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A B S T R A C T

Mixed linkage (1,3;1,4)-β-D-glucan (MLG) is a well-recognized bioactive carbohydrate and dietary fibre with 
expanding applications in food industry. The MLG are small components of the cell wall of vegetative tissues of 
cereals synthetized by members of the Cellulose Synthase-Like genes (Csl). Within the family, the CslF6 has been 
the major contributor in wheat. It is of significant health and economic benefits to enhance MLG content in 
wheat, a staple grain with naturally low MLG levels. This study investigated the role of CslF6 gene in MLG 
synthesis and analysed total MLG contents, cell wall monosaccharide, glycosidic linkage composition, and profile 
of major comprising oligosaccharides of MLG in various wheat genotypes, their wild relatives (Aegilops caudata 
and Dasypyrum villosum), and hybrids between them. We observed a relationship between CslF6 gene expression 
and MLG accumulation across the different wheat lines. While Aegilops caudata and Dasypyrum villosum exhibited 
higher MLG content than other genotypes, hybrid breeding led to an increase in MLG content by 24.4% in durum 
wheat and 43.3% in T. aestivum. Variations in the ratios of major oligosaccharides released from MLG by 
lichenase treatment and in the compositions of cell wall monosaccharides and glycosidic linkages were also 
found. This study demonstrates that HPAEC-PAD and GC–MS-based glycomics are invaluable tools to assist 
breeders in selecting high MLG lines.

1. Introduction

Durum wheat (Triticum turgidum L. subsp. durum) is a widely culti
vated cereal crop that plays a pivotal role in meeting daily caloric re
quirements in many countries and regions (Beres et al., 2020). Ranking 
as the 10th most important cereal globally, it accounts for 5 % of total 
wheat production and spans a planting area of 16 million hectares 
worldwide. Durum wheat is a rich source of proteins, starch and non- 
starch polysaccharides, vitamins, minerals, and other phytochemicals 
in the human diet (Grant, Cubadda, Carcea, Pogna, & Gazza, 2012; 
Marcotuli, Colasuonno, Hsieh, Fincher, & Gadaleta, 2020; Marcotuli, 
Soriano, & Gadaleta, 2022). Durum semolina, the product resulting from 
the milling of the hard-textured durum wheat kernel, is predominantly 
used in pasta production and also serves as a key ingredient in dishes like 
couscous and bulgur (Beres et al., 2020). Notably, in countries like Italy, 

regulatory standards mandate that pasta be made of 100 % durum 
semolina (Sopiwnyk, 2018).

Mixed linkage (1,3;1,4)-β-D-glucan (MLG), a non-starch poly
saccharide characterized by a linear chain of 1,3- and 1,4-linked β-D- 
glucopyranosyl residues, is predominantly found in the kernels of cereal 
grains. MLG has demonstrated efficacy in reducing the risks of colorectal 
cancer, cardiovascular disease, and diabetes, the leading causes of 
morbidity and mortality in industrialized nations, offering both societal 
and individual benefits (Bhoite, Satyavrat, & Premasudha Sadananda). 
Globally recognized regulatory bodies, such as US Food and Drug 
Administration (FDA), Health Canada, and the European Commission 
have approved health claims highlighting its role in cholesterol man
agement and associated cardiovascular complications (Mathews, Kamil, 
& Chu, 2020). These endorsements have enhanced the reputation of 
MLG, prompting its widespread incorporation in various functional food 
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and nutraceutical formulas. Besides, MLG has been increasingly used as 
functional additives (e.g., emulsion stabilizer, thickening agent, fat 
substitute) in food industry due to its water solubility, viscosity- 
enhancing properties, and gel-forming abilities (Maheshwari, Sowrir
ajan, & Joseph, 2017; Sun et al., 2021; Sushytskyi et al., 2023).

The biosynthesis of MLG in cereal crops has garnered significant 
research interest, particularly concerning the functions of associated 
genes and enzymes, and the effects of mutations on MLG content across 
various grains. MLG synthesis in grasses is catalyzed by members of 
Glycosyltransferase Family 2 that use uridine diphosphate glucose 
(UDP-Glc) for the synthesis process (Bain, van de Meene, Costa, & 
Doblin). The genes responsible for MLG synthesis share sequence ho
mology with cellulose synthases (CesAs) and belong to the Cellulose syn
thase-like (Csl) sub-families F, H, and J (Burton et al., 2006; Doblin et al., 
2009; Farrokhi et al., 2006; Little et al., 2019). Notably, the CslF and 
CslH groups were found exclusive to monocotyledons and are believed 
to either directly or indirectly regulate the accumulation and fine 
structure of MLG in the grain and other parts of the plant (Burton et al., 
2011; Farrokhi et al., 2006). Additionally, it has been demonstrated that 
the barley CslF6 is responsible for synthesis of β-1,4-linkage, but also as a 
conserved “switch motif” at the entrance of the enzyme’s trans
membrane channel, which is critical to generate (1,3)-linkages 
(Purushotham et al. 2022).

In Brachypodium distachyon, CslF6 mutants showed altered carbon 
metabolism in MLG deficient grain (Bain, van de Meene, Costa, & 
Doblin, 2020). Mutations of CslF6 in barley, rice, and wheat were found 
associated with reductions in MLG content, but these reductions 
generally had only moderate effects on vegetative growth and were well- 
tolerated (Cory, Båga, Anyia, Rossnagel, & Chibbar, 2012; Hu, Burton, 
Hong, & Jackson, 2014; Nemeth et al., 2010; Taketa et al., 2012; 
Tonooka, Aoki, Yoshioka, & Taketa, 2009; Wong et al., 2015). In wheat, 
it was observed that targeted RNA knockdowns of CslF6, driven by an 
endosperm-specific promoter, resulted in a 30–53 % decrease in MLG 
content in whole grain flour (Nemeth et al., 2010). In another study, 
knockout mutants of CslF6 in rice exhibited a 97 % reduction in MLG 
levels in coleoptiles, with undetectable levels in other tissues (Vega- 
Sanchez et al., 2012). Compared to other cereal species, limited data on 
biosynthetic pathway of MLG is available for durum wheat, its wild 
relatives, and their hybrids.

