similar
genes in other species had known roles in cell wall biosyn-
thesis or modification. For cellulose, we identified signif-
icant associations for seven genomic regions (on chromo-
somes 2, 3, 6,9, and 11) and a total of five QTLs (Figure 4a;
Table 2). The strongest QTL was located on chromosome 3
at position 0.99 Mbp. For lignin, three genomic regions were
tagged by a total of five SNPs on chromosomes 3 and 4. The
strongest QTL was located on chromosome 4 at position 30.27
Mbp (Figure 4b; Table 2). For fermentable sugar, five SNPs
were identified that together tagged 3 genomic regions located
on chromosomes 1, 8, and 9. The most strongly associated
QTL was located on chromosome 8 at position 17.38 Mbp
(Figure 4c; Table 2).

3.4 | Analysis of candidate genes

Co-expression analysis of the identified candidate genes
using Genevestigator are summarized in Table 2. Several
genes including CesAs, GHs, and GTs were identified as co-
expressors with most of the candidate genes. Network analysis
using RiceFREND (https://ricefrend.dna.affrc.go.jp/) showed
co-expression pattern of the candidate genes. For each candi-
date gene, up to six direct interactions were detected in the
gene networks (Supplemental Table S3). For example, in the
case of LOC_Os11g34390 (GT6), it showed co-expression
with LOC_0s02g49140 (similar to a-galactosyltransferase),
LOC_Os06g41770 (DNA-binding domain containing
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Principal component (PC) and population structure. (a) population structure of rice populations collection as reflected by PCs. First

two PCs explain 8.5% and 7.4% of the variations, respectively. (b) PC, against PC, scree plot from GAPIT showing the selection of PCs for

association study and results show three main groups

protein), LOC_Os10g36760 (peptidase S28 family protein),
and LOC_Os06g44910 (similar to glutaredoxin). SLD2 in
first hierarchy was co-expressed with LOC_Os10g35294
(DUF1218 family protein), LOC_0Os02g19510 (DUF707
family protein) and LOC_0Os03g21540 (resistance protein
candidate).

Furthermore, gene expression analysis by RNA-Seq assay
revealed differential expression of most of the candidate genes
in different tissues. For example, in the case of cellulose con-
tent, peroxidase and GT6 genes showed highest expression in
immature seed (5 DAP), OsFBX76 and GT8 in shoots, CSLD2
and LRR40 showed highest expression in pistil, and two GH16
genes showed highest expression in panicles (Supplemental
Table S4). In the case of lignin content, peroxidase and GHI16
were expressed in highest levels in leaves, villin protein in
anthers, and MADS-box and gibberellin-regulated GASA in
panicles. In the case of fermentable sugar, receptor-like pro-
tein kinase 5, UTP-glucose-1-phosphate uridylyltransferase,
and BRASSINOSTEROID INSENSITIVE 1 showed highest
expression in pistils, panicles, and shoots, respectively (Sup-
plemental Table S4).

Using KEGG analysis, six genes associated with cellulose
content were identified with a KEGG orthology identifier
(Supplemental Table S5); these include LOC_0Os03g02610
(K11752), LOC_0s03g02920 (K00430), LOC_0s02g57770
(K08235), LOC_0s03g05110 (K20888), LOC_0s02g41520
(K22809), and LOC_Os06g02180 (K20924). The KEGG
pathway of four of the most putative genes, including CSLD2
(LOC_0Os06g02180), is 0sa01000/or dosa01003 (glycosyl-
transferases, structural polysaccharides). The gene ontol-
ogy (GO) analysis using PANTHER (http://pantherdb.org/)
revealed cellular component, molecular function, and biolog-
ical process of the candidate genes. For example, CSLD2

(LOC_0Os06g02180), is localized in membrane, PM, and
Golgi apparatus, has molecular functions of transferase
activity and cellulose synthase (UDP-forming) activity, and
involves several biological processes including biosynthetic
process, carbohydrate metabolic process, cellulose biosynthe-
sis, multicellular organismal development, anatomical struc-
ture morphogenesis, cell differentiation, cell growth, and
response to abiotic stimulus (Supplemental Table S5).

4 | DISCUSSION

Most studies on cell walls in plants to date have been per-
formed on the model organism Arabidopsis thaliana. The
results of these studies are not directly transferable to mono-
cots and cereals due to differences in the cell wall structure of
dicots and monocots. Rice straw has the potential to be refined
and used in many industries as part of a circular bioeconomy.
The initial step of refining (i.e., separation of macromolecular
components) is the main burden due to the structural complex-
ity of rice biomass and cell walls. To reduce the inherent recal-
citrance, corresponding genes and proteins that define such
complex structures need to be identified. A GWAS via estab-
lishing the correlation between phenotypes and genotypes has
already promised the identification of such elements. Subse-
quent to such studies, candidate associated genes are required
to be functionally characterized. The relevant genes can be
used in developing fresh selection-cross breeding programs
and new less-recalcitrant transgenic varieties. Here in a rice
straw GWAS, we were able to find associated markers and
their flanking genes to be the candidates for cellulose, lignin,
and fermentable sugar contents. Interestingly, some of these
genes are reported for the first time in this study, whereas


http://pantherdb.org/

PANAHABADI ET AL.

The Plant Genome .0 9of 17

AUS L%
i
IND -
TRJ %
| =

TEJ
«

FIGURE 3 Phylogenetic tree in the form of a kinship plot that efficiently separates the 170 accessions in five main geographical clusters of
subpopulations: TEJ (Temperate japonica), IND (indica), AUS (aus), ADMIX-ARO (aromatic + ADMIX), TRJ (Tropical japonica). Red indicates
the highest correlation between pairs of individuals and yellow indicates the lowest correlation. A hierarchical clustering tree based on the pairwise

kinship values for all accessions is displayed along the top and left axes

others were observed in earlier reported data. The levels of
lignin and cellulose in our population were similar to those
previously reported for rice (Santos et al., 2017).

4.1 | Cellulose content candidate genes and
their co-expressors

Based on the marker-trait associations, eight rice genes are
reported to be associated with cellulose content (Table 2).
Galacturonosyltransferase 9 (GAUT; GT8, Table 2) (Pharr
et al., 1981) was the one of the candidate genes with role in
pectin and/or xylan biosynthesis (M. Li et al., 2019). Xylans

and cellulose intertwine by hydrogen bonds to form a strong
and flexible structure (Scheller et al., 2010). Brown et al.
(2005) showed that some GTS8 family members co-express
with CesA7 (IRX3) in Arabidopsis, which is involved in sec-
ondary cell wall synthesis (Herndndez-Blanco et al., 2007).
Xylan glucuronosyltransferase is the other reported function
for GT8 family members. In this role, it is involved in sec-
ondary cell wall thickening at interfascicular fibers and xylem
cells (Lee et al., 2012). The deposition and arrangements of
glucuronic acids on xylans may play a great role to shape and
strengthen the wall (Lyczakowski et al., 2017). Interestingly,
xylan backbone biosynthetic family (GT43) was the other co-
expressor (Table 2). GT43 family members have shown to be
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involved in secondary cell wall formation and the definition
of cellulose orientation (Ratke et al., 2018; Wang et al., 2016).

Next candidate gene which was associated to cellulose
content was xyloglucan galactosyltransferase KATAMARI
1 (LOC_0s03g05110). This protein belongs to GT47 fam-
ily (A. Wu et al., 2019) and regulates actin microfilament
organization. It is involved in cell wall biosynthesis (Tamura
et al., 2007). Xyloglucans interact with cellulose in plant cells
(Lopes et al., 2010) to make a network that provides flexibil-
ity; with proven function in cell elongation (Somerville et al.,
2004). Considering the involvement of this gene in xyloglucan
turnover and due to the association of cellulose with xyloglu-
can, it can be concluded that this gene can indirectly affects
the amounts of cellulose, but its putative role must be investi-
gated in future.

