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Abstract

Objective

Agricultural wastes are a serious challenge in developing countries. Lignocellulosic wastes, as
the most abundant biomass on Earth, can be used as a source for the production of biofuels and
other valuable products. These wastes are particularly important in terms of the production of
fermentable sugars for biofuels and other commercial materials. The aim of this study is to
identify gene loci, candidate genes, and molecular markers associated with the enzymatic
digestibility of wheat straw for use in wheat breeding projects to increase the production of
reducing sugars. In addition, identifying sources of lignocellulosic wastes with the highest
potential for conversion to reducing sugars among wheat lines is another goal of this research.
Materials and methods

In this study, 167 inbred lines (F9) obtained from the crossing of Roshan and Superhead cultivars
were used. These lines were cultivated in a research farm located in the Faculty of Agriculture,
Shahid Bahonar University of Kerman, and after harvesting, the straw obtained was prepared for
enzymatic digestion experiments. For enzymatic digestion of the resulting biomass, recombinant
xylanase and cellulase enzymes were used and the amount of sugar released by these enzymes
was measured. Genotyping of the lines was constructed using DArT markers. Then, a genetic
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map was drawn using 167 lines and 662 DArT markers in the QTL IciMapping software.
Identification of candidate genes within the confidence interval of the identified QTLs was
performed using the sequences related to the DArT marker and the physical distance of adjacent
markers in the databases related to the wheat genome.
Results
A genetic linkage map of 4315.35 CM was drawn and three QTLs were identified for traits related
to the amount of sugar released from biomass. Of these three QTLs, two QTLs were located on
chromosomes 7A and 6D for the trait of sugar released by cellulase digestion (CEL) and one QTL
for the trait of sugar released by xylanase digestion (XYL) on chromosome 7A. Using the physical
distance of the markers adjacent to the identified QTLs, two candidate genes
TraesCS7403G0782000LC and TraesCS7403G0781900LC were identified within a confidence
interval on chromosome 7A. Based on information obtained from wheat databases, it was
determined that these genes are involved in specific biochemical processes that are related to the
production of kinase proteins and hypothetical proteins. These proteins can play a key role in
regulating metabolic pathways related to enzymatic digestion and the conversion of biomass to
reducing sugars. Thus, these genes are recognized as important candidates for genetic
modification to improve sugar production processes in wheat. Also, the identification of
promising lines identified in this study can be used in wheat breeding projects to produce varieties
with higher sugar production capabilities.
Conclusions
The results of this study indicate the importance of chromosomes 6D and 7A in controlling the
amount of sugars released from biomass by enzymatic digestion. Also, the genes identified for
the QTL regions and the identified markers can be used in breeding projects to improve biomass
digestibility in wheat. The identified superior genotypes with high sugar production capacity from
biomass can be used for the production of biofuels and other commercial materials, as well as in
breeding projects to improve sugar production in wheat.
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Introduction

Agricultural waste is considered one of the significant challenges in developing countries.
Agricultural waste and residues have severe negative impacts on natural resources such as water,
soil, and air. In addition to the environmental and health problems resulting from the burial,
burning, and disposal of agricultural waste, the increase in these residues leads to considerable
economic damage. These damages include the wastage of limited water and soil resources,
reduced quality and value of products, loss of subsidized inputs, increased import needs, reduced
income for farmers, and the threat to the job positions of producers. Lignocellulosic residues,
recognized as the most abundant biomass on Earth, are primarily composed of polymeric sugars
such as cellulose, hemicellulose, and lignin. These polymeric sugars can be hydrolyzed
enzymatically into simple sugars. Lignocellulosic materials, such as rice, corn, and wheat
residues, can be highly suitable for producing reducible sugars. Specifically, wheat straw is a
potential biomass for producing monomeric sugars. The degradability of biomass not only
increases biofuel production efficiency but can also directly play a crucial role in reducing
agricultural waste and minimizing environmental pollution. This approach makes a sustainable
agricultural and industrial cycle possible with minimal environmental impact. One of the main
challenges in biorefineries is converting carbohydrates in lignocellulosic feedstocks into
fermentable sugars. Efficient and cost-effective hydrolysis of cellulose and hemicellulose
carbohydrates into monosaccharides remains a significant challenge for their utilization, and
future research should focus on this stage. Therefore, identifying lignocellulosic waste sources
with the highest potential for conversion to reducible sugars and examining and identifying genes
controlling the production of polymeric sugars that can be converted into reducible sugars are
essential research priorities. Since sugar production through enzymatic digestion of lignocellulose
is a quantitative trait, identifying QTLs related to the amount of released sugars will have wide
applications in plant breeding and industrial production. The goal of this study is to identify genes,
genetic loci, and molecular markers associated with the enzymatic digestibility of wheat straw for
use in wheat breeding projects aimed at improving reducible sugar production. Additionally,
identifying lignocellulosic waste sources with the highest potential for reducible sugar conversion

among wheat lines is another objective of this research.