Wheat naturally provides a low amount of MLG. For instance, barley 
and oat bran have MLG contents of 7 % and 5 %, respectively, whereas 
the MLG content of wheat bran is less than 1 % (Tiefenbacher, 2017). To 
introduce wheat-based products with naturally high MLG content to the 
market, innovative breeding strategies are needed to develop new wheat 
lines. Due to the limited genetic diversity within the wheat gene pool, 
incorporating wheat wild relatives into breeding programs is a prom
ising strategy, achievable by introgressing small segments of their 
genome that carry desirable traits into wheat (Feuillet, Langridge, & 
Waugh, 2008). Aegilops caudata L. [syn. Ae. markgrafii (Greuter) 
Hammer], a diploid wild relative (2n = 2x = 14, CC) of hexaploid wheat, 
has been shown to harbor numerous resistance genes for both biotic and 
abiotic stresses and established as a valuable source of genetic variation 
for improving quality traits of wheat (Grewal et al., 2020; Ivanizs et al., 
2022). There have been reports of the development of several wheats- 
Aegilops interspecific hybrids, addition lines, and translocation lines 
with many agronomically beneficial traits successfully integrated into 
the wheat gene pool from Aegilops (Schneider, Molnár, & Molnár-Láng, 
2008). MLG was found to be an important cell wall component of 
Aegilops genus (Kishii, 2019). By incorporating chromosome 5U or group 
7 chromosomes from the U and M genomes of Aegilops geniculata and 
Aegilops biuncialis species, the MLG content of T. aestivum significantly 
increased under various growth conditions (Rakszegi et al., 2017). For 
Dasypyrum villosum, another wild relative of wheat, there was only one 
MLG-related report that the incorporation of genes from the V chro
mosomes into durum wheat genomes improved both grain yield and 
grain quality; however, the durum wheat with the gene introgression 

exhibited MLG content similar to that of the wheat parental control (De 
Pace et al., 2014).

The current study was aimed at investigating and comparing the 
transcription levels of CslF6 in the endosperm at various developmental 
stages across a range of genotypes, including Aegilops caudata, Dasypy
rum villosum, durum wheat, T. aestivum, and amphyploid lines. We 
conducted enzymatic-colorimetric MLG assay, GC–MS-based mono
saccharide and glycosidic linkage analyses, and HPAEC-PAD-based 
oligosaccharide profiling to examine the variations in content and 
structural features of MLG across samples. This study sought to establish 
a workflow for MLG-specific glycomics, assisting breeders, growers, and 
processors in selecting MLG-rich cereal products.

2. Materials and methods

2.1. Wheat materials

A set of six genotypes, described in Table 1, were grown in an 
experimental field in Valenzano, Bari, Italy. The seeds included the 
durum variety Creso, the D. villosum genotype, the durum-villosum 
amphyploid genotype (from now named as Amphyploid 1), the 
T. aestivum variety Alcedo, the Ae. Caudata genotype and the T. aestivum- 
caudata Amphyploid (from now named as Amphyploid 2). Seeds from 
these genotypes were germinated and, during the growing season, 10 g 
of nitrogen per m2 was applied at the beginning of planting following 
standard cultivation practices. Single plants were hand-harvested at 
maturity, and the grain was stored at 4 ◦C. The grain was ground using a 
1093 Cyclotec Sample Mill (Tecator Foss, Hillerød, Denmark) and 
passed through a 1-µm sieve. Endosperm samples from each genotype 
were collected at five developmental stages (6, 12, 18, 24, and 32 days 
post anthesis) and stored at − 80 ◦C for subsequent RNA extraction and 
analysis.

2.2. Determination of MLG content using enzymatic colorimetric assay

The total content of MLG was determined in wholegrain flour ob
tained from mature kernels and in immature endosperm sampled at each 
developmental stage previously described using the commercially 
available Mixed-Linkage β-D-glucan Assay Kit (Megazyme International 
Ireland Ltd., Wicklow, Ireland), following the methodology described by 
the literature (McCleary & Codd, 1991). Barley material with known 
MLG content of 4.1 % (w/w) was included in the kit as a reference for 
the analysis. Three biological replicates, each with two technical repli
cates, were performed for each genotype.

2.3. Oligosaccharide profile of lichenase digest by high performance anion 
exchange chromatography coupled to amperometric detection (HPAEC- 
PAD)

HPAEC-PAD analysis was used to profile the oligosaccharides enzy
matically released from MLG from kernels with different genotypes, as 
described in our previous report (Chang et al., 2023). This involved 
subjecting the oligosaccharides released by lichenase digestion in the 
Megazyme assay to solid phase extraction using Varian Bond Elut 

Table 1 
Genome, whole grain MLG content, and MLG major oligosaccharide ratios (DP3/ 
DP4) for wheats, wild relatives, and their hybrid lines.

Line Genome MLG (w 
%)

St. 
dev.

DP3/ 
DP4

St. 
dev.

T. durum AABB 0.45 0.02 ​ 2.5 0.09
D. villosum VV 4.36 0.04 ​ 1.8 0.09
Amphyploid 1 AABBVV 0.56 0.05 ​ 1.8 0.02
T. aestivum AABBDD 0.90 0.01 ​ 1.8 0.04
Ae. caudata CC 4.15 0.19 ​ 1.9 0.09
Amphyploid 2 AABBDDCC 1.29 0.03 ​ 1.8 0.03
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Carbon columns (Agilent Technologies Inc., USA) with a concentration 
of 50 mg/mL. Elution was performed with 55 % (v/v) acetonitrile on a 
Dionex ICS-5000 HPAEC-PAD system (Thermo Fisher Scientific Inc., 
USA). The ratio of the trisaccharide G4G3G to the tetrasaccharide 
G4G4G3G was calculated and denoted as DP3/DP4.

2.4. Cell wall preparation

The whole cell walls of the durum wheats were prepared as de- 
starched alcohol insoluble residues (AIRs) following the published 
procedure (Wood et al., 2018), except that the hexane and ethyl acetate 
soaking steps were omitted, only thermostable amylase digestion was 
performed (replacing the combined use of amylase and amyloglucosi
dase), and the de-starched samples were dialyzed with a molecular 
weight cut off of 6,000–8,000 Da instead of 3,500 Da (Klassen et al., 
2023). The dry pellets of AIRs were finely powdered by ball-milling in 
preparation for subsequent monosaccharide and linkage analyses.