CslD2, a cellulose synthase-like protein belonging to GT2
and the closest to CesAs (Richmond & Somerville, 2001)
was the other candidate gene found in our study. This gene
has been shown to be involved in the synthesis of cellu-
lose (Bernal et al., 2008; M. Li et al., 2009). CSL mutant

analysis in Arabidopsis showed that CSLD2, CSLD3 and
CSLD5 are required for early flower development in addi-
tion to stem interfascicular fibers and xylem vessels via their
role on cell wall mannan content (Yin et al., 2011). GHI6,
CesA6, and CesA7 genes showed to be co-expressed with
CSLD2 (Table 2). CesA6 and CesA5 roles were demon-
strated in stunted O. glaberrima with compromised height by
tungro spherical virus (Budot et al., 2014). It was demon-
strated that a naturally occurring barley CesA6 siRNA, not
only reduces the abundance of primary wall CesAs, several
Csl genes, and GTS, it is also correlated with the reduc-
tion of cellulose biosynthesis (Held et al., 2008). CesAl and
CesA8 found to be co-expressed with more than one co-
located genes (Table 2). These two CesAs that are function-
ally belong to primary and secondary wall synthesis respec-
tively, were demonstrated to complement each other (S. Li
etal., 2013). GO enrichment analysis for CSLD?2 revealed that
it involves in cellulose biosynthesis (GO: 0016760) and has
a cellulose synthase (UDP forming) activity (GO: 0030244)
(Figure 5).
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and (b) molecular function

Interestingly, a peroxidase gene (LOC_0s03g02920)
showed association with cellulose content. It is co-expressed
with many cellulose related genes including CSLC7, GT43,
COBRA, CesAS8, CesAl, and GT8. Furthermore, here we
report the co-expression of COBRA genes with the associ-
ated genes of both cellulose and lignin contents (Table 2).
COBRA modulate the orientation of cellulose microfibrils
and have shown to have defining roles in both cellulose and
lignin content (Gritsch et al., 2015; Sato et al., 2010).

4.2 | Lignin content candidate genes and
their co-expressors

Based on the marker-trait associations, five rice candi-
date genes are shown to be associated with lignin con-
tent (Table 2). One of the candidate genes was villin pro-
tein (LOC_Os04g51440). Villin family proteins appear to
participate in secondary cell wall formation and thicken-
ing (Obudulu et al., 2016). GHI0, a co-expressor gene with
villin, is involved in breaking down lignocellulosic materi-
als and removing residual xylans from pretreated lignocellu-
losic feedstock (Velasco et al., 2019). Earlier, and in hybrid
aspen, the possible roles of GH10 and GHI6 were proposed

GO:0009058
biosyrthesis
GO:0044249
cellular biosynthesis

GO:0009059
macromolecule
biosynthesis

GO:0016051 G0:0043284
carbohydrate biosynthesis biopolymer biosynthesis

(b)

G0:0003674
molecular_function

G0:0003824
catalytic activity
GO0:0016740
transferase activity

G0:0016757
transferase activity,
transferring glycosyl
groups

GO0:0016758
transferase activity,
transferring hexosyl
groups

G0:0046527
glucosyltransferase
activity

GO:0008194
UDP-glycosyltransferase
activity

GO0:0016759
cellulose synthase
activity

G0:0035251
UDP-glucosyltransferase
activity

GO:0016760
cellulose synthase
(UDP-forming) activity

Gene ontology (GO) enrichment for CSLD2 (LOC_0Os06g02180). The enrichment was done with GO terms: (a) biological process

via functional genomics and use of microarrays with the appli-
cation of probes obtained from developing xylem (Aspeborg
et al., 2005). Gibberellic acid-stimulated (GASA/GAST) pro-
tein, one of our candidate genes (LOC_Os03g41060) asso-
ciated with lignin content, has been shown to be wall asso-
ciated and involved in regulation of hydroxyl radical levels
at specific sites to help in cell division and wall elongation
(Furukawa et al., 2006; Trapalis et al., 2017). However, its
clear link to lignin content has not been demonstrated.

Another candidate gene was a peroxidase (LOC_
Os04g51300). Tt was reported that peroxidases are among
lignin degrading and synthesizing enzymes (Falade et al.,
2017). This gene was introduced as a candidate gene linked
to saccharification potential in an earlier QTL mapping study
(Liu et al., 2016). It is co-expressed with photosynthesis-
related genes, including PS II 11 kDa protein and PS I
reaction center subunit III and IV A (Table 2).

Several genes of WAK family (OsWAKI1, 50, 52, 53b) were
identified as candidate genes that co-located with associated
SNPs with lignin content (Table 2). The OsWAK proteins
have kinase activity and bind to pectin fragments in the cell
wall (He et al., 1996). These genes have been shown to be
required for cell wall expansion (Wagner & Kohorn, 2001).
Mutations in some members of this gene family in the plants
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have been studied and it has been shown that they reduce
plant growth. For example, mutation in WAK4 has stopped
leaf growth (Lally et al., 2001). It has also been suggested
that mutations in this gene family alter glucose metabolism
(Kohorn et al., 2006). In rice, OsWAK gene family has 122
members (Zhang et al., 2005). OsWAKSs found in this study,
localize to cell/PM (Supplemental Table S4) as few other
OsWAK proteins tested in rice (Cayrol et al., 2016). The rela-
tionship between each of these genes and the amount of lignin
has not been studied yet, but due to their effect on cell wall
expansion (Wagner & Kohorn, 2001), it is likely that they have
an indirect effect on the amount of lignin.

Interestingly, GH16 (LOC_Os04g51450) was found as
a candidate gene associated with lignin content. However,
no reports considering the role of GHs on lignin content
are available and we believe in the future that a more
detailed analysis of the corresponding genes is required to be
performed. Based on GO enrichment, the GHI6 gene local-
izes to cell wall, functions as a hydrolase/transferase,
and involves in cellular polysaccharide metabolism
(GO: 0044264) and glucan metabolism (GO: 0006073)
(Figure 6).

FIGURE 6 Gene ontology (GO)
enrichment with GO term of biological process
for GH16 (LOC_0s04g51450). The gene
involves in polysaccharid metabolism and
glucan metabolism

GO0:0044238
primary metabolism

GO0:0005975
carbohydrate metabolism

GO0:0044262
cellular carbohydrate
metabolism

4.3 | Fermentable sugar content candidate
genes and their co-expressors

Sugar is not only important molecules for growth, devel-
opment, and gene expression regulation in plants, they also
serve various industrial applications. Thus, comprehensive
understanding of the genes and proteins that establish sugar
homeostasis within plant cells would have a strong influ-
ence in developing future crops. We have found four can-
didate genes in association to fermentable sugar content
(Table 2). UTP-glucose-1-phosphate uridylyltransferase (also
known as UGPase for UDP—glucose pyrophosphorylase) was
among high-ranking candidate genes for fermentable sugar
content, as its important regulatory role already demonstrated
in carbohydrate metabolism (N. Li et al., 2014). Rice con-
tains two UGPases, namely Ugpl and Ugp2 (Chen et al.,
2007). Tobacco plants overexpressing the corresponding gene
showed an improved height growth (Coleman et al., 2006;
Wang et al., 2011). In overexpression of a UDP-glucose
pyrophosphorylase genes in Arabidopsis, the role of the cor-
responding protein in sucrose/polysaccharide metabolism,
soluble sugar contents, starch, cellulose, and cell wall
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biosynthesis was reported and suggested that the gene would
be a fine candidate in improvement of fiber cell development
(Coleman et al., 2006, 2007; N. Li et al., 2014; Wang et al.,
2011). Another candidate gene was BRASSINOSTEROID
INSENSITIVE 1, a ubiquitous leucine-rich repeat receptor
of serine/threonine kinase (Friedrichsen et al., 2000). It has
been shown that this gene negatively regulates cellulose syn-
thesis in Arabidopsis by phosphorylating cellulose synthase
1 (Sanchez-Rodriguez et al., 2017). Because of the effect of
this gene on the amount of cellulose, its effect on the released
sugar must be investigated in the future.

S | CONCLUSIONS

Genome-wide association study, as a forward genetic
approach, is a powerful tool for detecting genes defining spe-
cific traits. In the present study, genetic diversity for cellu-
lose, lignin, and fermentable sugar contents were analyzed
in a panel of rice accessions via GWAS. Several genes were
reported for each trait, and the probable roles of these genes
in defining corresponding phenotype were discussed. Most of
the candidate genes found for cellulose content were directly
co-expressed with CesAs in rice straw. Candidate genes for
lignin content were mostly kinases. A variety of kinases have
been shown to be involved in lignin deposition in cells (Sulis
& Wang, 2020). Among the associated genes with markers for
fermentable sugar, a kinase with probable releasing capability
of cyclic activated protein kinase into intercellular space was
noted.

