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Abstract: In the quest for sustainable and nutritious food sources, exploration of ancient grains and
wild relatives of cultivated cereals has gained attention. Aegilops caudata, a wild wheatgrass species,
stands out as a promising genetic resource due to its potential for crop enhancement and intriguing
nutritional properties. This manuscript investigates the CsIF6 gene sequence and protein structure
of Aegilops caudata, employing comparative analysis with other grass species to identify potential
differences impacting 3-glucan content. The study involves comprehensive isolation and charac-
terization of the CsIF6 gene in Ae. caudata, utilizing genomic sequence analysis, protein structure
prediction, and comparative genomics. Comparisons with sequences from diverse monocots reveal
evolutionary relationships, highlighting high identities with wheat genomes. Specific amino acid
motifs in the CslF6 enzyme sequence, particularly those proximal to key catalytic motifs, exhibit
variations among monocot species. These differences likely contribute to alterations in 3-glucan
composition, notably impacting the DP3:DP4 ratio, which is crucial for understanding and modu-
lating the final B-glucan content. The study positions Ae. caudata uniquely within the evolutionary
landscape of CsIF6 among monocots, suggesting potential genetic divergence or unique functional
adaptations within this species. Overall, this investigation enriches our understanding of 3-glucan
biosynthesis, shedding light on the role of specific amino acid residues in modulating enzymatic
activity and polysaccharide composition.
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1. Introduction

In the pursuit of sustainable and nutritious food sources, researchers have turned
their attention to ancient grains and wild relatives of cultivated cereals [1]. Among these,
Ae. caudata, a wild wheatgrass species, has gained prominence due to its potential as a
valuable genetic resource for crop improvement and its intriguing nutritional properties. In
particular, the seeds of Ae. caudata have been a subject of increasing interest for their unique
nutrient content and their association with genes responsible for 3-glucan biosynthesis [2].

Ae. caudata belongs to the genus Aegilops within the grass family Poaceae. It is native to
regions of the Middle East and is closely related to cultivated wheat species (Triticum spp.).
Unlike cultivated wheat, Ae. caudata has not undergone extensive domestication, making
it a valuable genetic resource for breeding programs aimed at improving the resilience,
disease resistance, and nutritional content of wheat and related cereals. Its genetic diversity
and adaptation to various environmental conditions make it an intriguing subject for
research in the context of sustainable agriculture [3,4].

Ae. caudata seeds have garnered attention for their unique nutrient composition. These
seeds are a rich source of essential nutrients, including proteins, vitamins, minerals, and
dietary fiber. The protein content of Ae. caudata seeds is of particular interest, as it contains
a balanced amino acid profile, including essential amino acids. Furthermore, these seeds
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are known to be rich in micronutrients such as iron, zinc, and folate, which are critical for
human health. The dietary fiber content, including 3-glucans, in Ae. caudata seeds further
adds to their nutritional appeal [5,6].

B-glucans are a group of polysaccharides found in the cell walls of various cereal grains,
including wheat, oats, and barley [7-9]. They are known for their potential health benefits,
particularly lowering cholesterol levels and supporting digestive health [10-12]. The
molecular structure of 3-glucan dictates its function. According to current understanding,
-1,3/1,4 glycosidic bonds link cereal 3-glucans. In the structure of cereal 3-glucan, the
(3-1,4-linked glucose chain is interspersed with 3-1,3 linkages. While trimers and tetramers
are the most common consecutive (3-1,4 segments, longer cellulose-like segments are also
present in 3-glucan molecules [13]. Significantly, two primary oligomer units, DP3 and DP4,
account for over 90% of cereal [3-glucan structures, varying among species and between
genotypes [14].

Understanding the genetic basis of 3-glucan biosynthesis is crucial for crop improve-
ment and the development of cereal varieties with enhanced 3-glucan content [7].

In recent years, significant progress has been made in identifying and characterizing
the genes involved in (3-glucan biosynthesis in various cereal species [7,10,15,16]. In the
case of Ae. caudata, research efforts have focused on elucidating the genetic mechanisms
responsible for the synthesis of 3-glucans in its seeds. These insights can potentially lead
to the development of wheat varieties with improved (3-glucan content through breeding
or genetic modification techniques [6].

B-glucans exhibit diverse physiological and nutritional functions in plants. They are
vital components of cell walls, where they contribute to structural integrity and resistance
against environmental stresses [17,18]. Moreover, 3-glucans function as storage polysac-
charides in various plant organs, such as seeds, grains, and tubers, serving as an energy
reserve during germination and growth [19,20].

Our knowledge regarding how and where (3-glucans are produced remains largely
incomplete, as well as which genes are involved, their functions, and interactions, and
the specific activities of the enzymes. A group of genes, forming a superfamily, plays a
significant role in the synthesis of these polysaccharides. This superfamily comprises the
cellulose synthase (Ces) [21-23] and cellulose-synthase-like (Csl) [24] families.

The Csl superfamily is responsible for synthesizing several plant cell wall polysac-
charides, organized into subfamilies labeled A to H, each of which consists of multiple
genes [25]. For instance, in rice (Oryza sativa L.), there are a total of 37 Csl genes [26],
whereas Arabidopsis has 30 [27]. Notably, not all Cs! subfamilies are represented in all
higher plant groups. The CsIB and Cs/G subfamilies are exclusive to dicotyledons and gym-
nosperms, while the CsIF and Cs/H groups are only found in monocotyledons [28]. These
subfamilies directly or indirectly regulate the abundance and fine structure of 3-glucans in
both grain and other parts of the plant [29-31].

Research conducted by Burton et al. [32] revealed that over-expressing a CsIF gene,
under the control of an endosperm-specific promoter, led to an increase in 3-glucan content
and a significant reduction in starch in transgenic grains. Given that the 3-glucan and starch
pathways compete for the initial substrate—glucose—used in their synthesis, Brachypodium
distachyon, with over 40% of its grain weight as 3-glucan and only about 6% starch, further
supports a regulatory connection between starch and [3-glucan synthesis [29]. Additionally,
when Arabidopsis was transformed with the OsCsIF6 gene, it produced mixed-linkage
glucan in the cell wall, indicating the capability of CsIF6 to synthesize (3-glucan [33]. In
barley, four corresponding CslF genes were mapped to chromosome 2H (HvCslF3, HuCslF4,
HuCsIF8, HuCsIF10), with two other genes on chromosomes 1H (HvCsIF9) and 7H (HvCsIF6),
corresponding to quantitative trait loci (QTL) for grain 3-glucan content [34,35].

In rice, knockout mutants of OsCsIF6 synthesize minimal 3-glucan content. Nemeth
et al. [36] identified the CsIF6 gene in wheat and demonstrated that transgenic manipulation
through iRNA could modify the amounts and properties of 3-glucan in wheat. Other
studies showed that the addition of barley chromosome 7H (where HvCsIF6 is located) to
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the wheat genome increases f3-glucan production [37]. The wheat-barley addition lines,
obtained through hybridization, contain a genetic background of common wheat, allowing
the genetic analysis of a single barley chromosome affecting the final phenotype. They
have been used for several trait studies as the production of bioactive compounds [38-40].