Materials and methods

In this study, 167 (F9) inbred lines derived from the cross between the Roshan and Superhead
wheat varieties were used. The lines were planted in a simple lattice design at the Faculty of
Agriculture, Shahid Bahonar University of Kerman. After harvesting, the straw was air-dried and

prepared for enzymatic digestion. To hydrolyze the cellulose and xylan in the cell wall,
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recombinant cellulase and xylanase enzymes produced at the Agricultural Biotechnology
Research Institute of Iran were used. For enzymatic digestion, cellulase and xylanase enzymes
were applied at a concentration of 2 units per milliliter. The wheat straw powder was prepared by
grinding the dried stems of each genotype and passing it through a 1-mm sieve. Enzymatic
digestion to measure the sugar content in lignocellulosic biomass was based on Miller's method
(1959), using 3,5-dinitrosalicylic acid (DNS) reagent and measuring the reducing sugars released
from cellulose and xylan soluble in the solution. The amount of released sugar was quantified
using a spectrophotometer at a wavelength of 540 nm by comparison with a glucose standard
curve. The trait of released sugar through cellulase (CEL) and xylanase (XYL) digestion was
measured. Genotyping of the lines was conducted using DArT markers. A genetic map was
constructed using 167 lines and 662 DArT markers in the QTL IciMapping software. Candidate
genes in the confidence intervals of the identified QTLs were identified using sequences related
to DArT markers and the physical distance of adjacent markers in relevant wheat genome

databases.

Results

A genetic linkage map of 4315.35 CM in length was constructed, and three QTLs related to
the amount of released sugar from biomass were identified. Two QTLs on chromosomes 7A and
6D were identified for the trait of sugar released by cellulase digestion (CEL), and one QTL for
the trait of sugar released by xylanase digestion (XYL) was located on chromosome 7A. Two loci
controlling the identified quantitative traits, gCEL7A and qCEL6D, for the amount of sugar
released by cellulase digestion, were located at positions 82 and 334 CM on chromosomes 7A
and 6D, respectively. These QTLs explained 1.12% and 1.44% of the phenotypic variance for
enzymatic lignocellulose digestion. The additive effects of the QTLs showed that gCEL6D, with
a positive additive effect, inherited favorable alleles from the Roshan parent and increased the
released sugar by 4.40 mg. Conversely, the negative additive effect of gCEL7A4 indicates that it
inherited reducing alleles from the Superhead parent, decreasing the released sugar by 5.92 mg.
Additionally, the locus gXYL7A4, which is related to the amount of sugar released by xylanase
digestion, was identified on chromosome 7A at position 81 CM, explaining 1.48% of the
phenotypic variance. The negative additive effect of this QTL suggests that alleles related to this
trait were inherited from the Superhead parent, reducing the released sugar by 7.66 mg. Using the
physical distance of adjacent markers to the identified QTLs, two candidate genes,
TraesCS7403G0782000LC and TraesCS7A03G0781900LC, were identified in the confidence

interval on chromosome 7A. These genes are involved in protein kinase production and
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hypothetical protein functions. These genes could serve as targets for breeding to enhance sugar

release in the enzymatic digestion process.

Conclusions

The results of this study led to the identification of three important QTLs related to the
amount of sugar released from lignocellulosic biomass. These QTLs highlight the importance of
chromosomes 6D and 7A in controlling sugar release from biomass through enzymatic digestion,
demonstrating the significant genetic role of these regions in controlling enzymatic digestibility
traits of wheat biomass. Furthermore, the identified genes for the QTL regions and the detected
markers can be used in breeding programs aimed at improving lignocellulose digestibility in
wheat. The superior genotypes identified, which have high potential for sugar production from