ACKNOWLEDGMENTS

The authors would like to Shahid Beheshti University for
annual grants. The authors would like to thank associate
professor Laura Bartley at Institute of Biological Chemistry
at Washington State University for helpful comments and
manuscript revision. We would like to thank the Division of
Glycoscience laboratory at KTH Royal Institute of Technol-
ogy, as without them the completion of this work would not
have been possible. We acknowledge the help of Dr. Nadali
Bagheri at Sari Agricultural Sciences and Natural Resources
University, Sari, Iran for providing land for planting rice
accessions. R. Panahabadi performed experiments and pre-
pared the draft of manuscript.

AUTHOR CONTRIBUTIONS

Rahele Panahabadi: Formal analysis; Visualization; Writing-
original draft. Asadollah Ahmadikhah: Conceptualization;
Investigation; Project administration; Supervision; Valida-
tion; Visualization; Writing-review & editing. Lauren S.
McKee: Investigation; Methodology; Project administration;
Visualization; Writing-review & editing. Par K. Ingvarsson:
Investigation; Methodology; Software; Validation; Visualiza-

tion. Naser Farrokhi: Investigation; Project administration;
Supervision; Writing-review & editing.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

ORCID
Asadollah Ahmadikhah ® https://orcid.org/0000-0001-
5100-9740
Lauren S. McKee
Pdir K. Ingvarsson

https://orcid.org/0000-0002-3372-8773
https://orcid.org/0000-0001-9225-7521

REFERENCES

Abramson, M., Shoseyov, O., Hirsch, S., & Shani, Z. (2013). Genetic
modifications of plant cell wall to increase biomass and bioethanol
production. Advanced Biofuels and Bioproducts, 14, 315-338. https:
//doi.org/10.1007/978-1-4614-3348-4.18

Alqudah, A. M., Sallam, A., Baenziger, P. S., & Borner, A. (2020).
GWAS: Fast-forwarding gene identification and characterization
in temperate cereals: Lessons from barley. A review. Journal of
Advanced Research, 22, 119-135. https://doi.org/10.1016/j.jare.2019.
10.013

Amer, H., El-Gendy, A., & El-Haggar, S. (2017). Removal of lead (II)
from aqueous solutions using rice straw. Water Science and Technol-
ogy, 76, 1011-1021. https://doi.org/10.2166/wst.2017.249

Aspeborg, H., Schrader, J., Coutinho, P. M., Stam, M., Kallas,
A., Djerbi, S., Nilsson, P., Denman, S., Amini, B., Sterky, F.,
Master, E., Sandberg, G., Mellerowicz, E., Sundberg, B., Hen-
rissat, B., & Teeri, T. T. (2005). Carbohydrate-active enzymes
involved in the secondary cell wall biogenesis in hybrid aspen.
Plant Physiology, 137, 983-997. https://doi.org/10.1104/pp.104.
055087

Bao, J., Jin, L., Shen, Y., & Xie, J. (2007). Genetic mapping of quantita-
tive trait loci associated with fiber and lignin content in rice. Cereal
Research Communications, 35, 23-30. https://doi.org/10.1556/CRC.
35.2007.1.4

Bartley, L. E., Peck, M. L., Kim, S. R., Ebert, B., Manisseri, C.,
Chiniquy, D. M., Sykes, R., Gao, L., Rautengarten, C., Vega-Sanchez,
M. E., Benke, P.1., Canlas, P. E., Cao, P., Brewer, S., Lin, F., Smith, W.
L.,Zhang, X., Keasling, J. D., Jentoff, R. E., ... Scheller, H. V. (2013).
Overexpression of a BAHD acyltransferase, OsAt10, alters rice cell
wall hydroxycinnamic acid content and saccharification. Plant Phys-
iology, 161, 1615-1633. https://doi.org/10.1104/pp.112.208694

Baruah, J., Nath, B. K., Sharma, R., Kumar, S., Deka, R. C., Baruah,
D. C., & Kalital, E. (2018). Recent trends in the pretreatment of lig-
nocellulosic biomass for value-added products. Frontiers in Energy
Research, 6, 141. https://doi.org/10.3389/fenrg.2018.0014 1

Basu, D., Tian, L., Debrosse, T., Poirier, E., Emch, K., Herock, H.,
Travers, A., & Showalter, A. M. (2016). Glycosylation of a fasciclin-
like arabinogalactan-protein (SOSS5) mediates root growth and seed
mucilage adherence via a cell wall receptor-like kinase (FEI1/FEI2)
pathway in Arabidopsis. Plos One, 11, €0145092. https://doi.org/10.
1371/journal.pone.0145092

Bernal, A.J., Yoo, C. M., Mutwil, M., Jensen, J. K., Hou, G., Blaukopf,
C., Sgrensen, 1., Blancaflor, E. B., Scheller, H. V., & Willats, W. G.
T. (2008). Functional analysis of the cellulose synthase-like genes
CSLDI1, CSLD2, and CSLD4 in tip-growing Arabidopsis cells. Plant
Physiology, 148, 1238—1253. https://doi.org/10.1104/pp.108.121939


https://orcid.org/0000-0001-5100-9740
https://orcid.org/0000-0001-5100-9740
https://orcid.org/0000-0001-5100-9740
https://orcid.org/0000-0002-3372-8773
https://orcid.org/0000-0002-3372-8773
https://orcid.org/0000-0001-9225-7521
https://orcid.org/0000-0001-9225-7521
https://doi.org/10.1007/978-1-4614-3348-4.18
https://doi.org/10.1007/978-1-4614-3348-4.18
https://doi.org/10.1016/j.jare.2019.10.013
https://doi.org/10.1016/j.jare.2019.10.013
https://doi.org/10.2166/wst.2017.249
https://doi.org/10.1104/pp.104.055087
https://doi.org/10.1104/pp.104.055087
https://doi.org/10.1556/CRC.35.2007.1.4
https://doi.org/10.1556/CRC.35.2007.1.4
https://doi.org/10.1104/pp.112.208694
https://doi.org/10.3389/fenrg.2018.00141
https://doi.org/10.1371/journal.pone.0145092
https://doi.org/10.1371/journal.pone.0145092
https://doi.org/10.1104/pp.108.121939

14 of 17 The Plant Genome .0

PANAHABADI ET AL.

Bradbury, P.J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y.,
& Buckler, E. S. (2007). TASSEL: Software for association mapping
of complex traits in diverse samples. Bioinformatics, 23, 2633-2635.
https://doi.org/10.1093/bioinformatics/btm308

Brown, D. M., Zeef, L. A., Ellis, J., Goodacre, R., & Turner, S. R. (2005).
Identification of novel genes in Arabidopsis involved in secondary cell
wall formation using expression profiling and reverse genetics. The
Plant Cell, 17. 2281-2295. https://doi.org/10.1105/tpc.105.031542

Budot, B. O., Encabo, J. R., Ambita, I. D. V., Atienza-Grande, G. A.,
Satoh, K., Kondoh, H., Ulat, V. J., Mauleon, R., Kikuchi, S., & Choi,
I. R. (2014). Suppression of cell wall-related genes associated with
stunting of Oryza glaberrima infected with Rice tungro spherical
virus. Frontiers in Microbiology, 5,26. https://doi.org/10.3389/fmicb.
2014.00026

Cayrol, B., Delteil, A., Gobbato, E., Kroj, T., & Morel, J. B. (2016).
Three wall-associated kinases required for rice basal immunity form
protein complexes in the plasma membrane. Plant Signaling & Behav-
ior, 11,¢e1149676.

