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Edible oil with lower saturated fatty acids is desired for perceived quality and health
benefits to humans and livestock. fatb gene encoding acyl-ACP thioesterase is a key
player in the conversion of palmitic acid to oleic acid, thereby modifying the ratio
of saturated to unsaturated fatty acids in maize kernels. The present investigation
characterised the full-length sequence of the Zmfatb gene (4.63kb) in two mutants
(Zmfatb) and eight wild-types (ZmfatB) inbreds to study allelic variation, gene-based
diversity, phylogenetic-relationship, protein-modelling, and molecular-docking to identify
novel candidates for modification of fatty acid profile. Sequence alignment revealed
wide genomic variability for Zmfatb among the inbreds; identified five novel SNPs and
two InDels that clearly differentiated the wild-type and mutant genotypes. Gene-based
diversity using 11-InDel markers categorised 48-diverse maize-inbreds into two-clusters.
The majority of mutant and wild-type inbreds were grouped in separate clusters and
led to the generation of 41 haplotypes. Genetic relationship of maize fatb gene with
orthologues among 40 accessions of 12 oilseed-crops using both nucleotide and
protein sequence clustered maize, soybean, sunflower, opium-poppy, Citrulus lanata,
quinoa, and prunus species into one cluster; and brassica, camelina, and arabidopsis
into the different cluster. The clustering pattern revealed that the plant oil with higher
unsaturated fatty acids, particularly oleic, linoleic, and linolenic acids grouped together
in one cluster and higher proportions of other fractions like arachidic, eicosenoic, and
erucic acids grouped in another cluster. Physico-chemical properties highlighted more
similarity between maize and 29 orthologue proteins, but orthologues were found to have
better thermostability. Homology models have been developed for maize mutant and
wild-type inbreds using Umbellularia californica (PDB ID: 5x04) as a template. Predicted
protein models possessed optimum confidence-score and RMSD values and validated
stability via., Ramachandran plots. Molecular docking indicated most of the interactions
of protein-ligand were having similar binding-affinity due to the broader specificity of fatty
acyl-ACP thioesterases and the presence of conserved-domains across crops. This is
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the first report on the comprehensive molecular characterisation of the fatb gene in maize
and various orthologues. The information generated here provided new insights into the
genetic diversity of fatb gene which can be utilised for the enhanced nutritive value of oil

in the breeding programme.

Keywords: maize, fatty acids, acyl-ACP thioesterase, allelic variation, haplotypes, molecular docking, PUFA, corn

oil

INTRODUCTION

In plants, oil is stored in the form of triacylglycerols; which
contains a limited number of fatty acids (1). Although oil seed
crops enable humans to meet the daily requirement of vegetable
oil, maize oil is gaining popularity as edible oil owing to its
unique health benefits (2). Besides, maize is one of the most
versatile crops grown in diverse ecologies; and serves as one of
the most potential staple food crops capable of boosting global
food security (3). Apart from its use as a food and feed, maize is a
key source of vegetable oil due to the proper balance of saturated
and unsaturated fatty acids thus oil quality (4).

Plant-based oils are primarily comprised of five common
fatty acids, namely, palmitic acid (Ci¢:0), stearic acid (Cig:0),
oleic acid (Cig:1), linoleic acid (Cig.2), and linolenic acid
(Ci8:3) depending on the crop species (5). Excessive intake
of saturated fatty acids (SFAs: palmitic and stearic acid) may
lead to elevated blood cholesterol, triglycerides, and low-density
lipoprotein cholesterol which in turn results in an increased risk
of coronary heart diseases (6). On the other hand, unsaturated
fatty acids (UFAs: oleic, linoleic, and linolenic acid) are beneficial
to human health like oleic acid reduces the cholesterol problems
in humans, linoleic acid contributes to anti-cancer properties
and improved immunity, and linolenic acid decreases the risk
of heart diseases (6, 7). Traditional maize grains possess ~3-4
% of oil, whereas high-oil maize constitutes more than 6% of
oil (5). Maize oil is considered as a high-quality oil for human
consumption, as it possesses 80.5% UFAs mostly of oleic acid
(28.3%) and linoleic acid (50.6%), and 19.5% saturated fatty acids
(SFAs), mostly of palmitic acid (12.1%) (4). The high stability of
maize oil is attributed to high natural antioxidants (2, 8). Wide
genetic variation (50 to 82%) for oleic acid has been reported in
maize (9), indicating scope for improvement in the ratio of SFA
to UFA in the commercial maize oil.