biomass, could be utilized in biofuel production, commercial materials, and breeding projects.
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Sy 2 byl o> YAID- o ¥Y/¥Y iy 4 9 D posl (g9 0 0,50l duo pd YA/ <5 .00 )5 s do yyguiX cpidigy (SN
e .51,5 Bis QTL 4355 3l (6,550 glsl pas > 47D 43D, 5B (slapgjgeg,s il |8 B g A slapgs
Lol 04 45|)‘ ) Jg.\> Bl asllo dy50 Cumad 4 u.i‘.w}u AL e S A 109.3).0
0395 3 0 Sl w8 e b b ye clino (gl QTL aws pliolis 4 yoxie QTL &35 :QTL (o vl
5 TA (lopgisegsS g5 2 (CEL) j¥slas 3l b pdn baogs 00 o131 45 (50 o gl QTL 93 4 gy 05
KR U.:l.su&o TA P5)}A9)§ 9y ¢ (XYL) )b)'bl) p.’)j b PAIVEYS ]a_wy 0 JI)T 8 ul).m Cduo dl).: QTL e 9 6D
Loy 0ds 15l a8 e cdo gl QCEL6D g qCELTA sass olalis (o8 Slis 0uisS J S K0 3 (Y Jgis)
ol 5 35,5 136D 5 TA (clopgiges,S g9y 5 ol pse sl YYF gAY (slacundso 13 oo 4 Yol sl b o
Sl oy Al oo 45 |y ol gl o3l vt Cidio gt uiblg 5l o VEF 9 )Y i 4 LQTL
el g canl 03,8 il ousgy Wy 5l g3 Ggllas (cla Pl ceate inljdl 51 L GCELGD oS sl i WQTL i3l
oxins ots GCELTA o o)) ) cysiomad 395 o Slglas ot Lasgs 0 311 43 e 3 p S uleol £¥+ ol
it bangi 00ud 35T 0B l5ae 50 p)5 ee DAY ialS ael a5 asb o a2 pga Wl jl Cdo e oaials” gla T il
w3l b paan Lowgs oas Sljl B i o b basye GXYLT7A (o Slins 0uiS J S K0 500 (sgm 5l 395 s0 gk

U8 31, TA 56D (clapsisns)S Cosanl ls gl 390 M)} i Lausgs 00 311 48 yl3e )5 5 oo V.55 ialS
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b iy gy ool )3 S5 e adllao oyl gls A8 o 0B or 5 pad Lawgs 0395 5l 0 31JT (slosid e
0575 JB o395t b (b)) g5 sl (Vb Joily (o) iz A8l e o35 5l W5 VL Mg bl
i Lo 395 5l sellae 3, Sl laisre calises bayl b o wles e aS )y iy

axdllao 390 Comod 43 (Niwga duids Oledbl.Y Joua

Table 1. Linkage mapping information in the study population

3330555 osles S ol i g Lol Lo
Chromosome number Number of marker Length of map Average distance

1A 29 357.29 12.32
A 20 296.32 14.82
3A 17 155.04 9.12
4A 25 118.40 4.74
SA 27 286.81 10.62
6A 22 399.96 18.18
7A 33 217.60 6.59
1B 17 230.37 13.55
7B 21 152.89 7.28
3B 25 287.27 11.49
4B 11 320.46 29.13
5B - } B
6B 8 118.99 14.87
7B 29 119.98 4.14
1D 15 161.57 10.77
D 17 191.86 11.29
3D ; ; B
4D 10 153.49 15.35
5D 29 401.20 13.83
6D 24 345.84 14.41
7D ; ; B

Total 379 4315.353 11.39
A 173 1831.43 10.59
B 111 1229.96 11.08
D 95 1253.97 13.20

GEM w251 b paads bausgs oais o1l 48 e cudao b s pe GXYLT7A (o8 Slaus 0aisS S 480 503 (s9u 5|
g0l a9 ) Cduo nl (a5 pilly Sl daoyd VA 45 0 QLulis (590 5o AV Cumbga 13 5 TA pgie0)S (555 2
Ao JyS 0 1, TA 6D (slapgiges)S Cuonl guli oyl dg—i o (M v bwwgs oas Sl 08 oliue 45 p,5 o

CbB U iy acwss ool ) xlg e adlas ol guls WS o dol ol padd g s3gicam 5l oas olj1 clais
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Table 2. QTL analysis results

Cho pb (FFoe pgiegS  Cuxlge G LG Cwl, KW w0, wey S
S U
oWl byl

Trait QTL  Chromosome Position Left Marker Right Marker LOD PVE (%) Add

Name

XYL  gXYL74 7A 81 wPt-664218 wPt-664841  11.11 1.48 -7.66
CEL ¢CEL6D 6D 334 wPt-8302 wPt-7108-19  5.01 1.44 4.40
CEL ¢qCEL74 TA 82 wPt-664218 wPt-664841  7.84 1.12 -5.92

Ysko w3l b muan buwgi oad o1 43 l50CEL: UM w3l b peies bawgs oad o131 43 41500 : XYL