Chen, R., Zhao, X., Shao, Z., Wei, Z., Wang, Y., Zhu, L., Zhao, J., Sun,
M., He, R., & He, G. (2007). Rice UDP-glucose pyrophosphorylasel
is essential for pollen callose deposition and its cosuppression results
in a new type of thermosensitive genic male sterility. The Plant Cell,
19, 847-861. https://doi.org/10.1105/tpc.106.044123

Coleman, H. D., Canam, T., Kang, K. Y., Ellis, D. D., & Mansfield,
S. D. (2007). Over-expression of UDP-glucose pyrophosphorylase
in hybrid poplar affects carbon allocation. Journal of Experimental
Botany, 58, 4257-4268. https://doi.org/10.1093/jxb/erm287

Coleman, H. D., Ellis, D. D., Gilbert, M., & Mansfield, S. D. (2006). Up-
regulation of sucrose synthase and UDP-glucose pyrophosphorylase
impacts plant growth and metabolism. Plant Biotechnology Journal,
4, 87-101. https://doi.org/10.1111/j.1467-7652.2005.00160.x

Crowell, E. F., Bischoff, V., Desprez, T., Rolland, A., Stierhof, Y. D.,
Schumacher, K., Gonneau, M., Hofte, H., & Vernhettes, S. (2009).
Pausing of Golgi bodies on microtubules regulates secretion of cel-
lulose synthase complexes in Arabidopsis. The Plant Cell, 21, 1141—
1154. https://doi.org/10.1105/tpc.108.065334

Demont, M., Ngo, T. T. T., Van Hung, N., Duong, G. P., Duong, T. M.,
Hoang, N. T., Custodio, C. M., Quilloy, R., & Gummert, M. (2020).
Rice straw value chains and case study on straw mushroom in Viet-
nam’s Mekong River Delta. Sustainable Rice Straw Management,
175, 192. https://doi.org/10.1007/978-3-030-32373-8_11

Dence, C. W. (1992). The determination of lignin. In S. Y. Lin & C.
W. Dence (Eds.), Methods in lignin chemistry (pp. 33-61). Springer.
https://doi.org/10.1007/978-3-642-74065-7_3

Donev, E., Gandla, M. L., Jonsson, L. J., & Mellerowicz, E. J. (2018).
Engineering non-cellulosic polysaccharides of wood for the biorefin-
ery. Frontiers in Plant Science, 9, 1537. https://doi.org/10.3389/fpls.
2018.01537

Falade, A. O., Nwodo, U. U., Iweriebor, B. C., Green, E., Mabinya, L. V.,
& Okoh, A. 1. (2017). Lignin peroxidase functionalities and prospec-
tive applications. Microbiology Open, 6, €00394. https://doi.org/10.
1002/mbo3.394

Friedrichsen, D. M., Joazeiro, C. A., Li, J., Hunter, T., & Chory,
J. (2000). Brassinosteroid-insensitive-1 is a ubiquitously expressed
leucine-rich repeat receptor serine/threonine kinase. Plant Physiol-
ogy, 123, 1247-1256. https://doi.org/10.1104/pp.123.4.1247

Furukawa, T., Sakaguchi, N., & Shimada, H. (2006). Two OsGASR
genes, rice GAST homologue genes that are abundant in proliferat-
ing tissues, show different expression patterns in developing panicles.

Genes & Genetic Systems, 81, 171-180. https://doi.org/10.1266/ggs.
81.171

Glithero, N. J., Wilson, P., & Ramsden, S. J. (2015). Optimal combin-
able and dedicated energy crop scenarios for marginal land. Applied
Energy, 147, 82-91. https://doi.org/10.1016/j.apenergy.2015.01.
119

Gritsch, C., Wan, Y., Mitchell, R. A., Shewry, P. R., Hanley, S. J., &
Karp, A. (2015). G-fibre cell wall development in willow stems during
tension wood induction. Journal of Experimental Botany, 66, 6447—
6459. https://doi.org/10.1093/jxb/erv358

Gupta, R., Khasa, Y. P, & Kuhad, R. C. (2011). Evaluation of pre-
treatment methods in improving the enzymatic saccharification of
cellulosic materials. Carbohydrate Polymers, 84, 1103—1109. https:
//doi.org/10.1016/j.carbpol.2010.12.074

Guragain, Y. N., & Vadlani, P. V. (2021). Renewable biomass utiliza-
tion: A way forward to establish sustainable chemical and processing
industries. Clean Technologies, 3, 243-259. https://doi.org/10.3390/
cleantechnol3010014

Gutierrez, R., Lindeboom, J. J., Paredez, A. R., Emons, A. M., &
Ehrhardt, D. W. (2009). Arabidopsis cortical microtubules position
cellulose synthase delivery to the plasma membrane and interact with
cellulose synthase trafficking compartments. Nature Cell Biology, 11,
797-806. https://doi.org/10.1038/ncb1886

He, Z. H., Fujiki, M., & Kohorn, B. D. (1996). A cell wall-associated,
receptor-like protein kinase. Journal of Biological Chemistry, 271,
19789-19793. https://doi.org/10.1074/jbc.271.33.19789

Held, M. A., Penning, B., Brandt, A. S., Kessans, S. A., Yong, W.,
Scofield, S. R., & Carpita, N. C. (2008). Small-interfering RNAs from
natural antisense transcripts derived from a cellulose synthase gene
modulate cell wall biosynthesis in barley. Proceedings of the National
Academy of Sciences of the United States of America, 105, 20534—
20539. https://doi.org/10.1073/pnas.0809408105

Hernandez-Blanco, C., Feng, D. X., Hu, J., Sanchez-Vallet, A., Des-
landes, L., Llorente, F., Berrocal-Lobo, M., Keller, H., Barlet, X.,
Séanchez-Rodriguez, C., Anderson, L. K., Somerville, S., Marco, Y.,
& Molina, A. (2007). Impairment of cellulose synthases required for
Arabidopsis secondary cell wall formation enhances disease resis-
tance. The Plant Cell, 19, 890-903. https://doi.org/10.1105/tpc.106.
048058

Hoang, G. T., Gantet, P., Nguyen, K. H., Phung, N. T. P., Ha, L. T.,
Nguyen, T. T., Lebrun, M., Courtois, B., & Pham H., X. (2019).
Genome-wide association mapping of leaf mass traits in a Vietnamese
rice landrace panel. Plos One, 14, €0219274. https://doi.org/10.1371/
journal.pone.0219274

Houston, K., Burton, R. A., Sznajder, B., Rafalski, A. J., Dhugga, K.
S., Mather, D. E., Taylor, J., Steffenson, B. J., Waugh, R., & Fincher,
G. B. (2015). A genome-wide association study for culm cellulose
content in barley reveals candidate genes co-expressed with members
of the Cellulose Synthase A gene family. Plos One, 10, €0130890.
https://doi.org/10.1371/journal.pone.0130890

Hsu, T. C.,, Guo, G. L., Chen, W. H., & Hwang, W. S. (2010). Effect
of dilute acid pretreatment of rice straw on structural properties
and enzymatic hydrolysis. Bioresource Technology, 101, 4907-4913.
https://doi.org/10.1016/j.biortech.2009.10.009

Hu, Z., Zhang, G., Muhammad, A., Samad, R. A., Wang, Y., Walton,
J. D, He, Y., Peng, L., & Wang, L. (2018). Genetic loci simultane-
ously controlling lignin monomers and biomass digestibility of rice
straw. Scientific Reports, 8, 1-11. https://doi.org/10.1038/s41598-
018-21741-y


https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1105/tpc.105.031542
https://doi.org/10.3389/fmicb.2014.00026
https://doi.org/10.3389/fmicb.2014.00026
https://doi.org/10.1105/tpc.106.044123
https://doi.org/10.1093/jxb/erm287
https://doi.org/10.1111/j.1467-7652.2005.00160.x
https://doi.org/10.1105/tpc.108.065334
https://doi.org/10.1007/978-3-030-32373-8_11
https://doi.org/10.1007/978-3-642-74065-7_3
https://doi.org/10.3389/fpls.2018.01537
https://doi.org/10.3389/fpls.2018.01537
https://doi.org/10.1002/mbo3.394
https://doi.org/10.1002/mbo3.394
https://doi.org/10.1104/pp.123.4.1247
https://doi.org/10.1266/ggs.81.171
https://doi.org/10.1266/ggs.81.171
https://doi.org/10.1016/j.apenergy.2015.01.119
https://doi.org/10.1016/j.apenergy.2015.01.119
https://doi.org/10.1093/jxb/erv358
https://doi.org/10.1016/j.carbpol.2010.12.074
https://doi.org/10.1016/j.carbpol.2010.12.074
https://doi.org/10.3390/cleantechnol3010014
https://doi.org/10.3390/cleantechnol3010014
https://doi.org/10.1038/ncb1886
https://doi.org/10.1074/jbc.271.33.19789
https://doi.org/10.1073/pnas.0809408105
https://doi.org/10.1105/tpc.106.048058
https://doi.org/10.1105/tpc.106.048058
https://doi.org/10.1371/journal.pone.0219274
https://doi.org/10.1371/journal.pone.0219274
https://doi.org/10.1371/journal.pone.0130890
https://doi.org/10.1016/j.biortech.2009.10.009
https://doi.org/10.1038/s41598-018-21741-y
https://doi.org/10.1038/s41598-018-21741-y

PANAHABADI ET AL.