2.5. Monosaccharide analysis

Monosaccharides were released from around 10 mg of dry AIR 
powder by heating in 2 mL of 1.25 M anhydrous methanolic hydro
chloric acid at 80 ◦C for 16 h with gentle magnetic stirring, followed by 
evaporation under nitrogen until dryness and additional two rounds of 
evaporation to dryness in 2 mL of anhydrous methanol (Casillo, D’An
gelo, Parrilli, Tutino, & Corsaro, 2022; Gottstein et al., 2021; Smith, 
O’Neill, Backe, York, Peña, & Urbanowicz, 2020). The samples were 
then magnetically stirred in 2 mL of deionized water containing 10 mg/ 
mL of sodium borodeuteride at 4 ◦C for 24 h to carboxyl reduce uronic 
acid methyl esters to their C-6 dideuterated neutral sugar counterparts 
(Bacic, Moody, & Clarke, 1986; Badhan et al., 2022; Low et al., 2020). 
Excess reductant was quenched by glacial acetic acid, the reaction 
mixture was evaporated to dryness under nitrogen, and then the product 
was acetylated by heating in a mixture of 0.5 mL of trifluoroacetic acid 
and 2.5 mL of acetic anhydride at 60 ◦C for 1 h min (Chang et al., 2023; 
Jones et al., 2020; Robb et al., 2022; Voiges, Adden, Rinken, & Mis
chnick, 2012). After evaporation to dryness under nitrogen, the product 
were redissolved in 3 mL of dichloromethane followed by partition with 
3 mL of saturated sodium bicarbonate deionized water one time then 3 
mL of deionized water three times, passing the final lower phase through 
a glass wool plugged Pasteur pipette loaded with anhydrous sodium 
sulfate, and evaporation to dryness by nitrogen (Robb et al., 2022; 
Voiges et al., 2012; Yu et al., 2017). The resulting acetylated methyl 
glycosides were converted to alditol acetates by 2 M trifluoroacetic acid 
hydrolysis (100 ◦C, 2 h), reduction with sodium borodeuteride, and 
acetylation in heated mixture of trifluoroacetic acid and acetic anhy
dride (1:5, v/v) (Chang et al., 2023; Jones et al., 2020; Robb et al., 2022; 
Voiges et al., 2012). The derivatives were then cleaned up using parti
tion and sodium sulfate column as described above, redissolved in ethyl 
acetate, and tested on a 6890 N GC-FID system (Agilent, United States) 
installed with an Supelco SP-2380 column (30 m × 0.25 mm × 0.20 
μm, Sigma-Aldrich, United States) with oven temperature to start at 
180 ◦C (hold 1 min) followed by increasing at 3 ◦C/min to 250 ◦C (hold 
20 min). The same sample was also tested on a 7890B-5977B GC–MS 
system (Agilent, United States) installed with an Supelco SP-2380 col
umn (100 m × 0.25 mm × 0.20 μm, Sigma-Aldrich, United States) with 
oven temperature to start at 220 ◦C followed by increasing at 1 ◦C/min 
to 250 ◦C (hold 30 min). Both systems had the same settings of inlet 
temperature (250 ◦C) and constant column helium flow of 0.8 mL/min. 
Splitless injection and split injection (10:1 ratio) were used for the GC- 
FID and GC–MS, respectively. The relative composition of alditol ace
tates was quantified using FID response factors obtained from standards, 
and the C-6 deuterated alditol acetates of uronic acids and alditol ace
tates generated from corresponding neutral monosaccharides were 
distinguished and determined based on GC–MS data, as described in the 
literature (Pettolino, Walsh, Fincher, & Bacic, 2012). Two separate 

experiments were conducted for each sample.

2.6. Glycosidic linkage analysis

Uronic acids in around 10 mg of dry AIR powder were carboxyl 
reduced to 6,6-dideuterated neutral sugars by sodium borodeuteride 
reduction of their methyl esters generated by weak methanolysis (0.5 M 
methanolic HCl, 80 ◦C, 20 min) (Chong, Cleary, Dokoozlian, Ford, & 
Fincher, 2019; Hosain, Ghosh, Bryant, Arivett, Farone, & Kline, 2019; 
Muhidinov et al., 2020). After quenching excess reductant with acetic 
acid and removal of borate by repeated evaporation to dryness in 
mixture of acetic acid and methanol (1:10, v/v) then in anhydrous 
methanol, the sample was methylated in a mixture of 1.2 mL of methyl 
iodide and 2 mL of DMSO with 100 mg of dry sodium hydroxide powder 
(Badhan et al., 2022; Jones et al., 2020; Low et al., 2020). The 
methylation product was cleaned up by partition between 3 mL of 
dichloromethane and 6 mL of 10 % acetic acids over ice two times then 
with 6 mL of deionized water two times. The lower phase was evapo
rated to dryness, and the methylation process was repeated one more 
time. For the first round of methylation, the sample was magnetically 
stirred in DMSO at 60 ◦C overnight, with the tube headspace filled with 
N2, prior to the methylation reaction. Before the second round of 
methylation, the same process of stirring in DMSO was conducted 
overnight but at room temperature, instead of 60 ◦C. The methylated 
samples were then converted to partially methylated alditol acetates 
(PMAAs) by first underwent 2 M trifluoracetic acid hydrolysis (120 ◦C, 2 
h). The hydrolysis product was then reduced by sodium borodeuteride 
before all free hydroxyl groups were acetylated under a mixture of tri
fluoroacetic acid and acetic anhydride (1:5, v/v) (Chang et al., 2023; 
Robb et al., 2022; Voiges et al., 2012). The PMAAs were redissolved in 
ethyl acetate and tested on the Agilent 7890B-5977B GC–MS system 
with the same 100 m Supelco SP-2380 column as described above for 
monosaccharide analysis, except that the oven temperature was pro
grammed to start at 100 ◦C followed by increasing at 1.5 ◦C/min to 
220 ◦C then at 1.25 ◦C/min to 250 ◦C (hold 20 min). The EI-MS spectra 
of the PMAAs were interpreted by comparing them with those of 
reference derivatives and by referring to the literature (Carpita & Shea, 
1989). The glycosidic linkage composition (mol%) was calculated 
following the published protocol (Pettolino et al., 2012).