In this scenario, Ae. caudata stands as a promising genetic resource with unique
nutrient content and the potential to contribute to the enhancement of cereal crops. The
investigation of genes involved in -glucan biosynthesis in this species not only offers
insights into its nutritional properties but also flags the way for improving the health-
promoting aspects of cultivated wheat. This paper investigates the cellulose synthase F6
gene sequence and protein structure of Ae. caudata and carries out a comparative analysis
with other grasses to identify possible differences among species and correlate them with
the final 3-glucan content.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

The Aegilops caudata genotype from the GenBank of the Department of Soil, Plant
and Food Sciences (University of Bari, Italy) was used to characterize the CsIF6 gene. The
genotype was grown in Valenzano (Bari, Department of Soil, Plant and Food Science,
University of Bari Aldo Moro), and leaves were harvested at tillering time. Genomic
DNA was extracted from fresh leaves using the technique outlined in Sharp et al. [41] and
subsequently underwent purification through phenol-chloroform extraction. The quality
and concentration of the DNA were assessed via spectrophotometric analysis using the
NanoDrop2000 (Thermo Scientific™, Thermo Fisher Scientific, Waltham, MA, USA 02451)
at 260 and 280 nm, with an A260/A280 ratio falling within the range of 1.6 to 1.8, and
checked by agarose gel-electrophoresis.

For fragment sequencing, DNA amplifications were conducted in 25 mL reaction
mixtures, with each mixture containing 25 ng of template DNA, 2 mM of each primer,
200 mM of each ANTP, 2.5 mM of MgClI2, 1X PCR buffer (10 mM TRIS-HCI, pH 8.3, 10 mM
KCl), and 0.5 units of Tag DNA polymerase. The PCR protocol used in a Perkin Elmer
DNA Thermal Cycler (Norwalk, CT, USA) was as follows: initial denaturation at 95 °C for
5 min, followed by 35 cycles of denaturation at 95 °C for 1 min, annealing at 55 °C/65 °C
for 2 min, and extension at 72 °C for 1 min, with a final extension step at 72 °C for 15 min.
The PCR products were visualized through 1.5% agarose gel electrophoresis.

2.2. Cellulose Synthase Gene (CsIF6) Isolation and Characterization

To isolate the complete sequences of the Ae. caudata CsIF6 gene, we used the sequences
of durum wheat, previously isolated by our lab [42] as an initial query probe to blast the
Persephone® multi-genome browser (https:/ /web.persephonesoft.com/?data=genomes/
TA1851, accessed on 8 November 2023), which contain the Ae. umbellulata genome as-
semblies. From the Persephone® browser the sequence with 99% of similarity located on
chromosome 7U (chr7U_TA1851) was used as a probe for the primer design.

In order to obtain the entire gene sequences, a complete set of genome specific primer
pairs were designed by using ‘Primer3 Input’ (version 0.4.0)" software. Single PCR frag-
ments were directly purified with an EuroGold Cycle Pure Kit and sequenced in both frame
direction (5'->3' and 3'->5') using BigDye chemistry (Applied Biosystems) in a 96 capil-
lary automatic sequencer ABI PRISM 3500. Gaps and uncertain sequence were resolved
by primer walking. Regions of less coverage or ambiguous reads were rechecked with
additional primers. Sequence assembly was obtained with ‘Codone Code Aligner” (version
11.0.2 ) and ‘Geneious’ (version 2023.2.1) assembly programs.

Gene prediction was conducted with the FGENESH program (http://linux1.softberry.
com/berry.phtml?topic=fgeneshandgroup=programsandsubgroup=gfind, accessed on 27
September 2023). Consensus exon/introns boundaries were confirmed using grass ex-
pressed sequence tag sequences aligned to the genomic sequence.
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2.3. Aegilops caudata CsIF6 Protein Sequence and Structure

To predict the protein sequence and structure based on the genomic sequence, Geneious
software (version 2023.2.1) was employed for the sequence translation and prediction of
transmembrane regions, coiled coil regions, conserved regions between wheat and barley
proteins. Additionally, the Ae. caudata CslF6 protein newly obtained was aligned with the
corresponding sequences from the alignment of the CslF6 from Oryza sativa, Setaria italica,
Sorghum bicolor, Zea mays, Brachypodium, Avena sativa, Hordeum vulgare, wheat (A, B and D
genomes), Aegilops strangulata, Trititucm dicoccoides and Trititcum urartu. Protein sequences
were additionally employed in the phylogenetic examination using the neighbor joining
method (NJ), and its topology was evaluated using 1000 bootstrap replicates implemented
in ‘Geneious’. Differences in the residues of the principal motif of the proteins were in-
vestigated to elucidate the potential impact of particular amino acid variations and their
spatial arrangements near the active site on the intricate structure of the (1,3;1,4)-3-glucan
synthesized. Homology models with cellulose synthases of bacteria (BCSA) were also
implemented using the sequences from rice, maize, sorgo and Setaria, Triticum subspecies,
Brachypodium, oat, and barley.

2.4. Promoter Cis-Acting Element Distribution Analysis

The 2000 -bp sequences upstream of the start codon of Ae. caudata CsIF6 gene was
extracted as the promoter region and submitted to the PlantCARE database (https://
bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 11 January 2024) for
prediction of the cis-acting elements.

3. Results
3.1. Isolation and Characterization of Cellulose Synthase-like F6 Gene (CslF6) in Ae. caudata

The sequence corresponding to the CsIF6 gene from the durum wheat genomic se-
quences, previously isolated by our group [42], was used as a query blast to the Ae.
umbellulata assembly deposit in the Persephone® multi-genome browser to design spe-
cific primer pairs for the isolation of the CsIF6 full gene sequence in Ae. caudata. All the
amplification analyses were carried out on DNA extracted from leaves of the Ae. caudata
genotype grown in Valenzano (Bari, Italy). Through the genotype used for the analysis,
the C genome sequence of CsIF6 was isolated with the corresponding cDNA. The genomic
sequence was 5357 bp, including an mRNA of 2829 bp and a protein of 942 aa (Figure 1).
Fgenesh++ (version 2.1) software was used for gene prediction to define the intron/exon
structure, predicting a gene structure composed of three exons and two introns (Figure 1).
Using Phytozome (version 13) software, a comparison between wheat and barley sequences
was carried out through blast analysis. Considering the Ae. caudata CsIF6 with the wheat
genome sequences, the identities detected were 96.8% with the A genome, 97.1% with the B
genome, and 98.9% with the D genome, while considering the cDNA, the similarities were
97.4% with the A genome, 97.6% with the B genome, and 99.2% with the D genome.

Using the newly obtained sequence, we were able to localize the CsIF6 gene on the
Ae. umbellulata genome through the Persephone® multi-genome browser page (https:
/ /web.persephonesoft.com/?data=genomes/TA1851, accessed on 08/11/2023). The gene
was localized on chromosome chr7U_TA1851 at the physical position from 204.549.972
to 204.555.410 bp. Comparing the position of the gene with other species, the CslF6
was located on: chromosome 7H for barley (HORVU7Hr1G070010); chromosome group
7 for wheat (TraesCS7A02G298600, TraesCS7B02G188400, and TraesCS7D02G294300 for bread
wheat; TRITD7Av1G149750 and TRITD7Bv1G108090 for durum wheat) and T. dicoccoides
(TRIDC7AG041550 and TRIDC7BG030910); chromosome 7 for Sorghum (SORBI_3007G050600);
chromosome group 7 for oat (AVESA.00001b.r3.7Ag0002427, AVESA.00001b.r3.7Cg0002511,
AVESA.00001b.r3.7Dg0001419); chromosome 7 for urartu (LOC125522276); chromosome 7D
for Ae. strangulata (LOC109773098); chromosome 6 for S. italica (XM_004972717); chromosome
10 for maize (GRMZM2G110145); chromosome Bd3 for Brachypodium (BRADI_3g16307v3);
chromosome 8 for rice (LOC_0Os08506380) (Table 1).
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Figure 1. Comparison of gene structures between Ae. caudata and Triticum genome sequences (A, B
and D) based on colored boxes, highlighting conserved exons. Intron and exon sizes are shown, as
well as the whole gene (in brackets). The CsIF6 genes, in the genomes reported, are composed of
three exons of conserved sizes and two introns.