The Plant Genome

15 of 17

Kalluri, U. C., Yin, H., Yang, X., & Davison, B. H. (2014). Systems
and synthetic biology approaches to alter plant cell walls and reduce
biomass recalcitrance. Plant Biotechnology Journal, 12, 1207-1216.
https://doi.org/10.1111/pbi.12283

Kardam, A., Raj, K. R., Srivastava, S., & Srivastava, M. M. (2014).
Nanocellulose fibers for biosorption of cadmium, nickel, and lead
ions from aqueous solution. Clean Technologies and Environ-
mental Policy, 16, 385-393. https://doi.org/10.1007/s10098-013-
0634-2

Kaur, S., Zhang, X., Mohan, A., Dong, H., Vikram, P., Singh, S., Zhange,
Z.,Gill, K. S., Dhugga, K. S., & Singh, J. (2017). Genome-wide asso-
ciation study reveals novel genes associated with culm cellulose con-
tent in bread wheat (Triticum aestivum L.). Frontiers in Plant Science,
8, 1913. https://doi.org/10.3389/fpls.2017.01913

Kohorn, B. D., Kobayashi, M., Johansen, S., Riese, J., Huang, L. F,,
Koch, K., Fu, S., Dotson, A., & Byers, N. (2006). An Arabidop-
sis cell wall-associated kinase required for invertase activity and cell
growth. Plant Journal, 46, 307-316. https://doi.org/10.1111/j.1365-
313X.2006.02695.x

Lally, D., Ingmire, P., Tong, H. Y., & He, Z. H. (2001). Antisense expres-
sion of a cell wall-associated protein kinase, WAK4, inhibits cell
elongation and alters morphology. The Plant Cell, 13, 1317-1331.
https://doi.org/10.1105/tpc.13.6.1317

Lee, C., Teng, Q., Zhong, R., & Ye, Z. H. (2012). Arabidopsis GUX pro-
teins are glucuronyltransferases responsible for the addition of glu-
curonic acid side chains onto xylan. Plant and Cell Physiology, 53,
1204-1216. https://doi.org/10.1093/pcp/pcs064

Lee, V. J., Salimi, M. N., & Yusoff, A. (2017). Fermentable sugar
production from paddy straw by two steps chemical pretreatment
and hydrolysis process. AIP Conference Proceedings, 1835, 020009.
https://doi.org/10.1063/1.4981831

Li, G., Jones, K. C., Eudes, A., Pidatala, V. R., Sun, J., Xu, F., Zhang,
C., Wei, T., Jain, R., Birdseye, D., Canlas, P., Baidoo, E., Duong, P.,
Sharma, M., Singh, S., Ruan, D., Keasling, J., Mortimer, J., Bartley,
E. L., ... Canlas, P. E. (2018). Overexpression of a rice BAHD acyl-
transferase gene in switchgrass (Panicum virgatum L.) enhances sac-
charification. BMC Biotechnology, 18, 1-10. https://doi.org/10.1186/
s12896-018-0464-8

Li, K., Wang, H., Hu, X., Liu, Z., Wu, Y., & Huang, C. (2016). Genome-
wide association study reveals the genetic basis of stalk cell wall com-
ponents in maize. Plos One, 11, 8. https://doi.org/10.1371/journal.
pone.0158906

Li, M., Xiong, G., Li, R., Cui, J., Tang, D., Zhang, B., Pauly, M., Cheng,
Z., & Zhou, Y. (2009). Rice cellulose synthase-like D4 is essential for
normal cell-wall biosynthesis and plant growth. The Plant Journal,
60, 1055-1069. https://doi.org/10.1111/j.1365-313X.2009.04022.x

Li, M., Yoo, C. G., Pu, Y., Biswal, A. K., Tolbert, A. K., Mohnen, D.,
& Ragauskas, A. J. (2019). Downregulation of pectin biosynthesis
gene GAUT4 leads to reduced ferulate and lignin-carbohydrate cross-
linking in switchgrass. Communications Biology, 2, 1-11. https://doi.
org/10.1038/s42003-018-0265-6

Li, N.,, Wang, L., Zhang, W., Takechi, K., Takano, H., & Lin, X.
(2014). Overexpression of UDP-glucose pyrophosphorylase from
Larix gmelinii enhances vegetative growth in transgenic Arabidop-
sis thaliana. Plant Cell Reports, 33,779-791. https://doi.org/10.1007/
$00299-013-1558-3

Li, S, Lei, L., & Gu, Y. (2013). Functional analysis of complexes with
mixed primary and secondary cellulose synthases. Plant Signaling &
Behavior, 8, €23179. https://doi.org/10.4161/psb.23179

Lipka, A. E., Tian, F., Wang, Q. S., Peiffer, J., Li, M., Bradbury, P. J.,
Gore, M. A., Buckler, E. S., & Zhang, Z. W. (2012). GAPIT: Genome
association and prediction integrated tool. Bioinformatics, 28, 2397—
9. https://doi.org/10.1093/bioinformatics/bts444

Liu, B., Gémez, L. D., Hua, C., Sun, L., Ali, I., Huang, L., Yu, C., Simis-
ter, R., Steele-King, C., Gan, Y., & McQueen-Mason, S. J. (2016).
Linkage mapping of stem saccharification digestibility in rice. Plos
One, 11, 7. https://doi.org/10.1371/journal.pone.0159117

Liu, L., Shang-Guan, K., Zhang, B., Liu, X., Yan, M., Zhang, L., Shi,
Y., Zhang, M., Qian, Q., Li, J., & Zhou, Y. (2013). Brittle Culml1, a
COBRA-like protein, functions in cellulose assembly through binding
cellulose microfibrils. PLoS Genetics, 9, e1003704. https://doi.org/
10.1371/journal.pgen.1003704

Liu, Q., Luo, L., & Zheng, L. (2018). Lignins: Biosynthesis and biolog-
ical functions in plants. International Journal of Molecular Sciences,
19, 335. https://doi.org/10.3390/ijms19020335

Lopes, F. J. F., Pauly, M., Brommonshenkel, S. H., Lau, E. Y., Diola,
V., Passos, J. L., & Loureiro, M. E. (2010). The EgMUR 3 xyloglu-
can galactosyltransferase from Eucalyptus grandis complements the
mur 3 cell wall phenotype in Arabidopsis thaliana. Tree Genetics &
Genomes, 6, 745-756. https://doi.org/10.1007/s11295-010-0288-8

Lyczakowski, J. J., Wicher, K. B., Terrett, O. M., Faria-Blanc, N., Yu,
X., Brown, D., Krogh, K. B. R. M., Dupree, P., & Busse-Wicher,
M. (2017). Removal of glucuronic acid from xylan is a strategy to
improve the conversion of plant biomass to sugars for bioenergy.
Biotechnology for Biofuels, 10, 1-11. https://doi.org/10.1186/s13068-
017-0902-1

Mabhlia, T. M. I, Syazmi, Z. A. H. S., Mofijur, M., Abas, A. P., Bilad, M.
R., Ong, H. C., & Silitonga, A. C. (2020). Patent landscape review
on biodiesel production: Technology updates. Renewable and Sus-
tainable Energy Reviews, 118, 109526. https://doi.org/10.1016/j.rser.
2019.109526

Makkar, R. S., Cameotra, S. S., & Banat, I. M. (2011). Advances in uti-
lization of renewable substrates for biosurfactant production. AMB
Express, 1, 1-19. https://doi.org/10.1186/2191-0855-1-5