2.7. RNA extraction and cDNA synthesis

The expression analysis of the gene in the endosperm of the two 
wheat varieties, Ae. caudata, D. villosum, and amphyploid genotypes was 
conducted using the primer pairs described in our previous report (I. 
Marcotuli, P. Colasuonno, A. Blanco, & A. Gadaleta, 2018). To analyze 
the expression level of CslF6, total RNA was extracted from the endo
sperm of each genotype using the RNeasy Plant Mini Kit (Qiagen, 
Valencia, USA) and assessed on a 1.5 % denaturing agarose gel. All RNA 
samples were adjusted to the same concentration (1 μg/mL) and reverse- 
transcribed into double-stranded cDNA with the QuantiTect Reverse 
Transcriptase Kit (Qiagen, Valencia, USA). Data were normalized using 
three reference genes: Cell Division Control AAA-Superfamily of ATPases 
(CDC), ADP-Ribosylation Factor (ADP-RF), and RNase L Inhibitor-like 
protein (RLI). These genes had a stability value of approximately 0.035 
when evaluated with NormFinder software (Andersen, Jensen, & 
Ørntoft, 2004).

2.8. qPCR for cellulose synthase gene

Quantitative real-time PCR (qRT-PCR) was performed using Cyber® 
GREEN on a CFX96TM Real-Time PCR Systems (Bio-Rad Laboratories, 
Hercules, USA), adhering to the amplification procedure described in 
our previous report (Marcotuli et al., 2018). The specificity of the 
amplicons was validated through several means: by observing a single 
band of the expected size for each primer pair on a 2 % (w/v) agarose 
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gel, by noting a singular peak in the melting curves of the PCR products, 
and by sequencing the amplified fragments using a 3500 Genetic 
Analyzer (Applied Biosystems, Waltham, USA). qRT-PCR data were 
derived from the mean values of three independent amplification re
actions conducted on five distinct plants harvested at the same pheno
typic stage (biological replicates). All calculations and analyses were 
conducted using the ΔCt method with the CFX Manager 2.1 software 
(Bio-Rad Laboratories, Hercules, USA). Standard deviations were uti
lized to normalize values for the highest or lowest individual expression 
levels as per the CFX Manager 2.1 software user manual. ANOVA and the 
LSD test were employed to evaluate significant differences in the 
expression of the CslF6 gene between genotypes.

3. Results and discussion

The health and economic benefits associated with MLG have led to a 
search for wild alleles that can increase the level of MLG in wheat, 
primarily focusing on species within the genus Triticum (Marcotuli et al., 
2015; Marcotuli et al., 2016). Wild relatives of wheat from the genus 
Aegilops and Dasypyrum, which showed MLG content around 4 % and are 
critical sources of new genes and alleles for wheat breeding, have been 
largely overlooked in breeding efforts aimed at developing high MLG 
wheat. The current study investigated the role of the CslF6 gene in MLG 
accumulation in wheat, its wild relatives Aegilops caudata and Dasypy
rum villosum, and their hybrids, and also aimed to enhance the efficiency 
and accuracy of identifying high MLG lines using MLG-specific 
glycomics.

3.1. CslF6 expression in mature kernels and endosperm at different 
developmental stages

The transcript levels of CslF6 mRNA were determined in the endo
sperm of bread and durum wheats, Ae. caudata, D. villosum, and the two 
corresponding amphyploid during various developmental stages, span
ning from 6 to 32 days post anthesis (DPA) (Fig. 1). For T. durum, the 
normalized expression of CslF6 mRNA remained relatively low during 

the initial days, peaking significantly at 18 DPA with a value of 9.0, then 
declining in subsequent measurements. D. villosum displayed a drastic 
surge at 24 DPA, reaching the highest expression level of 18.5 before 
descending to 10.7 at 32 DPA. The hybrid of T. durum and D. villosum 
(Amphyploid 1) exhibited a steady increase in expression up to 32 DPA, 
reaching a peak value of 16.7. T. aestivum showed a notable spike at 24 
DPA with a value of 11.0. It seems that Ae. Caudata reached peak ex
pressions similar to that of D. villosum at 24 DPA.. The hybrid of 
T. aestivum and Ae. caudata demonstrated high expression levels at 18 
DPA (7.5), followed by a dramatic drop to 0.2 by 32 DPA. In comparison, 
both T. durum and Ae. caudata reached peak expressions around the 
middle of the developmental stages, while D. villosum and T. aestivum 
presented higher expressions slightly later, around 24 DPA. Amphyploid 
1 showed a sharp increase at 18DPA rather than consistent increase. 
Amphyploid, while the Amphyploid 2 demonstrated a severe decline 
post its peak. Such variances in expression patterns could be indicative 
of the genetic and regulatory influences that each species or hybrid in
herits and how these influences affect the expression of the CslF6 gene 
during endosperm development. These results were in good agreement 
with previous studies on the expression patterns of CslF6 in developing 
endosperm of durum wheat. For instance, similar trends of low CslF6 
expression were previously reported in the early stages of endosperm 
development, followed by a significant increase in expression during the 
mid to late stages (Ilaria Marcotuli, Pasqualina Colasuonno, Antonio 
Blanco, & Agata Gadaleta, 2018). These findings suggested a conserved 
regulatory mechanism governing CslF6 expression during endosperm 
development across different genotypes. The observed increase in CslF6 
expression at 18 DPA was in good agreement with the previous report 
that a set of genes in Brachypodium, including CslF6, exhibited peak 
expression levels during this stage of endosperm development (Francin- 
Allami et al., 2023). The upregulation of CslF6 at 18 DPA might indicate 
its involvement in specific developmental processes, such as cell division 
or cell wall synthesis, crucial for endosperm development during this 
period. A distinct expression pattern of CslF6 in Triticum aestivum, 
showing a gradual increase in CslF6 expression throughout develop
ment, was previously reported (Nemeth et al., 2010). It is worth noting 