Table 1. Chromosome location of CslF6 gene in a set of monocotyledons used for the analysis. For
each species, the accession number relative to the sequence was reported.

Species Chromosome Location Accession Number
H. vulgare 7H HORVU7Hr1G070010
T. turgidum ssp. Durum 7A TRITD7 Av1G149750
7B TRITD7Bv1G108090
T. aestivum 7A TraesCS7A02G298600
7B TraesCS7B02G188400
7D TraesCS7D02G294300
T. dicoccoides 7A TRIDC7AG041550
7B TRIDC7BG030910
S. bicolor 7 SORBI_3007G050600
A. sativa 7A AVESA.00001b.r3.7Ag0002427
7C AVESA.00001b.r3.7Cg0002511
7D AVESA.00001b.r3.7Dg0001419
T. urartu 7A LOC125522276
A. strangulata 7D LOC109773098
S. italica 6 XM_004972717
Z. mays 10 GRMZM2G110145
Brachypodium Bd3 BRADI_3g16307v3
O. sativa 8 LOC_0Os08g06380

The newly obtained sequence was used for the determination of the amino acid
sequence through Geneious (version 2023.2.1) software (Figure 2).
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t» CIFS Oryza sativa APAVAGGGGRS APACYC GF P VCAC) DMD | VA~ - - - * AGQIGAVND E SWVAVDL S DSDDAP AAG-DVQGAL DDRP VERTEK | KGVL LHPYRVL | FVRL IAFTLEV IWR | EHKNPOAMNLWYTS | AGE FWE GF SWLLDQLP.
e CaIF6 Setaria talica MAPGGGDGRRNNGEQ: - ANGNNRHGCVC GF P VCAC DMDRVVAVAAT E GRIGAVNDE SWVAVDL S ODL SGDGG-~DDGVA | EDRPVERTEK | KGVL LHPYRVL | FVRL IAFTLFV IWR | SHRNPDAGWLWVTS | AGE FWF GF SWLLDQLP.
s CaFG Sorghum biclr MAPGGGDGRRNGEG SNAKAKHGCVC GF P DMDRVA -AAGTE GRIGAVNDE SWIAVDL S DDL SGDGGGADPGVA | EDRPVERTEK [KGIL LHPYRVL | TAETLEVIWR S I AGE FWF GF SWL LDOLP
* Ci A ~VAATECRIGAUNDE SYiIAVDL SODGLS ~ADGADPGVAL EDR? VERTE K | KGYLLHPYRVL | FVRL IAFTLEV IWR | SHRNPORLWLINVTS | AGE FWE GF SWL LDt
e Cal APAVA-- - - - GGSSRGAGCKC GF AAVASA QAAPVDGE SWVGV EL GPDGVE - -~ TDE SGAGVDDRP VEKTEK | KGVL S | CGE FWF GF SWL LDQLP
cv Ca IABAVAGGGRVR SNEAPARS A~ FQVCACTGTAAVASARS SVOMD I TGRIIG! --TDESG K IKAVLLYPYRVL | FVRL IAFTLEV IWR | SHKNPDAMNLWVTS | CGE FWF GF SWL LDQLP
v o A o1 IND E SWV -~ -~TDE SGAAVDDRP VFRTEK [KGVL LHPYRVL | FVR v S | CGE FWF GF SWL LDQLP
e Ci A VCAC: - AMGQTGAVNDEE SV EDG-E - - - TDE SGAAVDDRP VERTEK | KGVL LHPYRVL S | CGE FWF GF SWL LDQLP
v Ci A o= DRPVFRTEK | KGVLLHPYRVL | EVRL | S | CGE FWF GF SWL LDQLP
e Cl A - - -~ TDE SGAAVDDRP VERTEK | KGVL LHPYRVL | FVRL IAFTLFV IV S 1 CGE FWF GF SWLLDQLP
v Co A VCAC -~~~ TDE SGAAVDD! IKGVL LHPYRVL [ FVRL IAETLEV I Wi S | CGE FWF GF SWL LDQLP
e Cal IAPAVAGGGR: AAVASA VELGEDG-E - -~ TDE SGVAVDDRPVFRTEK | KGVL LHPYRVL | FVRL | S | CGE FWF GF SWL LDQLP
o Ca AP AVAGGGR! VCACTGSAAVASA QUIGAVNDE SWVGV EL GEDG-E - -~ TDE SGAAVDORP VERTEK | KGVL LHPYRVL | FVI S | CGE FWF GF SWL LDQLP
- AP AVACCCR VR SNEP ARRAR- AC A CRTGAVND F SWVGVE L QDG - IKGYL LHPYRVL | FVRL IAFTLFV Wi S | CGE FWF GF SWLLDQLP
e CaIF6 Oryza so INRVPDLAVLRRRFDHAD = LAADYPVORNTCYL SDDSGMLETYEAMAEAAK EATLWVP FCRKHA | K SHP YMGRAGE E FVNDRRRVRKEY DD F KAR INGLEHD | KQRSDSYNAAAG-VKDGEP
e CoIF6 Setaria talica u TANS I LS | LAADYPVEKNTC YL SDDSGMLETYEAMVEAAK FATVWVP F CRKHG | K SHP YMGRSQED FVNDRRRVRKEY DE FK AR INGL EHD | KQRSDAYNAARG-LKDGEP
v Care Soghumbicoor KL TANS I LS | LAADYPVERNTC YL SDDSGMLET! AK EATVWVP FCRKHG | K SHP YMGRSQE D F VI RKEYDEF KAR | NGL EHI ENAARG- LKDGEP
cw CLIFS. Zea me U TANSVLS | LAADYPVERNTC YL SDDSGMLETYEAMAE AAK FATVWVP F CRKHG | K SHP YMGRSQE D FVNDRRRVRKDY DE FKAR INGL DHD | KQRSDAYNAARG-LKDGEP
> Core achypedium KL TANSVLS | LAADYPVDRNTCY | SDDSGM| AKFATLWVP FCRKHG | K SHP YMGRAHDE FVNDRRRVRKEY DD FKAK INSLETD LHNAAVP QNGDG [P
e C2IF6 Avena sativa KU TANSVLS | LAADYPVORNTC YVSDDSGMLETYEALAEASK FATLWVP F CRKHG | K SHP YMGRAGDE FVNDRRRVRKEY DE FKAR INSLDHD | RQRND A-HREGEP
e CalFe YVSDDSGMLETYEALAESSKFATL KHG | K SHP YMGRAQDE FNORRRVRKEYDE F KAR |NSLEHD | KQRNDGYNAA I A-HSQGV1
o Cafe SDDSGMLLTYEALAESSKFATLWVPFCRKHG | KSHP YV FVNDR| DEFKA | KQRNDGYNAANA -HR E GEP
e CalF6 s YVSDDSGMLETYEALAESSKFATLWVPECRKHG | K SHP YMGRAGDE FVNDRRRVRKEY DE FKAR INSLEHD | KQRNDGYNAANA-HREGEP
e a6 SDDSGMLETYEALAE S SKFATUWNVP F CRKHG | K SHP YMG| FVNDRRRVRKEYDEFKAR INSLEHD | KORNDGYNAANA -HREGEP
cw CLIFS YVSDDSGMLLTYEALAESSK FATI KHG | K SHP YMGRAQDE FVNDRRRVRKEY DE FKAR INSLEHD | KQRNDGYNAANA-HR EGEP
> et YVSDDSGMLETYEALAESSKFATLWVPFCRKHG | K SHP YVCRATOE FVNORRRVRXEY DEF KAR | N5 END | KGRNDGYNAANA -HRECED
e Ci YVSDDSGMLLTYEALAE S SKFATLWVPFCRKHG | K SHP YMGRAGDE FVNDR RRVRKEY DE F KAR INS L E NDGYN:

> Core Acghons coviara LTYEALAESSKF, 1 KSHP YMGR nsrmnmsnsum GRNDGYNAANA-HR EGEP
v o CNHOK KA | LNLDCDHY INNSQALRAG | CFMLGRDSDTV PTDLYANHNR | £ FDGTLRALDGLOK
0 a6 | UNLDCDHY | NNSQAL RAG | CFML GRD: VOPTDL YANHNR | F DGTLRALDGMO

o a6 1 LNLDCDHY INNS PTOLYANHNR | £ FDGTLRALDGMQ
cw CLIFS. | LNLDCDHY INNS VOPTDL YANHNR I F F DGTLRALDGHQ
e CaIF6 Brachypodium 1 LNLDCDHY INNS: FPGRF EGVDPTDLYANHNR I F FDGTLRALDGHO!
e CoIF6-Avena sativa | LNLDCDHY INNS: VAFVQFPQR F EGVDPTOL YANHNR | FFOGS LRALDGMQ
ce CalF6 1 LNLDCDHY INNS LYANHNR | £ FDGTLRALDGI

o CoIF6_asp.durum 7A | LNLDCDHY INNS LYANHNR | FFDGTLRALDGMQ
tw CLIFS 22p. durum 78 F1LNLDCOHY INNS v YANHNR | F FDGTLRALDG

e CaIF6 T 1 LNLDCDHY INNS FVQFPQRF EGVDPTDL YANHNR | £ F DGTLRALDGHO
e C:i 1 LNLDCDHY INN: RF EGVDPTOL YANHNR | F FDGTLRALDGHO!
e Cal 1 LNLDCDHY INNSQALRAG | CFMVGRD: F VDPTDL YANHNR | £ FDGTLRALDGHO

e Ci TWMAD GTOWQGTWVDAS ENHRI VSR £ KRP GHDHGK KAGAMNAL TRASALESNSP F | LNLDCDHY INNSQALRAG | CEMVGRDS DTVAF VQF PR F EGVDPTOL YANHNR | F FDGTLRALDGHIQ!
te Gl RPTWMADGTQWE AsENNanDHAmv VLB ARP - - PRATCRP ASAONEL DS GVOVRLPMLVYVSR EKRPGHOHAX KACAVNALTRASALLSNSP F | LNL DG HY INNSGALRAG | CFMVGRD LYANHNR | FFDGTLRALDGHO

e Clf6 LERRITLYGE EP PR INVGGRCEP AL GGHEAKNRYQK PGFETKPGAKPVAPP BARTVAKGKHGF LPMPKKAY GRSDAFADT VAABERATAE AVMUTARAY EKKTGNGS DI € RMH | KGWRSRYCS | YPHAF | GT
o CalF6 ‘GCLFRRVTLYGFDPPR |NVGGQCFP S L GGMF AKTKYEK PGLEMSTAKG- -~ - -AATA! FLPEPKKSYGKS EAFVDS ANATG-DACY! TOEATISEAVAVITAAY EKKTONGSNT r IKGURSRYCS | YPHAE 1T
e a6 MERRITL PR INVGGRCF P SLGGMF AKTKYEK P - LPEPKKSYGKSDAFVDT SADE -AAA | VADEAMITEAVEVCTAAY EKKTGWGS DI RMH | KGHRS RY, T
Ch CLIFS. Zea ‘GCEFRRITLYGFDP PR |NVGGRCF P AL GGMF AKAKYEK P DEATIAE AVAVCARAY EKKTGHGS Ol R 1 KGVRSRYCS | YPHAF | GT
te C1IF6 Brachypodium GCu INVGGBCF P AL GGL FAKTKYEK P LPKKTYGKSDKFVDT AAEG IR~ ~VVDS GAETLAE AVKVEGSAF EQKTGWGS £ RMH | KGWRSRYC S | YPHAF 1 GT
e CAIFG Avena sativa CLFRRITVYAFDP PR INVGGRCF P M KTKYQK! PLPKKTYGKSDAFVDS | PLASHP SPYVAAYNTAEG | VTDEATMAE AVNVIARAF EKKTGWGK E RMH | KGWRSRYC S | YPHAF | GT
cw CLIFS CLFRRE INVGGRCF PRLAGL F AKTKYEK Pl PEPKKTYGKSDAFVDT AR - ~~AEG | VADEATIVE AVNVTARAF EKKTGHGK E RMH | KGWRSRYC S | YPHAF 1 GT
e CoIFG_ssp.durum 7A ' FRRI PR INVGGRCFPRLAGL FAKTKYEKP: PLPKKTYGKSDAFVDS EG | VADEATIVE AVNVIARAF EKKTGWGK £ RMH | KGHRS RY: HAF | GT
tw CLIFG <2p. durum 78 ' FRRITVYGFDP PR INVGGRCF P Ri PLPKKTYGKSDAFVDS -~ AEG | VADEATIVE AVNVTARAF EKKTGHGK ET G RMH | KGWRSRYCS | YPHAF 1 GT
e CaIF6 Trtcum acstivum 7D | YV FRRITVYGFDP PR INVGGPCFPRLA uurmaxpmmmum KHGF LPEPKKTY GKSDAFVDS VADEATIVE AVNVTARAF EKKTGHGK EGWVYDTVTEDVVTGYRMH | KGWRSRYCS | YPHAF | GT
o CaIF6 stp. strangulata 1 YV FRRITVYGFDP PR |NVGGRCF P RLAGL F AKTKYES MTMAKAKAR KHGF LPLPKKTYGKSDAFVDS -~ ~AEG | VADEATIV E AVNVTARAF EKKTGWGK EIG MH | KGWRSRYC S | YPHAF 1 GT
e G Tricum doccondes | YV RITVYGEDP PR INVGGRCF PRLAI Luwnxx»mmmxu&, PLPKKTYGKSDAFVDS DEATIVEAVNVIARAFEKKTGHCKE R KGR SRYCS | YPMAF 1T
e CAIF6 Tritcum ura | YVGTGCLF RRITVYGFDP PR |NVGGRCFPRLAGL FAKTKYEK PGLEMTMAKAKAA - - - PV~ PLPKKTYG s VADEATIVE AVNVIARAF EKK TGWGK EGWVYDTVT TGYRMH | KGWRSRYCS | YPHAF | GT
e ColFe Aciops coiota | VVCTGCEF RRETVVGFBP PR |NVCCPCE P RLAGL F AKTKYEX pGLEMIMAKAKAR - PLPKKTYGKSDAFVDS VABEATIVE AVNVIARAF EKKTONGK €110 R | KOWR SRYCS 1 YPHAF 1 6T
e G Onzasathe AP INLTERLEQVLRWS TGS LE | FF SRNNPLEGSTELHPLQRVAY INI TTYPETALFL| EYTTVPALSEVTGHE IVORPTTMEYVY LA | VLGTLLILAVL EVKWAGVTVF EWERNGQFWMTASESAYLAAVLOVVTKVVERRD | SEK LTSKLPAGDEKKDP YADLYVVRWTWLM
e Ca AP INUTERLYQVLRWSTGS LE | FESKNNPLFGSTELHPLQRVAY INITTYPFTALFL | FYTTVPALSFVTGHF [VQRPTTME YVY LA I VLGTL L ILAVL EVKWAGVTV FEWFRNGQFWMTASCSAY LA RRD | SFK LTSKQPAGDEKKDP YADLYVVRWTWLM
v Ca Sovghumb\(c\ov AP INUTERLYQVLRWSTGS LE | FESRNNPLFGSTELHPLGRVAY INITTYPFTALFL | FYTTVPALSFVTGHE [VORPTTME YVY LA I VLGTL L ILAVL EVKWAGVTVF EWFRNGQFWMTASESAY L AAVEQVEVKVVFRRD | SFK LT YADLYVVRWTWLM
e CoIF6. Zeam: AP INUTERLEQVLRWSTGS LE | FESRNNPLFGSTELHPLQRVAY INITTYPFTAIFL I FYTTVPALSFVTGHF [VQRPTTME YVY LA I VLGTLL ILAVL EVKWAGVTV F EWFRNGQFWMTASGSAY L AAVEQVEVKVVFRRD | KDP YADLYVVRWTWLM
cv CaIFS B AP INUTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL | FYTTVPALSFVTGHE VQRPTTME YVYLG I VLATL L | | AVLEVKWAGYTV F EWFRNGQFWMTASCSAYLAAVEQVETKY | FRRD | SFK LTSKLPAGDEKKDP YADLYVVRWTP LM
e CSIF6 Avena sativa AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGR IAY INITTYPETAIFL I FYTTVPALSFVTGHF IVQRPTTME YVY LG I VLATLL I | AVLEVKWAGVTV F EWFRNGQFWMTASMSAYLQAVEQVL | KV | FQKD | SFKLTSKLPAGDEKKDP YADLYVVRWTP LM
Cw CaIF6 Hordeum wilgare AP INLTERLEQVLRWS TGS LE | FF SKNNPLFGSTYLHPLGRVAY INITTYPETAIF LI FYTTVPALSFVTGHE | VORPTTMEYVY LG I VLSTLLVIAVL EVKWAGVTV FEWFRNGQFWMTASESAYLAAVEQVETKY | FRRD | SEKLTSKLPSGOEKKDP YADLYVVRWTP LM
ce CslFS sp. durum 77 AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL I FYTTVPALSEVIGHE [VORPTTME YVYLG I VLS TLLVIAVL EVKWAGVTV F EWFRNGQFWMTASGSAYLAAVEQVETKY | FRRD | SEKLTSKLPSGDEKKDP YADLYVVRWTP LM
e CLIFS 2p. durum 78 AP INUTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLQRVAY INITTYPFTAIF LI FYTTVPALSFVTGHE [VQRPTTME YVYLG I VLSTLLVIAVL EVKWAGVTV F EWFRNGQFWMTASCSAYLAAVEQVETKY | FRRD | SFKLTSKLPSGDEKKDP YADLYVVRWTP LM
cw CLIFS Triicum aestvum 7D AP INLTERLEQVLRWS | EFSKNNPLEGSTYLHPLQRVAY INITTYPETAI FL | FYTTVPALSFVTGHF I VQRPTTMEYVYLG | VLSTLLVIAVL EVKWAGVTV FEWFRNGQFWMTASCSAYLAAVEQVLTKY | FRRD I SFK LTSKLPSGDEKKDP YADLYVVRWTP LM
e Colf6 asp.sirangulata AP INUTERLEQVLRWSTGS LE | FFSKNNPLEGSTYLHPLQRWAY INITTYPFTAI FL I FYTTVPALSFVTGHF IVARPTTME YVY LG I VLSTLLVIAVLE VFEWFRNGQFWMTASC SAYLAAVEQVETKY | FRRD | SEK LTSKLPSGDEKKOP YADLYVVRWTP LM
e CaIF6 Triicum dicoccoides AP INUTERLEQVLRWSTGS LE | FFSKNNPLEGSTYLHPLQRVAY INITTYPETAIEL I FYTTVPALS FVTGHF | VORPTTME YVY LG IVLSTLLVI WA EWFRNGQFWMTASGSAYLAAVEQVETKV | FRRD | SEKLTSKLPSGDEKKDP YADL YVVRWTPLM
G CaIF6 Tritcum urartu AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL I EYTTVPALSFVIGHE [VORPTTME YVYLG I VLS TLLVIAVL EVKWAGYTV F EWFRNGQFWMTASGSAYLAAVEQVETKY | FRRD | SFKLTSKLPSGDEKKDP YADLYVVRWTP LM
. AP INLTERLEQVLRWSTGS LE | FF SKNNPLFGS TYLHPLORVAY INI TTYPFTAI FLIFYTTVPALSFVTGHF IVARPTTME YVY LG VLSTLLV I AVL EVKWAGYTVFEWFRNGQF WMTASG SAYLAAVEQVETK | FRRD I SFK LTSKLP SGOEKKOP YAD LYVVRWTPLI
oo LVN1 1 GSAVAFAKVLDGEWTHWL FHLYP FAKGILGK VWIAETEV ITVVLY IN 1 PH I HGP GRHGAA HGHHS AHGTKK Y =