Mather, D. K. A., Caicedo, A. L., Polato, N. R., Olsen, K. M., McCouch,
S., & Purugganan, M. D. (2007). The extent of linkage disequilibrium
in rice (Oryza sativa L.). Genetics, 177, 2223-2232. https://doi.org/
10.1534/genetics.107.079616

Miao, L., Chao, H., Chen, L., Wang, H., Zhao, W., Li, B, Zhang, L., Li,
H., Wang, B., & Li, M. (2019). Stable and novel QTL identification
and new insights into the genetic networks affecting seed fiber traits in
Brassica napus. Theoretical and Applied Genetics, 132, 1761-1775.
https://doi.org/10.1007/s00122-019-03313-4

Nayyeripasand, L., Garoosi, G. A., & Ahmadikhah, A. (2021). Genome-
wide association study (GWAS) to identify salt-tolerance QTLs car-
rying novel candidate genes in rice during early vegetative stage. Rice,
14, 1-21. https://doi.org/10.1186/s12284-020-00433-0

Nguyen, D. T., Gomez, L. D., Harper, A., Halpin, C., Waugh, R., Simis-
ter, R., Whitehead, C., Oakey, H., Nguyen, H. T., Nguyen, T. V.,
Duong, T. X., & McQueen-Mason, S. J. (2020). Association map-
ping identifies quantitative trait loci (QTL) for digestibility in rice
straw. Biotechnology for Biofuels, 13, 1-16. https://doi.org/10.1186/
s13068-020-01807-8

Niyitanga, S., Xu, Y., Ibrahim, A. K., Zhang, L., Fang, S., Qi, J., &
Zhang, L. (2019). Evaluation of newly developed SSR markers and
identification of quantitative trait loci for bast fibre cellulose in white
jute (Corchorus capsularis). Plant Breeding, 138, 897-906. https:
//doi.org/10.1111/pbr.12747


https://doi.org/10.1111/pbi.12283
https://doi.org/10.1007/s10098-013-0634-2
https://doi.org/10.1007/s10098-013-0634-2
https://doi.org/10.3389/fpls.2017.01913
https://doi.org/10.1111/j.1365-313X.2006.02695.x
https://doi.org/10.1111/j.1365-313X.2006.02695.x
https://doi.org/10.1105/tpc.13.6.1317
https://doi.org/10.1093/pcp/pcs064
https://doi.org/10.1063/1.4981831
https://doi.org/10.1186/s12896-018-0464-8
https://doi.org/10.1186/s12896-018-0464-8
https://doi.org/10.1371/journal.pone.0158906
https://doi.org/10.1371/journal.pone.0158906
https://doi.org/10.1111/j.1365-313X.2009.04022.x
https://doi.org/10.1038/s42003-018-0265-6
https://doi.org/10.1038/s42003-018-0265-6
https://doi.org/10.1007/s00299-013-1558-3
https://doi.org/10.1007/s00299-013-1558-3
https://doi.org/10.4161/psb.23179
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.1371/journal.pone.0159117
https://doi.org/10.1371/journal.pgen.1003704
https://doi.org/10.1371/journal.pgen.1003704
https://doi.org/10.3390/ijms19020335
https://doi.org/10.1007/s11295-010-0288-8
https://doi.org/10.1186/s13068-017-0902-1
https://doi.org/10.1186/s13068-017-0902-1
https://doi.org/10.1016/j.rser.2019.109526
https://doi.org/10.1016/j.rser.2019.109526
https://doi.org/10.1186/2191-0855-1-5
https://doi.org/10.1534/genetics.107.079616
https://doi.org/10.1534/genetics.107.079616
https://doi.org/10.1007/s00122-019-03313-4
https://doi.org/10.1186/s12284-020-00433-0
https://doi.org/10.1186/s13068-020-01807-8
https://doi.org/10.1186/s13068-020-01807-8
https://doi.org/10.1111/pbr.12747
https://doi.org/10.1111/pbr.12747

The Plant Genome .0

16 of 17

PANAHABADI ET AL.

Norton, G. J., Travis, A. J., Douglas, A., Fairley, S., Alves, E. D. P.,
Ruang-Areerate, P., Naredo, M. E. B., McNally, K. L., Hossain, M.,
Islam, M.d. R., & Price, A. H. (2018). Genome wide association map-
ping of grain and straw biomass traits in the rice Bengal and Assam
Aus panel (BAAP) grown under alternate wetting and drying and
permanently flooded irrigation. Frontiers in Plant Science, 9, 1223.
https://doi.org/10.3389/fpls.2018.01223

Oladosu, Y., Rafii, M. Y., Abdullah, N., Magaji, U., Hussin, G., Ramli,
A., & Miah, G. (2016). Fermentation quality and additives: A case
of rice straw silage. BioMed Research International, 14, 2016. https:
//doi.org/10.1155/2016/7985167

Ong, L. G., Chan, C. H., & Chew, A. L. (2012). Enzymatic hydrolysis
of rice straw: Process optimization. Journal of Medical and Bioengi-
neering, 1(1), 14-16. https://doi.org/10.12720/jomb.1.1.14-16

@stby, H., Hansen, L. D., Horn, S. J., Ejjsink, V. G., & Varnai, A.
(2020). Enzymatic processing of lignocellulosic biomass: Principles,
recent advances and perspectives. Journal of Industrial Microbiol-
ogy & Biotechnology: Official Journal of the Society for Industrial
Microbiology and Biotechnology, 47, 623-657. https://doi.org/10.
1007/s10295-020-02301-8

Penning, B. W., Sykes, R. W., Babcock, N. C., Dugard, C. K., Held,
M. A., Klimek, J. E., Shreve, J. T., Fowler, M., Ziebell, A., Davis,
M. F,, Decker, S. R., Turner, G. B., Mosier, N. S., Springer, N. M.,
Thimmapuram, J., Weil, C. F., McCann, M. C., & Carpita, N. C.
(2014). Genetic determinants for enzymatic digestion of lignocellu-
losic biomass are independent of those for lignin abundance in a maize
recombinant inbred population. Plant Physiology, 165, 1475-1487.
https://doi.org/10.1104/pp.114.242446

Pettolino, F. A., Walsh, C., Fincher, G. B., & Bacic, A. (2012). Determin-
ing the polysaccharide composition of plant cell walls. Nature Proto-
cols, 7, 1590-1607. https://doi.org/10.1038/nprot.2012.081

Pharr, D. M., Sox, H. N., Locy, R. D., & Huber, S. C. (1981). Partial char-
acterization of the galactinol forming enzyme from leaves of Cucumis
sativus L. Plant Science Letters, 23, 25-33. https://doi.org/10.1016/
0304-4211(81)90021-3

Polko, J. K., Barnes, W. J., Voiniciuc, C., Doctor, S., Steinwand, B., Hill,
J. L. Jr., Tien, M., Pauly, M., Anderson, C. T., & Kieber, J. J. (2018).
SHOU4 proteins regulate trafficking of cellulose synthase complexes
to the plasma membrane. Current Biology, 28, 3174-+3182.e6. https:
//doi.org/10.1016/j.cub.2018.07.076

Polko, J. K., & Kieber, J. J. (2019). The regulation of cellulose biosyn-
thesis in plants. The Plant Cell, 31,282-296. https://doi.org/10.1105/
tpc.18.00760

Ratke, C., Terebieniec, B. K., Winestrand, S., Derba-Maceluch, M.,
Grahn, T., Schiffthaler, B., Ulvcrona, T., ()Zparpucu, M., Riiggeberg,
M., Lundqvist, S., Street, N. R., Jonsson, L. J., & Mellerowicz, E.
J. (2018). Downregulating aspen xylan biosynthetic GT 43 genes in
developing wood stimulates growth via reprograming of the transcrip-
tome. New Phytologist, 219. 230-245. https://doi.org/10.1111/nph.
15160

Richmond, T. A., & Somerville, C. R. (2001). Integrative approaches
to determining Csl function. Plant Molecular Biology, 47, 131—
143.