Fig. 1. Normalized expression levels for CslF6 gene in the developing endosperm at various times (days) following the initiation of maturation at 6, 12, 18, 24, and 
32 days post anthesis (DPA) analysed in durum wheat (T. durum), T. aestivum, Ae. Caudata, D. villosum, and amphyploid lines. Amphyploid 1 refers to the hybrid 
between T. durum and D. villosum. Amphyploid 2 denotes the hybrid between T. aestivum and Ae. caudata. The height of each bar represents the mean value, with the 
standard deviation denoted by error bars labelled at the top. Asterisks indicate genotypes significantly different within the developmental stages (** P ≤ 0.01; * P 
≤ 0.05).
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that while our study focused on the expression levels of CslF6 mRNA 
during endosperm development, the functional implications of CslF6 in 
this context should not be overlooked. A previous study demonstrated 
that down-regulation of CslF6 expression resulted in altered cell wall 
composition and reduced grain filling in transgenic lines (Nemeth et al., 
2010). This suggested that CslF6 plays a critical role in endosperm 
development, particularly in the biosynthesis and organization of cell 
wall components. The current study sheds light on the role of CslF6 in 
endosperm development, but further research is needed to pinpoint its 
precise functions, its contribution in various genotypes, and its interplay 
with genes involved in cell wall biosynthesis and grain filling.

3.2. Total MLG content determined by enzymatic colorimetric assay

The total MLG amount in mature grains was tested using a well- 
established enzymatic and colorimetric method with commercial kit 
from Megazyme (McCleary et al., 1991). The amount of MLG was 
expressed as weight percentage (w%) based on the dry weight of the 
kernel. Results showed that the whole grain MLG values ranged from 
0.45 % (durum wheat) to 4.15 % (Ae. caudata), with significant differ
ences (p ≤ 0.01) between the genotypes (Table 1). The T. aestivum- 
caudata amphyploidamphyploid genotype displayed a much lower 
whole grain MLG content (1.29 %) than the caudata line (4.15 %). 
Similarly, the durum wheat-villosum amphyploidamphyploid genotype 
had a low whole grain MLG content of 0.56 %. Highest value was shown 
from D. villosum (4.36 %). Both amphyploidamphyploid lines exhibited 
low MLG amounts similar to those of the parental lines. The results were 
in good agreement with previous reports that bread and durum wheats 
were not significant sources of MLG because of their low content in the 
grain, typically less than 1 % on a dry weight basis (Collins, Burton, 
Topping, Liao, Bacic, & Fincher, 2010; Marcotuli et al., 2016). However, 
it is worth noting that higher MLG values, up to 2.3 %, have been re
ported in T. aestivum (Fincher & Stone, 2004). The relatively high 

concentration of MLG in wheat grain was mainly found in the sub- 
aleurone layer, with lower amounts present in the rest of the endo
sperm (Beresford & Stone, 1983).

In the developing endosperm (6, 12, 18, 24, and 32 DPA), the MLG 
contents across the different species showed distinct patterns (Fig. 2). 
T. durum started with an MLG content of 0.50 % at 6 DPA, saw a slight 
decline by 18 DPA to 0.27 %, and then gradually rebounded to 0.35 % by 
32 DPA, suggesting relative stability in its low MLG levels over time. 
D. villosum, with an initial value of 0.98 % at 6 DPA, consistently 
increased, reaching its highest value of 3.54 % by 32 DPA. The hybrid of 
T. durum and D. villosum maintained a relatively stable trend, initiating 
at 0.25 % and increasing slowly to 0.54 % over the 32 days. T. aestivum 
exhibited a narrow range of fluctuation, starting at 0.60 % and showing 
a minor peak of 0.77 % at 32 DPA. Ae. caudata, with its onset at 0.74 %, 
saw a significant increase in its MLG content, reaching 4.06 % by 24 
DPA, and preserved this level until 32 DPA. The hybrid lineage of 
T. aestivum and Ae. caudata had a relatively high value of 1.27 % at 6 
DPA, but then stabilized around 1.0 %, concluding at a slightly reduced 
value of 0.82 % by 32 DPA. These results demonstrated the dynamic 
changes in MLG content during kernel development across different 
varieties. The variations observed in MLG content among the develop
mental stages and varieties suggested the potential influence of genetic 
factors and developmental processes on MLG accumulation in kernels. A 
noticeable rise in the content of MLG from 4 to 28 DPA during 
T. aestivum grain development was observed in previous study (Palmer, 
Cornuault, Marcus, Knox, Shewry, & Tosi, 2015). That study also 
revealed that the most pronounced increase occurred during the early 
stages of development (4–12 DPA), after which the growth rate decel
erated as it approached maturity.

Fig. 2. MLG content detected in the developing endosperm at various times (days) following the initiation of maturation at 6, 12, 18, 24, and 32 days post anthesis 
(DPA) analysed in durum wheat (T. durum), T. aestivum, Ae. Caudata, D. villosum, and amphyploid lines. Amphyploid 1 refers to the hybrid between T. durum and 
D. villosum. Amphyploid 2 denotes the hybrid between T. aestivum and Ae. caudata. The height of each bar represents the mean value, with the standard deviation 
denoted by error bars labelled at the top. Asterisks indicate genotypes significantly different within the developmental stages (** P ≤ 0.01; * P ≤ 0.05).
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3.3. HPAEC-PAD analysis of oligosaccharides released from kernels by 
lichanase treatment

The molecular traits of MLG are typically derived from HPAEC-PAD 
analysis of oligosaccharides generated by lichenase with a 3-linked 
reducing end, while all other residues are 4-linked (Chang et al., 
2023). Variations exist within the same cereal species due to factors such 
as genotype and environmental conditions (Jiang & Vasanthan, 2000; 
Miller, Vincent, Weisz, & Fulcher, 1993; Storsley, Izydorczyk, You, 
Biliaderis, & Rossnagel, 2003). Chromosome 5U was found to contribute 
to a reduction in the DP3/DP4 ratio of MLG (Rakszegi et al., 2017). The 
DP3/DP4 ratio has been used to profile MLG from different sources of 
cereals because, among all oligosaccharides detectable by HPAEC-PAD, 
trisaccharide and tetrasaccharide units make up 90–95 % of total oli
gosaccharides, with longer chains accounting for only 5–10 % (Lante, 
Canazza, & Tessari, 2023). Barley, wheat, oat, and rice were reported to 
have DP3/DP4 ratio ranges of 2.3–3.4, 1.5–2.3, 3.0–4.5, and 2.4–2.7, 
respectively (Lante et al., 2023). In the current study, the DP3/DP4 ra
tios were determined to be 1.8 for villosum, wheat-villosum amphyploid, 
T. aestivum, and T. aestivum-caudata amphyploid genotypes, 1.9 for the 
caudata line, and 2.5 for the durum wheat line (Table 1).