Thioesterases are the key enzymes determining the
concentration and composition of fatty acids in oilseed crops
(10). In plants, biosynthesis of fatty acids occurs in chloroplasts
and a group of enzymes called acyl-ACP thioesterases catalyse
the hydrolysis of acyl-ACP thioester bonds leading to chain
termination, thereby releases free fatty acids and acyl carrier
proteins (11). Later, free fatty acids are transported to cytosol
and esterified by coenzyme-A and stored as triacylglycerols
(TAGs). The evolutionary studies of fatb (fatty acyl ACP-
thioesterase b) gene was first reported in Arabidopsis through
development of T-DNA mutants, followed by Brassica napus
through transgenic approaches (12, 13). There are two distinct
but related thioesterase gene classes in higher plants, termed
FatA and FatB, whose evolutionary divergence appears to be

ancient. FatA encodes for 18:1-ACP thioesterase whereas, FatB
representatives encode thioesterases preferring acyl-ACPs having
saturated acyl groups (13). Type B fatty acyl-ACP thioesterase
encoded by fatb gene has high affinity for saturated fatty acids
as substrate (4, 14); especially for Cj6.0-ACP (12); and thus, the
substrate preference determines the fatty acid composition in
different crop plants.

Earlier researchers identified quantitative trait loci (QTLs)
altering the fatty acid composition in maize (15-17). A major
QTL-Pal9 was identified on chromosome-9 explaining 42% of
the phenotypic variation for palmitic acid in maize grains (16).
Fine mapping of this major QTL led to identification of 4630
bp long Zmfatb gene which encodes acyl-ACP thioestersase;
and an 11 bp insertion in the last exon of Zmfatb caused the
reduction in palmitic acid, thereby optimising the ratio of SFAs
to UFAs without affecting total oil content (7). The maximum
change in palmitic acid was 4.57 mg/g, which accounted for
20 to 60% of the variation in the ratio of SFA to UFA (7).
Further, Zheng et al. (4) reported insertion of single G-nucleotide
in 6th exon of Zmfatb, which creates a premature stop codon
leading to reduction (~60%) of palmitic acid content in maize.
A total of 318 homologues including 218 orthologues and 10
paralogues for fatb and 30 homologues for FAD (fatty acid
desaturase) genes were reported in maize (18, 19). No natural
mutant source has been reported but evolutionary studies of
fatb gene started with arabidopsis fatb T-DNA mutants and fatb
transgenic Brassica napus. Down-regulation of FatB (involved
in fatty acid synthesis) and FAD2 (encoding A12 fatty acid
desaturase) together prevented the conversion of oleic acid to
polyunsaturated fatty acids (PUFA) and led to increased levels
of oleic acid (85%) and low levels of SFAs (6%) in soybean
(20, 21). Reducing the expression of seed-specific FAD2 isogenes,
FAD2-1A and FAD2-1B by gene silencing has led to release of
high-oleic soybean varieties with oleic acid ranging from 72 to
77% (21, 22). Further, CRISPR/Cas-mediated genome editing for
down regulation of fatBla or fatBlb genes in soybean led to
significant reduction of SFAs (6). In Brassica species, the FAD2
genes are expressed in all plant tissues, particularly Brassica napus
contains four isogenes for FAD2 (FAD2.A1, FAD2.A5, FAD2.C1,
and FAD2.C5). Mutations in these genes are well demonstrated
to contribute to PUFA synthesis in all organs and tissues of the
plant. By combining these mutations with conventional breeding
approaches produced lines upto 85% of oleic acid in oil (21, 23).
Recently, molecular docking studies using palmitic, stearic and
oleic acids as substrates provided new insights into alteration of
fatty acid composition in sunflower (24).

The genetic diversity for entire Zmfatb gene sequence among
the diverse set of maize inbreds including high-oil lines have

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 845255


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Katral et al.

Characterisation of Zmfatb in Maize

TABLE 1 | Details of diverse maize inbreds used in the study for characterisation
of fatb gene.