Lasye sl QTL jslore (sla Silits S50 Alols 51 olia L 1QTL _5lg b i yo sy 518 gy 5 o2 Liolis
ol 045 03y LS Y Jgda 3 ol pols .ad Slwlid Ll gl yf odd e 8 lie b b
5 TraesCS7A03GO781900LC 25 9> nQTL jsloms slay Sl s Sujud adols ol ul o,
ML 5 01 plocl gl aiyyr 0 dgi b 45 35105 oLwlis TA pgjgnsyS 55y 5 TraesCS7A03G0782000LC
9 ol oor3l e 155550 05 93l & 3 (s @l izl Sglite (sla 15 puiS psif 0ol slaolSyl 5l edelcasdey
s 3 S gy 3l i LS gy s > TraesCSTA03GO78I1900LC o5 s )ls i oo
2 LS JolugSd piam )5 cage (1B 9 )l <8 Lo sl son g Pl w25 gl p3Y lamil Ol pekals JUS e
il cloanld 5 s (g ol 2 ogMe i (6)9)—S JolwgiS a5 sl jLS gy AL ogs
sob g oo cpl &S Wy BB (s SIS ply 3 gl 5 (Sep9r Sagwl ) alex Sl 0l (STgln 5
o5 oeixen (Gandhi & Oelmiiller, 2023) sl (iS50 jlol weiS) o ab 1y pudisl oy é

hypothetic la wSgy Siss 45,51 )b is hypothetic gla wSgp s g > TraesCS7403G0782000LC

2 Ls)‘.».’> o )iu) L;Lmuﬁ;s).: =3 ol).o.b 4 Lhu,«fuj).» u;l a5 oaly ul—ud ulm.n?u ng ol pramv; dl.bu_w)).g on)l.u
(Znameroski & Glass, 2013) 5)l5 gl 5,00
(o 290 BBV )3 ol puin Lansgs 00 W5 4B e | Sl gl 1B SgT )3 5 1 (S o)
2 b g a8 Gliee 0 3VL Gl gz D s 38 Gl choo sl g o VL s eaimd LS
ClBwss cman YO 9 F5R SEY VA SFY $05 SAY VY o )los clacuisss 5 a)he b @ 5Yolus a3l v
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w3l 93 s bwgy uan A1y Sl YL A8 e Mg clbl s 5l B v £eY 9 ST SOV VIA VAV VY
9 YL (ol pmin ol )5 VIA 9 VIV VND SAY $OF SYY ¥ o)l (slacuwigi il o 1yl 1) 5015 o 5Yslaw
0361 3615 g Yok w33l 93 50 Lawogs i A15 5> ey 3 Ay

LQTL (gl oowis @lwls x5 o o5 .Y Jous

Table3. Candidate genes identified for QTLs

oS o 048 J S S OF awlid &9 cbb ) DRSS
QTL Gene ID start end Strand  Gene function
TraesCS7403G078200 460052293 46005636 - Hypothetical
OLC 3 protein
qXYL74 ,qCEL7A
TraesCS7403G078190 459927620 45993761 - Protein kinases
0LC 8

S Psheog S o355y ) 01 ST 48 plie o b laipo QTL s (Bpno &y oo o0 ool il 26 15 4
w3 b pmdn g 018 ST 48 e 0 390 6D 9 TA (slapjgag S 59y 2 GqCEL7A 9 qCELOD (QTL a5
595 UL5 T L o ba gy 00 ST A5 l5en by oy GXYLTA oS o 00iiS J S S cizeam g Vsl
Al o pAS 0395 j o3l it b o pe o J S 53 bl oyl whe (S G5 02m3 oLt TA pyjga S
o 535 5)90 Co 04 J S sl (2lolid (sl ot 18 4ol lsiea Gimgly ol 53 00 olulis sQTL
) Slis oy (LD) (S5 (St oliwe 50 SNP (gl S5l siile Yl o515 b (sl Silits (65,4, 25550
Bblo opl ) eads olwlis LUl glay) uomed cddows S |y WQTL Lb 5, 55 ds g 00l iul58l ) jale
Coogiad 90 Aoy (&35 counl (claasly 1> 05 e g i Slallhe (ly o wlio B AlgS o 093
Ol cege Sl o (Mol (slaofyyy 5 0ad (Byre sl edlatusl il (b S 035 por 3 g pdypomiin
& oo 3uiS oyl Cpiored 33,5 (650liS Sluls (oolaml 55,) il 8l el doui )3 9 olS 5l akel Cwd 4 0B e
CebB L pB)l A can (Mol (glaojgn 55 Wl oo iguig) cnl &5 00,5 A8 Wg die) 3 S Glgwis) plwlid
L 38 )1)8 eolsiwl 5yge i A8 AJe3

g Pl sl (Jlo ol o 4 ey yialy aped oKl (LS iy 5 (6y9lid oaSiiimgy 5125 5] 5w lonw
P9 5yl il pl
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