3.4. Monosaccharide and linkage analysis by GC–MS/FID

Whole cell wall polysaccharides of the durum wheat kernel were 
prepared as de-starched AIR using a well-established procedure that has 
been proven effective on many higher plant samples (e.g., chickpea 
kernel, canola meals) (Badhan et al., 2022; Klassen et al., 2023; Li et al., 
2022; Li et al., 2019; Low et al., 2020; Wood et al., 2018). DMSO soaking 
was employed to solubilize all starches, including resistant starches 
(Sowinski, Gilbert, Lam, & Carpita, 2019). These can be hydrolysed to 
monosaccharides and oligosaccharides and then further removed by 
dialysis. It is commonly known that higher plant cell wall poly
saccharides consist mainly of hemicellulose, cellulose, and pectins 
(Pettolino et al., 2012). Cellulose and MLG are both β-D-glucans with 
linear chains of glucopyranosyl residues, with the distinction that the 
glucopyranosyl residues are 4-linked only in the former but a mixture of 
3- and 4-linked in the latter. The homo-linkage nature of cellulose results 
in it forming a highly crystalline structure in the cell wall by strong 
hydrogen bonding formed between neighbouring polysaccharide 
chains, even though a minor amount of amorphous cellulose also exits 
naturally in higher plant cell walls. In contrast, the mixed-linkage 
structural nature of MLG does not form strong crystalline regions 
because 3-linked residues introduce a kink that prevents the formation 
of strong interchain hydrogen bonding and thus crystalline region. It is 
also well-known that weak acid-catalysed hydrolysis methods, such as 
TFA and methanolysis, cannot break the crystalline structures of cellu
lose but can hydrolyse non-crystalline cell polysaccharides such as 
pectins (e.g., homogalacturonan and rhamnogalacturonans) and hemi
celluloses (e.g., arabinoxylan, heteroxylan, heteromannans, and MLG) 
(Bertaud, Sundberg, & Holmbom, 2002; Biswal et al., 2022; Foster, 
Martin, & Pauly, 2010; Schäfer, Hale, Hoffmann, & Bunzel, 2020; 
Tingley, Low, Xing, & Abbott, 2021; Willför et al., 2009; Wilson, Deli
gey, Wang, & Cosgrove, 2021). In the current study, methanolysis (1.25 
M HCl in methanol, 80 ◦C, 16 h) was used to release monosaccharides 
from non-crystalline cell wall polysaccharides of durum wheat kernels. 
Results showed that the relative compositions of glucose in the AIRs of 
D. villosum (45.1 %) and Ae. caudata (40.1 %) were much higher than 
those in the T. durum (9.7 %), Amphyploid 1 (14.5 %), T. aestivum (14.3 
%), and Amphyploid 2 (13.5 %) (Table 2, Fig. 3). This finding could be 
due to the presence of other genes responsible for MLG synthesis in 
wheats, the quantitative nature of the trait and the polygenic control by 
genes with additive effects (Marcotuli et al. 2016; Houston et al. 2014). 
Given that crystalline cellulose and MLG are the two major glucose- 
containing non-starch polysaccharides in the kernel and that the 
glucose in crystalline cellulose cannot be released by acid methanolysis, 

the detected glucose was mainly from MLG. Therefore, the result indi
cated that the relative MLG composition in the cell walls of DV and AC 
kernels were much higher than in the other samples.

Crystalline cellulose in insoluble cell wall samples can be depoly
merized by hydrolysis using water solution of strong acid (e.g., sulphuric 
acid); however, the hydrolysis condition is so harsh that degradation of 
released monosaccharides can occur, resulting in a reduced level of 
detected monosaccharides (Black, Heiss, & Azadi, 2019). Per-O- 
methylation of polysaccharide by methyl iodide in DMSO in the pres
ence of dry sodium hydroxide powder (the Ciucanu Method) has been 
proved to be effective in completely decrystallising and methylating 
crystalline cellulose structure (Black et al., 2019; Ciucanu, 2006). The 
per-O-methylated decrystalised cellulose can be depolymerized by 
relatively weak TFA hydrolysis, and the released methylated mono
saccharides can be converted to their partially methylated alditol ace
tate (PMAA) derivatives for analysis of glycosidic linkage composition 
using GC–MS/FID (Pettolino et al., 2012). This methylation analysis 
procedure has been successfully conducted to many whole cell wall 
samples (Badhan et al., 2022; Klassen et al., 2021; Low et al., 2020; 
Pham, Kyriacou, et al., 2019; Pham, Schwerdt, et al., 2019; Wood et al., 
2018). For the determination of pectin, carboxyl reduction of uronic 
acids to their corresponding C-6 dideuterium labelled neutral sugar is 
required before the methylation step by sodium borodeuteride reduction 
of uronic acid esters generated by carbodiimide activation (Kim & 
Carpita, 1992) or weak methanolysis treatment (0.5 M methanolic HCl, 
80 ̊C, 20 min) (Chong et al., 2019; Hosain et al., 2019; Muhidinov et al., 
2020). In the current study, the latter carboxy reduction method was 
used for the whole kernel cell walls, followed by methylation-GC–MS/ 
FID analysis of the carboxyl reduced samples. Results showed that the 
D. villosum and T. aestivum cell walls contained much higher levels of 3- 
linked glucopyranoses than the others (Table 2, Fig. 4). The levels of 3- 
linked glucopyranoses were very similar among T. durum, Amphyploid 
1, T. aestivum, and Amphyploid 2. The results of 3-linked glucopyranoses 
were in good agreement with the results of total MLG contents. As ex
pected, abundant 4-linked glucopyranoses were detected, originating 
from the 4-linked residues of MLG and cellulose that were fully 
decrystallised by methylation. EI-MS spectra of PMAAs from 3-linked 
glucopyranose and 4-linked glucopyranose from D. villosum kernel are 
shown in Fig. 5.