v VN | CSAVAEAKVE DEEWTHNL KVACCYFFNEWVLEH LYD EAKGTLGRHCK TPV VYLVIAF TEV | TRVLY 1N 1 P11 HCP COIMGH GGALGKHAN - CHHAGSKEGYS - £ VY OWE:

v LYN 1| GSAVAEAKVLOGETHWLKVACGVEENEWY LEHLYP FAKGLLGRHGK TPVVVL WAUAE TEV ITAVLY IN [PH HGP GGKHG “GA | GKNGAA- “HHGKK EDLONL S YN

- LVN | 1 GSAVAFAKVLDGEWTHWL P EAKGHLGRHGK VANAE TEV ITAVLY 1N PH 1 HGP GGKHG- ~GA | GRHGGOANHHGKK DG~ Y

4 FUN || GSAVAEAKVL DGEWTHWL KVAGGVEENFVLEHLYP FAKGLLGRHGK VWWAFTEV ITAVLY IN | PH I HGGGGKHSVGH HGK “avviwe

v FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLF HLYP FAKGE L GKHGKTPVVV I

e FVN | 1 GSAVAEAKVLDGEWTHWLKVAGGYFFNEWVLEHLYP FAKGE L GRHGK GHHGKK LV-DTGLYGWL i

. FVN 1 | GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLFHLYP FAKGT L GRHGK

. VN | GSAVAFAKVLDGEWTHWL P FAKGI L GRHGK

4 FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGVFFNEWVLEHLYP FAKGE LGKHGK TP

- FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLFHLYP FAKGIL

. VN1 1 GSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLEHLYP FAKGE L P

v FVN 1 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLEHLYP FAKGE L GRHGK TP

- FVN1 1 GSAVAFAKVLDGEWTHWL FHLYP FAKGHLGKHGK

Figure 2. Plant CslF6 amino acid sequences for the mature protein are aligned with Clustal V: Ae.
caudata (present report), wheat (A, B and D genomes), T. urartu (XP_048543309.1), T. dicoccoides
(XP_037457806.1), Brachypodium (XP_003573454.1), rice (AKJ66179.1), maize (AKJ66177.1), Setaria
(XP_004972774.1), Sorghum (XP_002445102.1), Avena (AKJ66176.1), barley (ABZ01578.1), Ae. Stranguata
(XP_020187382.1).

3.2. Comparison of Amino Acid Sequences from Other Species

Once the Ae. caudata CsIF6 gene sequence was isolated, a protein structure prediction
was performed to define the differences among a selection of monocot sequences available
in public databases and relate them to the final 3-glucan content and DP3/DP4 ratio in
the different species. The DP3 and DP4 represent two major oligomer units obtained from
the enzymatic digestion of the (3-glucan, which explain more than 90% of cereal 3-glucan
structures and are strongly correlated to the degree of solubility of the polysaccharide [43].