Robak, K., & Balcerek, M. (2018). Review of second generation
bioethanol production from residual biomass. Food Technology and
Biotechnology, 56, 174-187. https://doi.org/10.17113/ftb.56.02.18.
5428

Rosyara, U. R., & Joshi, B. K. (2012). Association mapping for improve-
ment of quantitative traits in plant breeding populations. Nepal Jour-

nal of Biotechnology, 2, 72-89.
5686

Roudier, F., Fernandez, A. G., Fujita, M., Himmelspach, R., Borner, G.
H., Schindelman, G., Song, S., Baskin, T. L., Dupree, P., Wasteneys,
G. O., & Benfey, P. N. (2005). COBRA, an Arabidopsis extracellu-
lar glycosyl-phosphatidyl inositol-anchored protein, specifically con-

https://doi.org/10.3126/njb.v2il.

trols highly anisotropic expansion through its involvement in cellu-
lose microfibril orientation. The Plant Cell, 17, 1749-1763. https:
/ldoi.org/10.1105/tpc.105.031732

Saeed, M. (2018). Abiotic stress tolerance in Rice (Oryza sativa L.):
A genomics perspective of salinity tolerance. In F. Shah (Ed.),
Rice crop: Current developments. https://doi.org/10.5772/intechopen.
73571

Sanchez-Rodriguez, C., Ketelaar, K., Schneider, R., Villalobos, J. A.,
Somerville, C. R., Persson, S., & Wallace, A.1. (2017). BRASSINOS-
TEROID INSENSITIVE2 negatively regulates cellulose synthesis in
Arabidopsis by phosphorylating cellulose synthase 1. Proceedings of
the National Academy of Sciences of the United States of America,
114, 3533-3538. https://doi.org/10.1073/pnas.1615005114

Santos, F., Machado, G., Faria, D., Lima, J., Marcal, N., Dutra, E., &
Souza, G. (2017). Productive potential and quality of rice husk and
straw for biorefineries. Biomass Conversion and Biorefinery, 7, 117—
126. https://doi.org/10.1007/s13399-016-0214-x

Sato, K., Suzuki, R., Nishikubo, N., Takenouchi, S., Ito, S., Nakano, Y.,
Sano, Y., Funada, R., Kajita, S., Kitano, H., & Katayama, Y. (2010).
Isolation of a novel cell wall architecture mutant of rice with defective
Arabidopsis COBL4 ortholog BC1 required for regulated deposition
of secondary cell wall components. Planta, 232,257-270. https://doi.
org/10.1007/s00425-010-1171-4

Scheller, H. V., & Ulvskov, P. (2010). Hemicelluloses. Plant Biology, 61,
263-289. https://doi.org/10.1146/annurev-arplant-042809-112315

Shiringani, A. L., & Friedt, W. (2011). QTL for fibre-related traits in
grain X sweet sorghum as a tool for the enhancement of sorghum as
a biomass crop. Theoretical and Applied Genetics, 123, 999-1011.
https://doi.org/10.1007/s00122-011-1642-4

Shortall, O. K. (2013). Marginal land for energy crops: Exploring defi-
nitions and embedded assumptions. Energy Policy, 62, 19-27. https:
//doi.org/10.1016/j.enpol.2013.07.048

Siro, 1., & Plackett, D. (2010). Microfibrillated cellulose and new
nanocomposite materials: A review. Cellulose, 17, 459-494. https:
//doi.org/10.1007/s10570-010-9405-y

Somerville, C., Bauer, S., Brininstool, G., Facette, M., Hamann, T.,
Milne, J., Osborne, E., Paredez, A., Persson, S., Raab, T., Vorwerk,
S., & Youngs, H. (2004). Toward a systems approach to understand-
ing plant cell walls. Science, 306,2206-2211. https://doi.org/10.1126/
science.1102765

Stoffel, M. A., Nakagawa, S., Schielzeth, H., & Goslee, S. (2017). rptR:
Repeatability estimation and variance decomposition by generalized
linear mixed-effects models. Methods in Ecology and Evolution, 8,
1639-1644. https://doi.org/10.1111/2041-210X.12797

Sukma, L. P. P, Wang, X., Li, S., Nguyen, T. T., Pu, J., & Qian, E. W.
(2019). Two-step saccharification of rice straw using solid acid cat-
alysts. Industrial Engineering Chemistry Research, 58, 5686-5697.
https://doi.org/10.1021/acs.iecr.8b06473

Sulis, D. B., & Wang, J. P. (2020). Regulation of lignin biosynthesis by
post-translational protein modifications. Frontiers in Plant Science,
11, 2020. https://doi.org/10.3389/fpls.2020.00914

Takano, M., & Hoshino, K. (2018). Bioethanol production from rice
straw by simultaneous saccharification and fermentation with statisti-


https://doi.org/10.3389/fpls.2018.01223
https://doi.org/10.1155/2016/7985167
https://doi.org/10.1155/2016/7985167
https://doi.org/10.12720/jomb.1.1.14-16
https://doi.org/10.1007/s10295-020-02301-8
https://doi.org/10.1007/s10295-020-02301-8
https://doi.org/10.1104/pp.114.242446
https://doi.org/10.1038/nprot.2012.081
https://doi.org/10.1016/0304-4211(81)90021-3
https://doi.org/10.1016/0304-4211(81)90021-3
https://doi.org/10.1016/j.cub.2018.07.076
https://doi.org/10.1016/j.cub.2018.07.076
https://doi.org/10.1105/tpc.18.00760
https://doi.org/10.1105/tpc.18.00760
https://doi.org/10.1111/nph.15160
https://doi.org/10.1111/nph.15160
https://doi.org/10.17113/ftb.56.02.18.5428
https://doi.org/10.17113/ftb.56.02.18.5428
https://doi.org/10.3126/njb.v2i1.5686
https://doi.org/10.3126/njb.v2i1.5686
https://doi.org/10.1105/tpc.105.031732
https://doi.org/10.1105/tpc.105.031732
https://doi.org/10.5772/intechopen.73571
https://doi.org/10.5772/intechopen.73571
https://doi.org/10.1073/pnas.1615005114
https://doi.org/10.1007/s13399-016-0214-x
https://doi.org/10.1007/s00425-010-1171-4
https://doi.org/10.1007/s00425-010-1171-4
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1007/s00122-011-1642-4
https://doi.org/10.1016/j.enpol.2013.07.048
https://doi.org/10.1016/j.enpol.2013.07.048
https://doi.org/10.1007/s10570-010-9405-y
https://doi.org/10.1007/s10570-010-9405-y
https://doi.org/10.1126/science.1102765
https://doi.org/10.1126/science.1102765
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1021/acs.iecr.8b06473
https://doi.org/10.3389/fpls.2020.00914

PANAHABADI ET AL.

The Plant Genome &

17 of 17

cal optimized cellulase cocktail and fermenting fungus. Bioresources
and Bioprocessing, 5, 16. https://doi.org/10.1186/s40643-018-0203-
y

Tamura, K., Takahashi, H., Kunieda, T., Fuji, K., Shimada, T., &
Hara-Nishimura, I. (2007). Arabidopsis KAM2/GRV?2 is required for
proper endosome formation and functions in vacuolar sorting and
determination of the embryo growth axis. The Plant Cell, 19, 320—
332. https://doi.org/10.1105/tpc.106.046631

Tan, H. T., Corbin, K. R., & Fincher, G. B. (2016). Emerging tech-
nologies for the production of renewable liquid transport fuels from
biomass sources enriched in plant cell walls. Frontiers in Plant Sci-
ence, 7, 1854. https://doi.org/10.3389/fpls.2016.01854

Thumma, B. R., Southerton, S. G., Bell, J. C., Owen, J. V., Henery, M.
L., & Moran, G. F. (2010). Quantitative trait locus (QTL) analysis of
wood quality traits in Eucalyptus nitens. Tree Genetics Genomes, 6,
305-317. https://doi.org/10.1007/s11295-009-0250-9

Townsend, T. J., Sparkes, D. L., & Wilson, P. (2017). Food and bioen-
ergy: Reviewing the potential of dual-purpose wheat crops. Gcb
Bioenergy, 9, 525-540. https://doi.org/10.1111/gcbb.12302

Trapalis, M., Li, S. F., & Parish, R. W. (2017). The Arabidopsis GASAI0
gene encodes a cell wall protein strongly expressed in developing
anthers and seeds. Plant Science, 260, 71-79. https://doi.org/10.1016/
j-plantsci.2017.04.003

Updegraff, D. M. (1969). Semi micro determination of cellulose in bio-
logical materials. Analytical Biochemistry, 32, 420—424. https://doi.
org/10.1016/S0003-2697(69)80009-6

Vain, T., Crowell, E. F., Timpano, H., Biot, E., Desprez, T., Mansoori,
N., & Vernhettes, S. (2014). The cellulase KORRIGAN is part of the
cellulose synthase complex. Plant Physiology, 165(4), 1521-1532.
https://doi.org/10.1104/pp.114.241216

Velasco, J., Oliva, B., Mulinari, E. J., Quintero, L. P., da Silva Lima, A.,
Gongalves, A. L., & Abdella, A. (2019). Heterologous expression and
functional characterization of a GH10 endoxylanase from Aspergillus
Sfumigatus var. niveus with potential biotechnological application.
Biotechnology Reports, 24, €00382.