In addition to the linkages from MLG and cellulose, we also found in 
the samples many other linkages (Table 2) from various cell wall poly
saccharide structures such as arabinoxylan, arabinan, heteroxylan, 
heteromannan, arabinogalactan, and homogalacturonan according to 
previous studies on linkage assignment of higher plant cell walls 
(Badhan et al., 2022; Li et al., 2022; Li et al., 2019; Low et al., 2020; 
Pettolino et al., 2012; Wood et al., 2018). The weak metanalysis (0.5 M 
methanolic HCl, 80 ̊ C, 20 min)-sodium borodeuteride method is a 
quicker, less expensive carboxyl reduction method that allows larger 
sample amount (e.g., 10 mg of AIR) and larger throughput compared to 
the conventional carbodiimide activation-sodium borodeuteride 
method. This metanalysis-based method has been recently used for 

Table 2 
Monosaccharide composition (mol%) of non-crystalline cell wall poly
saccharides of kernels of wheats, wild relatives, and their hybrid lines.

Monosaccharide TD DY A1 TA AC A2

Ara 43.2 19.2 37.0 38.3 21.6 41.4
Gal 6.1 5.4 7.4 7.7 5.5 6.3
GalA 1.6 1.2 1.2 1.2 1.2 1.3
Glc 9.7 45.1 14.5 14.3 40.1 13.5
GlcA 1.7 0.9 1.8 2.1 0.9 1.9
Man 1.8 2.1 3.7 3.8 1.9 3.1
Xyl 35.9 26.1 34.4 32.5 28.7 32.4

Note: Each experiment was conducted in duplicate to generate a mean. TD: 
T. durum; DV: D. villosum; A1: Amphyploid 1; TA: T. aestivum; AC: Ae. caudata; 
A2: Amphyploid 2.
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linkage analysis of some cell wall polysaccharide mixtures and purified 
fractions containing uronic acids (Chang et al., 2023; Robb et al., 2022; 
Voiges et al., 2012). This was the first instance of the method being used 
for carboxyl reduction of kernel cell walls of wheat and its wild relatives. 
This technique allowed the detection of galacturonic acid linkages in our 
samples. However, we noted that the method resulted in significant 
debranching of arabinoxylans. This was evident from the diminished 
intensity of various arabinofuranose linkages, a reduced presence of 
branching xylopyranosyl residues, and a pronounced peak of 4-linked 
xylopyranose residues (the building unit of the debranched xylan 
backbone). It was apparent that the methyl glycosides of arabinose, 
resulting from the debranching of arabinoxylan by weak methanolysis, 
were transformed into highly volatile permethylated methyl glycosides 

that were lost by repeated evaporation-to-dryness during methylation 
analysis. Given the minimal amounts of pectins in wheat and its wild 
relatives, we recommend bypassing the carboxyl reduction for kernel 
cell walls in future studies unless the primary objective is to extract 
pectin linkage information. If linkage details for both pectins and ara
binoxylans are crucial for future studies, the traditional carbodiimide 
activation-sodium borodeuteride reduction method should be 
employed.

Fig. 3. Total ion current (TIC) chromatograms of alditol acetate derivatives of the six kernel cell wall samples. TD: T. durum; DV: D. villosum; A1: Amphyploid 1; TA: 
T. aestivum; AC: Ae. caudata; A2: Amphyploid 2. Amphyploid 1 refers to the hybrid between T. durum and D. villosum. Amphyploid 2 denotes the hybrid between 
T. aestivum and Ae. caudata.
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3.5. Correlation between CslF6 expression and MLG accumulation and 
the significance of kernel MLG content enhancement achieved through 
hybrid breeding

The synthesis of MLG in barley grains is influenced by the expression 
of CslF6, as demonstrated by the significant enhancement in MLG con
tent resulting from endosperm-specific gene overexpression (Burton 

et al. in 2011). Similar trends have been observed in wheat and rice, 
where CslF6 orthologs play analogous roles (Nemeth et al., 2010). We 
analyzed the correlation between gene expression and MLG accumula
tion in our genetic material. We found that the correlation between 
CslF6 gene expression and MLG accumulation in amphyploid lines was 
slightly positive but not remarkable (p = 0.08, Pearson test). The 
expression level of CslF6 in the endosperm (32 DPA) of the durum wheat 

Fig. 4. Total ion current (TIC) chromatograms of partially methylated alditol acetate (PMAA) derivatives of the kernel cell walls of (A) T. durum, (B) D. villosum, (C) 
Amphyploid 1, (D) T. aestivum; (E) Ae. Caudata, and (F) Amphyploid 2. Amphyploid 1 refers to the hybrid between T. durum and D. villosum. Amphyploid 2 denotes 
the hybrid between T. aestivum and Ae. caudata.
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amphyploid was 3 times that of the durum wheat parent line (Fig. 1), 
while the kernel MLG content was moderately increased from 0.45 % in 
the parental line to 0.56 % in the hybrid, an enhancement of 24.4 % 
(Table 1). The kernel MLG content in the hybrid line of T. aestivum was 
43.3 % higher than in the parent line (Table 1). In contrast, the CslF6 
expression levels in the endosperm harvested at 24 and 32 DPA of the 
T. aestivum parental lines were 5.7 and 31.9 times those of the hybrid 
lines, respectively, indicating a strong negative correlation between the 
endosperm CslF6 expression and kernel MLG content. These observa
tions could be attributed to the presence of a degradation complex, 
formed as a result of past breeding programs primarily aimed at 
enhancing wheat productivity. The final products of this complex serve 
as precursors for the biosynthesis and accumulation of starch in the 
kernel. This was supported by a previous report of a strong and inverse 
relationship between MLG and starch biosynthesis (Burton et al., 2008). 
It was also reported that MLG and amylose levels are controlled by 
numerous genes interconnected through expression networks, all 
contributing to the regulation of MLG and amylose metabolism and 
biosynthesis (Islamovic et al., 2013). The presence of a conserved 
’switch motif’ at the entrance of the enzyme’s transmembrane channel 
plays a crucial role in the production of 1,3-linked β-D-glucopyranoses, 
and within this region, a single-point mutation can significantly impact 
formation of the 1,3-linkage, leading to increased synthesis of cellulosic 
polysaccharides (Purushotham, Ho, Yu, Fincher, Bulone, & Zimmer, 
2022). Therefore, further investigation is needed to clarify the genetic 
mechanism and to study protein accumulation and structure. See 
(Table 3).