The closest match was found with wheat genome D and Aegilops taushii ssp. stran-
gulata (98%), followed by the other Triticum subspecies (~98%) and barley (97%). The
more divergent sequences were the CslFE6 from Sorghum and Setaria, at 81.4% and 81.6%,
respectively. The amino acid length for each species differed, with some of them being of
identical length. In order to investigate the evolutionary distances, the UPGMA tree was
implemented in Geneious (version 2023.2.1) software. The tree showed two main clusters,
one including the CslF6 protein sequences from rice, maize, sorghum, and Sefaria, and a
second one with all the other monocot species considered. Among the second group, the
Triticum subspecies clustered all together, while Brachypodium, oat, and barley grouped
independently. In the evolutionary tree, the Ae. caudata gene represents the outline of the
Triticum cluster (Figure 3).
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Figure 3. Phylogenetic relationships among the CslF6 polypeptide from Ae. caudata (green text),

@ CslF6_Aegilops caudata

P

wheat (A, B and D genomes), T. urartu, T. dicoccoides, Brachypodium, rice, maize, Setaria, Sorghum,
avena, barley, Ae. Stranguata.

3.3. Amino Acid Sequence, (1,3;1,4)-B-Glucan Amounts and DP3:DP4 Ratios

The amino acid sequences of the monocot sequences considered are highly conserved,
and their 3D structures are likely to exhibit similarities (Figure 4). Considering that the
amino acid sequence is of fundamental importance for the protein structure and 3-glucan
biosynthesis, a comparative analysis was carried out on the principal motifs using the
homology model based on the Rhodobacter sphaeroides BCSA cellulose synthase subunit
crystal structure [44].

As shown in Figure 4, the Ae. caudata protein sequence, the similarity in amino acid
sequences between CslF6 enzymes from Brachypodium, barley, wheat, T. dicoccoides, T. urartu
and Ae. strangulata suggests resemblances in their 3D structures.

Figure 4 showed that the G/D residue sits just before the anticipated “finger helix,” ad-
jacent to the TED motif believed to interact with the nascent polysaccharide’s acceptor end.

Additionally, two other residues are reported on Figure 4, the W residue in the con-
served QxxRW motif highlighting the catalytic pocket at the membrane distal side, which
coordinates the translocation and elongation of the glucosidic units in the 3-glucan biosyn-
thesis, and the Y/F residue near the core QxxRW catalytic motif that interacts with CslF6’s
putative gating loop, housing an FxLTxK motif (Figure 4).

Both the differences highlighted in the residues close to the TED and QxxRW motif
have an effect on contributing to the difference in the DP3:DP4 ratio [31].
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e CsIF6_Oryza sativa GMFAKNRV%QKPGFEM‘FK;G‘AKPVAPPP;ATVAKGKHGV;LPMPKKAVGESDAFADT\ P;‘VASHPSPYA'A‘»EI‘ ffffAAVAA‘[T‘)EAA|AEAVM:/!TAAAVEKKTEWGSD‘IGWVYETVTEDVVTGKY:RMH 1 KGWR S;YCS IYPHAFT’
Ce CslF6_Setaria italica GMFAKTKYEKPGUEEMS TAKG----- AATAVVAKGKHGFLPEPKKSYGKSEAFMDS |IPRASHPSPFANATG-DAGVLTDEATISEAVAVIETAAYE KKTGWGSNIGWVVGTV?’EED;VVTGVRMH IKGWRSRYCS IYPHAF |
Ce CsIF6_Sorghum bicolor GMFAKWMKYEKPGUEE LWNTK=-~-~-~-=-=-=-=-~-~ AAVAKGKHGFLPEPKKSYGKSDAFMDT I PRASHPSPFLSADE - AAAIVADEAMITEAVEVCTAAVEKKTGWGSDIGWVVGTV%VVTGVRMNIKGWRSRVCSIVPHAF\
e CsIF6_Zea mays GMFAKAKYEKPGE LIRTK=-=-=-~-===-=-~-~ WAVAKGKHGFLPMPKKSYGKSDAFADT I PMASHP SP FAIAAA - -AAVVVADEATIAE AVAVCARAYEKK TGWGSDIGWVYGTVTEDVVTGYRMH I KGWRSRYCS I YPHAF |
e CsIF6_Brachypodium GLFAKTKYEKPSMEMTMARANQA - - -VMPAMAKGKHGFLPEPKKTYGKSDKFMDTIPRASHPSPYAAEGIR--VVDSGAETWLAEAVKVITGSAFEQKTGWGSE LGWVVDTVE’EEDSVVTGVRMHIKGWRSRVCS IYPHAF |
Ce CsIF6_Avena sativa GMFAKTKYQKPGEEMTMAKAKAA---PV¥--PAKGKHGFLPEPKKTYGKSDAFMDS IPLASHPSPYVAAYNTAEG | VTDEATMAE AVNVITARAFEKKTGWGKE IGWVVDTV%VVTGVRMN IKGWRSRYCS IYPHAF |
e CsIF6_Hordeum vulgare GLFAKTKYEKPGEEMTTAKAKAA---PV--PAKGKHGFLPEPKKTYGKSDIAFMDT | PRASHPSPYAAA---AEG | VADEATIVEAVNVITAKAFEKKTGWGKEMNGWVYDTVTEDVVTGYRMH I KGWRSRYCS I YPHAF |
Ce CsIF6_ssp. durum 7A GLFAKTKYEKP SIHEMTMAKAKAA---PV--PAKGKHGFLPEPKKTYGKSDAFMDS | PRASHPSPYAAA---AEG | VADEATIVEAVNVTARAFEKKTGWGKE IGWVVDTVE’EERD)VVTGVRMHIKGWRSRYCS IYPHAF |
Ce CslF6_ssp. durum 78 GLFAKTKYEKPGUEEMTMAKAKAA---P¥--PAKGKHGFLPEPKKTYGKSDAFMDS | PRASHPSPYAAA---AEG | VADEATIVEAVNVITARAFEKKTGWGKE IGWVVDTVELIFEDD/VVYGVRMHIKGWRSRV(S IYPHAF |
e CslF6_Triticum aestivum 7D GL F AKTRKI Y EIK P GIEE MTTMAKAKAA - - -PV - -PAKGKHGFLPIEPKKTYGK SDIAFMDS | PRASHP SPYAAA- - -AEG | VADEATIVE AVNVITANAFEKK TGWGKE I.GWVYDTV:I'E&:VVTGVRMH IKGWRSRYCS IYPHAF |
e CslF6_ssp. strangulata GLFAKTKYEKPGUEEMTMAKAKAA---P¥--PAKGKHGFLPEPKKTYGKSDAFMDS | PR'ASHPSPVAAA-‘~KEGIVADZATIVEA\INVTAAAFEKKTGWGKE'IGWVVDTVE’EEn;VVTGVRMH IKGWRSRYCS IYPHAF |
e CslF6_Triticum dicoccoides GL FAKTMKYEK P GEEMTMAKAKAA - - -PV--PAKGKHGFLPIEPKKTYGKSDIAFMDS | PRASHPSPYAAA---AEG | VADEATIEVE AVNVITARAFEKKTGWGKE I,GWVVDTVE’EED.;VVTGVRMH IKGWRSRYCS IYPHAF |
Ce CslF6_Triticum urartu GLFAKTKYEKPGUEEMTMAKAKAA---PV¥--PAKGKHGFLPEPKKTYGKSDAFVMDS | PRASHP SPYAAA---ANEG | VADEATIVEAVNVITARAFEKKTGWGKE IGWVVDTV:I'EEED/VVTGVRMH IKGWRSRYCS IYPHAF |
e CsIF6_Aegilops caudata GLFAKTKYEKPGLEMTMAKAKAA---PV--PAKGKHGFLPIEPKKTYGKSDAFVMDS IPRASHPSPYAAA---AEGI|IVADEATIVEAVNVTAAAFEKKTGWGKE IGWVVDTVE'EED:V\ITGVRMH IKGWRSRYCS IYPHAF |