Wagner, T. A., & Kohorn, B. D. (2001). Wall-associated kinases are
expressed throughout plant development and are required for cell
expansion. The Plant Cell, 13, 303-318. https://doi.org/10.1105/tpc.
13.2.303

Wang, Q., Zhang, X., Li, F., Hou, Y., Liu, X., & Zhang, X. (2011). Iden-
tification of a UDP-glucose pyrophosphorylase from cotton (Gossyp-
ium hirsutum L.) involved in cellulose biosynthesis in Arabidopsis
thaliana. Plant Cell Reports, 30, 1303—1312. https://doi.org/10.1007/
500299-011-1042-x

Wang, X., Tang, Q., Zhao, X., Jia, C., Yang, X., He, G., Wu, A., Kong, Y.,
Hum, R., & Zhou, G. (2016). Functional conservation and divergence
of Miscanthus lutarioriparius GT43 gene family in xylan biosynthe-
sis. BMC Plant Biology, 16, 1-19. https://doi.org/10.1186/s12870-
016-0793-5

Wegrzyn, J. L., Eckert, A. J., Choi, M., Lee, J. M., Stanton, B. J., Sykes,
R., & Neale, D. B. (2010). Association genetics of traits control-
ling lignin and cellulose biosynthesis in black cottonwood (Populus
trichocarpa L.) secondary xylem. New Phytologist, 188, 515-532.
https://doi.org/10.1111/j.1469-8137.2010.03415.x

Wu, A., Hao, P., Wei, H., Sun, H., Cheng, S., Chen, P., Ma, Q., Gu, L.,
Zhang, M., Wang, H., & Yu, S. (2019). Genome-wide identification

and characterization of glycosyltransferase family 47 in cotton. Fron-
tiers in Genetics, 10, 824. https://doi.org/10.3389/fgene.2019.00824

Xu, Z.,Li, S., Zhang, C., Zhang, B., Zhu, K., Zhou, Y., & Liu, Q. (2017).
Genetic connection between cell-wall composition and grain yield via
parallel QTL analysis in indica and japonica subspecies. Scientific
Reports, 7, 1-13. https://doi.org/10.1038/s41598-017-12903-5

Yin, L., Verhertbruggen, Y., Oikawa, A., Manisseri, C., Knierim, B.,
Prak, L., Jensen, J. K., Know, P.,, Auer, M., Willast, W. G. T.,
& Scheller, H. V. (2011). The cooperative activities of CSLD2,
CSLD3, and CSLDS5 are required for normal Arabidopsis develop-
ment. Molecular Plant, 4, 1024-1037. https://doi.org/10.1093/mp/
ssr026

Yusefi, M., Shameli, K., Jahangirian, H., Teow, S. Y., Umakoshi, H.,
Saleh, B., Rafiee-Moghaddam, R., & Webster, T. J. (2020). The poten-
tial anticancer activity of 5-fluorouracil loaded in cellulose fibers iso-
lated from rice straw. International Journal of Nanomedicine, 15,
5417. https://doi.org/10.2147/1IN.S250047

Zhang, S., Chen, C., Li, L., Meng, L., Singh, J., Jiang, N., Deng, X., He,
Z., & Lemaux, P. G. (2005). Evolutionary expansion, gene structure,
and expression of the rice wall-associated kinase gene family. Plant
Physiology, 139, 1107-1124. https://doi.org/10.1104/pp.105.069005

Zhang, Z., Ersoz, E., Lai, C. Q., Todhunter, R. J., Tiwari, H. K., Gore,
M. A., & Buckler, E. S. (2010). Mixed linear model approach adapted
for genome-wide association studies. Nature Genetics, 42, 355-360.
https://doi.org/10.1038/ng.546

Zhang, Y., et al. (2016). Golgi-localized STELLO proteins regulate the
assembly and trafficking of cellulose synthase complexes in Ara-
bidopsis. Nature Communication, 7, 11656. https://doi.org/10.1038/
ncomms11656

Zhao, K., Tung, W., Eizenga, C., Wright, H., Ali, L., Price, H., Norton,
J., Islam, R., Reynolds, A., Mexey, J., McClung, A., Bustamante, D.,
& Mccouch, V. (2011). Genome-wide association mapping reveals a
rich genetic architecture of complex traits in Oryza sativa L. Nature
Communications, 2, 1-10. https://doi.org/10.1038/ncomms1467

Zhu, X., Li, S., Pan, S., Xin, X., & Gu, Y. (2018). CSI1, PATROL1,
and exocyst complex cooperate in delivery of cellulose synthase com-
plexes to the plasma membrane. Proceedings of the National Academy
of Sciences of the United States of America, 115, E3578-E3587.
https://doi.org/10.1073/pnas.1800182115

SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Panahabadi, R.,
Ahmadikhah, A.,McKee, L. S., Ingvarsson, P. K., &
Farrokhi, N. (2022). Genome-wide association study
for lignocellulosic compounds and fermentable sugar
in rice straw. Plant Genome, 15:€20174.
https://doi.org/10.1002/tpg2.20174


https://doi.org/10.1186/s40643-018-0203-y
https://doi.org/10.1186/s40643-018-0203-y
https://doi.org/10.1105/tpc.106.046631
https://doi.org/10.3389/fpls.2016.01854
https://doi.org/10.1007/s11295-009-0250-9
https://doi.org/10.1111/gcbb.12302
https://doi.org/10.1016/j.plantsci.2017.04.003
https://doi.org/10.1016/j.plantsci.2017.04.003
https://doi.org/10.1016/S0003-2697(69)80009-6
https://doi.org/10.1016/S0003-2697(69)80009-6
https://doi.org/10.1104/pp.114.241216
https://doi.org/10.1105/tpc.13.2.303
https://doi.org/10.1105/tpc.13.2.303
https://doi.org/10.1007/s00299-011-1042-x
https://doi.org/10.1007/s00299-011-1042-x
https://doi.org/10.1186/s12870-016-0793-5
https://doi.org/10.1186/s12870-016-0793-5
https://doi.org/10.1111/j.1469-8137.2010.03415.x
https://doi.org/10.3389/fgene.2019.00824
https://doi.org/10.1038/s41598-017-12903-5
https://doi.org/10.1093/mp/ssr026
https://doi.org/10.1093/mp/ssr026
https://doi.org/10.2147/IJN.S250047
https://doi.org/10.1104/pp.105.069005
https://doi.org/10.1038/ng.546
https://doi.org/10.1038/ncomms11656
https://doi.org/10.1038/ncomms11656
https://doi.org/10.1038/ncomms1467
https://doi.org/10.1073/pnas.1800182115
https://doi.org/10.1002/tpg2.20174

	Genome-wide association study for lignocellulosic compounds and fermentable sugar in rice straw
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Plant material
	2.2 | SNP genotyping data
	2.3 | Measurement of cellulose, lignin, and fermentable sugar contents
	2.4 | GWAS analysis
	2.5 | Candidate gene finding and analyses

	3 | RESULTS
	3.1 | Variation of phenotypic traits
	3.2 | PCA and population stratification results
	3.3 | GWAS results and candidate gene identification
	3.4 | Analysis of candidate genes

	4 | DISCUSSION
	4.1 | Cellulose content candidate genes and their co-expressors
	4.2 | Lignin content candidate genes and their co-expressors
	4.3 | Fermentable sugar content candidate genes and their co-expressors

	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