In the current study, disproving the existence of a remarkable posi
tive correlation between CslF6 gene expression and MLG content in 
kernel does not diminish the significance of the MLG content enhance
ment by 24.4 % for durum wheat and 43.3 % for T. aestivum achieved 
through hybrid breeding. Wheat naturally contain less MLG than oat and 
barley (Tiefenbacher, 2017). However, people consume wheat products 
more than those of oat or barley. The inherent properties of MLG as a 
bioactive polysaccharide and dietary fiber and the omnipresence nature 
of wheat mean that even a slight increase in MLG content in wheat can 
significantly enhance the nutritional quality of the human diet. 
Enhancing MLG synthesis in wheat through innovative breeding tech
niques could lead to the production of wheat flour with the higher 

nutritional and functional quality that food processor seeks. This 
advancement would also elevate the potential of wheat bran, a 
byproduct of the milling process of wheat grain, as a material for the 
extraction and production of high-quality purified MLG, a value-added 
food additive in the industry (Maheshwari et al., 2017).

Fig. 5. EI-MS fragmentation patterns of the partially methylated alditol acetates from (A) 1,3-linked glucopyranose and (B) 1,4-linked glucopyranose.

Table 3 
Glycosidic linkage composition (mol%) of different kernel cell walls with pre
treatment of weak methanolysis (0.5 M methanolic HCl, 80 ◦C, 20 min)-sodium 
borodeuteride reduction.

Linkage TD DY A1 TA AC A2

t-Arap 1.5 0.6 1.0 2.0 0.6 3.0
t-Araf 1.1 0.3 0.6 0.8 0.4 1.0
2-Araf 0.8 0.2 0.4 0.4 0.3 0.6
3-Araf 0.1 0.1 0.1 0.1 0.1 0.2
5-Araf 1.0 0.4 0.8 0.9 0.5 2.0
t-GalAp 0.1 0.1 0.1 0.1 0.1 0.1
4-GalAp 1.1 0.7 0.7 0.8 0.6 1.0
t-Galp 0.9 0.8 1.1 1.2 0.8 0.5
3-Galp 1.3 0.2 1.7 1.7 0.2 0.1
4-Galp 0.5 0.3 0.4 0.5 0.3 0.6
6-Galp 0.8 0.5 0.6 0.7 0.6 0.4
3,6-Galp 0.2 0.2 0.5 0.6 0.2 0.5
t-GlcAp 2.3 1.0 1.8 2.0 1.0 1.9
t-Glcp 1.5 3.7 2.5 2.0 3.4 1.7
3-Glcp 2.2 12.8 3.1 3.6 10.4 2.4
4-Glcp 40.5 45.6 42.0 42.0 45.9 40.1
6-Glcp 0.4 0.2 0.3 0.4 0.3 0.3
2,4-Glcp 0.3 0.3 0.4 0.3 0.3 0.3
3,4-Glcp 0.3 0.3 0.6 0.3 0.4 0.2
3,6-Glcp 0.1 0.3 0.4 0.2 0.3 0.2
4,6-Glcp 0.5 0.2 0.6 0.4 0.2 0.5
t-Manp 0.3 0.2 0.5 0.4 0.3 0.4
4-Manp 1.0 1.7 1.8 1.9 1.4 3.7
t-Xylp 4.1 2.3 4.1 4.4 2.9 4.9
2-Xylp 2.5 1.3 2.2 2.5 1.5 2.8
4-Xylp 30.8 23.5 28.4 26.6 24.9 26.4
2,4-Xylp 1.7 0.6 1.3 1.2 0.6 1.6
3,4-Xylp 0.7 0.3 0.8 0.5 0.4 0.8
2,3,4-Xylp 1.5 1.1 1.3 1.6 1.1 1.6

Note: Each experiment was conducted in duplicate to generate a mean. TD: 
T. durum; DV: D. villosum; A1: Amphyploid 1; TA: T. aestivum; AC: Ae. caudata; 
A2: Amphyploid 2.
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4. Conclusions

The results presented in this study shed light on the complex rela
tionship between gene expression and MLG accumulation in wheat and 
its related species at various developmental stages and among different 
genotypes. While the expression of CslF6 has been previously associated 
with MLG content in grains, our findings suggested a relationship be
tween CslF6 gene expression and MLG accumulation across different 
lines. Although the correlation was not strongly pronounced in 
amphyploid lines, the noteworthy increase in MLG content by 24.4 % in 
durum wheat and 43.3 % in T. aestivum through hybrid breeding pre
sents promising opportunities for enhancing the nutritional profile of 
these staple grains. Given the global prominence of wheat in human 
diets, even slight increases in MLG content can lead to significant ad
vancements in dietary quality. Our research paints an optimistic picture 
for the future of high MLG wheat breeding by introducing genes from 
wheat wild relatives. Moreover, the study offers insights into the 
composition and structural features of MLG and other non-starch cell 
wall polysaccharides in the kernels of wheats, their wild relatives, and 
hybrid lines between them, providing valuable data for upcoming 
research in this domain. The study also demonstrated that HPAEC-PAD 
and GC–MS-based glycomics can be potent tools for plant breeders to 
enhance the efficiency and accuracy of selecting high MLG wheat rela
tives and hybrid lines.
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