\JED.

b CsIF6_Oryza sativa GTAP \NLTERLFQVLRWSTGSLE 1 FFSRNNPLFGSTFLHF;LQRVAV IN\TTVPFTALFL i FVTTVPALSFVTGHF IVQR’PTTMFVVVLAVLGTLL | LAVLEVKWAGVT\/FEWFRNGQFWMTASCSAVL‘AAVLQVVTK

Qi [ s S

e CsIF6_Setaria italica GTAP INLTERLYQVLRWSTGSLE I FFSKNNPLFGSTFLHPLQRMAY INITTYPFTALFLIFYTTVPALSFVTGHF IVQRPTTMFVVVLALGTLL ILAVLEVKWAGVTVFEWFRNGQFWMTASESAY LAAVEQVVVK

Qoft_ [ S R B

e CsIF6_Sorghum bicolor GTAP INLTERLYQVLRWSTGSLE | FFSRNNPLFGSYFLHPLQRVAVIN\TTVPFTALFL I FYTTVPALSFVTGHF IVQRPTTMFVVVLALGTLL | LAVLEVKWAGVTVFEWFRNGQFWMTASCSAVLAAVCQVLVK
Ce CsIF6_Zea mays GTAP INLTERLEQVLRWSTGSLE | FFSRNNPLFGSTFLHPLQRVAVIN\TTVPFTAIFL IFYTTVPALSFVTGHF IVQRPTTMFYVYLAIVLGTLLI LAVLEVKWAGVTVFEWFRNGQFWMTASCSAVLAAVCQVLVK

[FrAS R e R B

L CsIF6_Brachypodium GTAP INLTERLEQVLRWSTGSLE I FFSKNNPLFGSTYLHPLQRMAY INITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFVVVLGVLATLL | |AVLEVKWAGVTVFEWFRNGQFWMTASEGSAYLAAVEQVIETK

[RETAS R R B,

e CsIF6_Avena sativa GTAP INLTERLEQVLRWSTGSLE I FFSKNNPLFGSTYLHPLQRIAYINITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFYVYLGIVLATLLI lAVLEVKWAGVTVFEWFRNGQFWMTASMSAYLQAVEQVLIK

R

e CsIF6_Hordeum vulgare GTAP INLTERLEQVLRWSTGSLE IFFSKNNPLFGSTYLHPLQRMAY IN\TTVPFTAIFL I FYTTVPALSFVTGHF IVQRPTTMFVVVLGIVLSTLLVlA\ILEVKWAGVTVFEWFRNGQFWMTASESAVLAAVCQVL'I'K

(Quit

e CsIF6_ssp. durum 7A GTAP INLTERLFEQVLRWSTGSLE I FFSKNNPLFGSTYLHPLQRMAY INITTYPFTAIFLIFYTTVPALSFVTGHFIVQRPTTMFYVYLGIVLSTLLVIAVLEVKWAGVTVFEWFRNGQFWMTASESAYLAAVEQVIETK

(Quku [ s S R e e 53

Ce CsIF6_ssp. durum 78 GTAP INLTERLEQVLRWSTGSLE | FFSKNNPLFGSTVLHPLQRVAVIN\TTVPFTAIFL I FYTTVPALSFVTGHF IVQRPTTMFVVVLGIVLSTLLVIAVLEVKWAGVTVFEWFRNGQFWMTASCSAVLAAVCQVLTK

I

e CsIF6_Triticum aestivum 7D GTAP\NLTERLFQVLRWSTGSLE1FFSKNN?LFGSTYLHPLQRVAVIN\TTVPFTAIFLIFVTTVPALSFVTGHFIVQRPTTMFVVVLGIVLSTLLVlAVLEVKWAGVTVFEWFRNGQFWMTASCSAVLAAVCQVLTK
QuRW._

Ce CsIF6_ssp. strangulata GTAP INLTERLFQVLRWSTGSLE | FFSKNNPLFGSTYLHPLQRMAY INITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFYVYLGIVLSTLLYIAVLEVKWAGVTVFEWFRNGQFWMTASTSAY LAAVEQVIETK

(QuRW._ 4 o4 - S

Ce CsIF6_Triticum dicoccoides GTAP INLTERLIEQVLRWSTGSLE | FFSKNNPLFGSTYLHPLQRMAY INITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFEYVYLGIVLSTLLVIAVLEVKWAGVTVFEWFRNGQFWMTASCESAY LAAVEQVIETK

T R— I [ —S Y

Ce CsIF6 Triticum urartu GTAP INLTERLFQVLRWSTGSLE | FFSKNNPLFGSTYLHPLQRMAY INITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFYVYLGIVLSTLLVIAVLEVKWAGVTVFEWFRNGQFWMTASTSAY LAAVEQVIETK

(QuRW_- w4 O T — e

Ce CsIF6 Aegilops caudata ~ GTAP INLTERLIEQVLRWSTGSLE | FFSKNNPLFGSTYLHPLQRVAY INITTYPFTAIFLIFYTTVPALSFVTGHF IVQRPTTMFEYVYLGIVLSTLLVIAVLEVKWAGVTVFEWFRNGQFWMTASCSAYLAAVEQVIETK

(QuRW._ w4 S T — N

™ G % e 5 o 20 =

D CsIF6_Oryza sativa v FRRD|SFKLTSKLPAGDEKKDPVADLVVVRWTWLM|TP|i||LvN|xGSAVAFAKVLDGEWTHWLKvAcévFFNvaLFHLVPFAKGILGKHGKTPVVVLVWWAFTFV|+vvnv\N\PHiHGPGRHGAAé-—-PsH
» L Finkc g

Ce CsIF6 Setaria italica VVFRRD I SFKLTSKQPAGDEKKDPYADLYVVRWTWLMVMP | [Hl1 LVN I IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGHILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHIHGPGGKHGHGGALGKH
b 4 L Lk g

Ce CsIF6_Sorghum bicolor  VV FRRID 1 SFKLTSKQPAGDEKKDPYADLYVVRWTWLMVIP | 11 LVN I IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGLLGRHGKTPVVVLVWWAFTFV ITAVLY INIPHIHGPGGKHG=--GA IGKH
» [ FLmk g

Ce CsIF6_Zea mays VVFRRD I SFKLTSKQPAGDEKKDPYADLYVVRWTWLMVIP | 111 LVN I IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGIILGRHGKTPVVVLVWWAFTFV ITAVLY INIPHIHGPGGKHG--GA IGRH
» [ Fink g

Ce CsIF6_Brachypodium VIFRRDISFKLTSKLPAGDEKKDPVADLVVVRWTPLMITPII|IFVNIlGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGLLGKHGKTPVVVLVWWAFTFVITAVLY\N\PH\HGGGGKHSVGH —————

Ce CsIF6_Avena sativa FQKDISFKLTSKLPAGDEKKDPVADLVVVRWTPLMIVP

<

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSPGGKHTKVA ==~~~

Ce CsIF6_Hordeum vulgare FRRD|SFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHTSGGKHTTV ===~~~

Ce CsIF6_ssp. durum 7A FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV ===~~~

e CsIF6_ssp. durum 78 FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGIILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV -

e CsIF6_Triticum aestivum 7D FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV======

e CslF6_ssp. strangulata FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV ======

& CslF6_Triticum dicoccoides FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV ===~~~

e CslF6_Triticum urartu FRRDISFKLTSKLPSGDEKKDPVADLVVVRWTPLMITP

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV ===~~~

£ Cslf6_Aegilops caudata FHBID |'S EKLTSKLPSGDEKKDPYADLYVVRWTP LM 1P

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV --=----

W= 9-9-¥

Figure 4. Comparison of CslF6 protein sequences from a selection of plants with colored residues
highlighting sequence discrepancies. White boxes indicate a similarity of 100%, green boxes a
similarity from 80% to 100%, yellow boxes a similarity from 60 to 80%, and purple boxes a similarity
less than 60%. Shown are important predicted trans-membrane helices (TM5 and TM6), the FxLTxK
motif, and the TED and QxxRW motifs. The cytoplasmic amphipathic helix (IF3) is also shown.

3.4. Analysis of Cis-Acting Elements in CsIF6 Promoter Region of Ae. caudata Gene

The gene expression pattern primarily relies on cis-acting elements found within
the regulatory regions of a promoter. Prediction of cis-acting elements of the Cs/F6 gene
promoter of Ae. caudata revealed a total of 18 variations (depicted in Figure 5). These
elements encompassed a diverse range, including light-responsive (G-box, TCCC-motif and
ATC-motif), defense and stress-related (ARE-element), phytohormone-responsive (ABRE),
and growth and development-associated elements (CAT-box, GCN4-motif, MSA-like, O2-
site and RY-element). Notably, G-box, ARE-element, TGACG-motif, and CGTCA-motif
were prevalent, suggesting their pivotal role in stress resilience, growth, and development.
Additionally, the gene appeared to be significantly regulated by cis-regulatory elements
found to be involved in plant hormone responsiveness, including gibberellins, salicylic
acid responsiveness and jasmonic acid.
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Figure 5. Cis-acting regulatory element detected in the promoter sequence of the CsIF6 gene in

Ae. caudata.

4. Discussion

The isolation and characterization of the cellulose synthase-like F6 gene (CsIF6) in Ae.
caudata have unveiled significant insights into the molecular architecture and functional
implications of this gene within the species. Our study employed a multifaceted approach,
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integrating genomic sequence analysis, protein structure prediction, and comparative
genomics to elucidate the distinct attributes of CsIF6 in Ae. caudata.

One key aspect, unveiled through this study, is the structural and functional conserva-
tion observed across related species. The high sequence identities between the CslF6 gene
of A. caudata and wheat genomes (A, B, and D) underscore evolutionary links among these
species. The conservation of intron/exon structures across monocots like durum wheat,
maize, and oat, echoing that of Aegilops caudata, signifies an underlying genetic coherence
in 3-glucan biosynthesis among these cereals, useful for new breeding programs

We obtained the complete sequence of the CsIF6 gene in Ae. caudata, and we compared
our data with CslF6 sequences from other species. The gene had the same intron/exon
structure as durum wheat, maize, and oats, including three exons and two introns [42,45,46].

Comparative analyses, particularly in the context of genomic and cDNA similarities
with wheat genomes, underscored high identities between the Ae. caudata CslF6 and the A,
B, and D genomes of wheat, signifying evolutionary relationships and conservation across
these species. Furthermore, protein structure predictions and comparative assessments
with a spectrum of monocot sequences elucidated pivotal similarities and divergences.
Notably, the closest matches were identified with the D wheat genome and Ae. tauschii ssp.
strangulata, implying a close evolutionary association among these genomes. The results
are strongly correlated to the genome’s evolution; in fact, the ancestor of the bread wheat
D genome is Ae. tauschii (Coss.) [47]. Additionally, we located the gene on chromosome
7C of the Ae. caudata genome, and we made a comparison with the location in other
monocots. The synteny observed in the map locations suggested that these genes were
highly conserved, as already reported by previous authors [48].

The investigation into amino acid sequences from various monocot species revealed
significant conservation, suggesting analogous 3D structures among these CslF6 enzymes.
Crucially, specific motifs within the amino acid sequences were pinpointed, notably the
monocots used for the comparative analysis, which showed differences in the residue
near the ‘finger helix’ (G/D) and the residue (Y/F) adjacent to the core QxxRW catalytic
motif. No differences were underlined in the W residue within the conserved QxxRW
motif. These residues are implicated in critical interactions in (-glucan biosynthesis,
particularly influencing the DP3:DP4 ratio, thereby potentially affecting the final 3-glucan
content [31,44].

The observed variations in these residues, specifically those proximal to the TED and
QxxRW motifs, are likely contributors to differences in the DP3:DP4 ratio, aligning with
existing literature [31,44] and demonstrating their impact on 3-glucan composition. This
highlights the functional relevance of specific amino acid residues in shaping the enzymatic
activity and structural features of CslF6, ultimately influencing the 3-glucan synthesis
pathway [33,44].

Moreover, the placement of Ae. caudata within an evolutionary tree, particularly as
an outlier within the Triticum cluster, underscores its distinctiveness within the context of
CslF6 evolution among monocots, signifying potential unique functional adaptations or
genetic divergence within this species as previously reported in literature [49].

The analysis of the cis-acting elements in the promotor region of the CsIF6 gene in the
Ae. caudata genome highlighted the presence of many motifs associated with plant growth
and development, stress response, and hormone regulation. These results suggested that
the CslF6 gene family may participate in plant growth and development as well as stress
tolerance, and the family members are regulated by plant hormones as already reported in
other species [50-52].

The potential applications of these findings extend to breeding strategies aimed at
enhancing cereal varieties’ nutritional content and resilience. Harnessing the genetic
resources within Ae. caudata for targeted breeding or employing genetic modification
techniques holds promise for developing cereals with improved {3-glucan content, balanced
amino acid profiles, and enhanced micronutrient richness. Moreover, this knowledge aids
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in creating crops resilient to environmental stresses, thereby contributing to sustainable
agricultural practices.

Furthermore, the detailed characterization of the CsIF6 gene and its protein structure in
Ae. caudata provides a foundational framework for future studies. Exploring the regulatory
mechanisms underlying 3-glucan biosynthesis, investigating additional genetic factors in-
fluencing cereal nutritional content, and conducting functional validations of specific amino
acid residues could offer deeper insights into refining cereal traits for human consumption.

5. Conclusions

The present work focuses on the cellulose synthase-like F6 gene (CslF6) in the Ae.
caudata genome, providing valuable insights into the molecular processes of 3-glucan
biosynthesis and their potential impact on cereal nutrition. Utilizing genomic analysis,
protein structure prediction, and comparative genomics, the research uncovers unique
characteristics of CslF6 in Ae. caudata.

Comparative analysis of CslF6 amino acid sequences across monocot species reveals
significant conservation, suggesting similar 3D structures. However, crucial motifs near the
'finger helix' and the QxxRW catalytic motif exhibit variations among species, influencing
the DP3:DP4 ratio and, consequently, 3-glucan content in cereals. These variations empha-
size the role of specific residues in shaping CslF6 enzymatic activity and structural features.

The placement of Ae. caudata as an outlier in the evolutionary tree within the Triticum
cluster signifies its distinctiveness in CslF6 evolution among monocots, hinting at potential
unique functional adaptations or genetic divergence.

Exploring the promoter region of the CslF6 gene in the Ae. caudata genome reveals
cis-acting elements associated with essential processes like plant growth, stress response,
and hormone regulation. This implies multifaceted functions for the CslF6 gene family. The
observed regulation by plant hormones aligns with known mechanisms in other species,
highlighting evolutionary conservation.

In conclusion, this research deepens our understanding of (3-glucan biosynthesis and
suggests leveraging Ae. caudata’s genetic resources for improving cereal nutrition through
breeding or genetic modification. The study’s insights pave the way for further exploration
and exploitation of these genetic resources in crop improvement programs focused on
sustainable and nutritious food production.
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