S. No. Inbred Code Type Source

1. PMI-Bio-101 ZmfatB-Wild1 Wild ICAR-IARI, New Delhi
2. PMI-Bio-102  ZmfatB-Wild2 Wild ICAR-IARI, New Delhi
3. PMI-Bio-103  ZmfatB-Wild3 Wild ICAR-IARI, New Delhi
4. PMI-Bio-104 ZmfatB-Wild4 Wild ICAR-IARI, New Delhi
5. EC932601 ZmfatB-Wild5 Wild USDA

6. EC932607 ZmfatB-Wild6 Wild USDA

7. CP828-2 ZmfatB-Wild7 Wild ICAR-IIMR, Ludhiana
8. CP828-1 ZmfatB-Wild8 Wild ICAR-IIMR, Ludhiana
9. EC932611-2  Zmfatb-Mutant1 Mutant ~ USDA

10. EC932611-5  Zmfatb-Mutant2 ~ Mutant ~ USDA

not been comprehensively analysed. Further, there is no report
on allelic variation on the nucleotide diversity of full length
Zmfatb gene affecting palmitic acid, and ratio of SFA to UFA.
In addition, gene and protein sequence comparison of fatb
among maize and its orthologues, especially oil seed crops based
on oil composition are yet to be fully studied. Hence, the
present investigation was designed to (i) sequence characterise
Zmfatb gene in diverse maize mutant and wild-type maize
inbreds, (ii) identify haplotypes of Zmfath gene using gene-
based InDel markers among diverse maize inbreds, (iii) study
the evolutionary relationship of maize fatb with its orthologues
at gene and protein level, and (iv) study the protein modelling
and molecular docking in maize and its selected orthologues.

MATERIALS AND METHODS

Genetic Material

Eight diverse wild type maize inbreds (ZmfatB-Wild1 to ZmfatB-
Wild8) and two high-oil mutant inbreds (Zmfatb-Mutantl and
Zmfatb-Mutant2) were selected for sequence characterisation
of full length fatb gene of maize at nucleotide and protein
level (Table 1). The wild type allele is represented as ‘ZmfatB’
and mutant allele as ‘Zmfatb’. A diverse panel of 48 genotypes
including 27 wild-type and 21 mutant-type inbreds was
used for assessing gene-based diversity and haplotype study
(Supplementary Table 1).

Isolation of Genomic DNA, PCR

Amplification and Gene Sequencing

The genomic DNA from seeds of selected inbreds was isolated
using SDS extraction protocol (25). The mutant Zmfatb gene
sequence of 4630 bp region from B73 genome (accession number:
NC_050104 in Zm-B73-REFERENCE-NAM-5.0; GenelD:
103638097 or synonyms to GRMZM5G829544) was retrieved
from NCBI data base. Eleven overlapping primer pairs designed
using Primer3web v4.1.0 online tool (Supplementary Table 2)
were synthesised from M/s Sigma Pvt. Ltd. The 11 primers
covered full length Zmfatb gene with fragment size of 500-550
bp each. Each fragment was amplified using thermocycler in a 50
pl reaction consisting of 100 ng template DNA, 1x OnePCRTM

Mix (GeneDireX Ready-to-use PCR master mix) and 0.5uM
each of forward and reverse primer. PCR amplification was
carried out through BIO-RAD model T100TM thermal cycler
(Bio-Rad Laboratories Inc.) with PCR conditions at (i) initial
denaturation at 95°C for 5min, (ii) 35 cycles of denaturation at
95°C, annealing at 60°C and primer extension at 72°C for 45s
each step and (iii) final extension at 72°C for 8 min. Each of the
PCR reactions were carried out in replicates; each amplicon was
checked on 2.0% Seakem LE agarose gel and the PCR products
were processed for sequencing from M/s. Sequencher Pvt. Ltd.

Sequence Alignment and Functional
Analysis of Zmfatb Gene

Sequencing results of each fragment were blasted with B73
reference sequence on NCBI-Nucleotide BLAST to analyse raw
sequence data. Whole gene sequence of each genotype was
retrieved from Bio-Edit software by aligning 11 consecutive
fragments covering whole gene. The whole gene sequences
of all the genotypes along with B73 reference sequence were
analysed in MEGA v7.0 tool using Clustal MUSCLE alignment
to study SNPs and InDel variations among wild-type and
mutant inbreds. The MEGA alignment file was then subjected
to DnaSP6 v6.12.03 software to determine the number of
SNPs, InDels, number of polymorphic sites, total number
of mutations, haplotypes, haplotype gene diversity, nucleotide
diversity and InDel events. The predicted mRNA sequence was
used to study the synonymous and non-synonymous SNPs via.
DnaSP6 v6.12.03 software. Putative SNPs clearly differentiating
the mutants (Zmfatb) and wild-types (ZmfatB) were sorted
manually. The functionality of SNPs in promoter region was
determined using NsitePL (SOFTBERRY online programme)
and SNPs in intron and polyA region were annotated through
Ensembl Plants-Variant Effect Predictor (VEP) (26).

Zmfatb Gene-Based Diversity Among the

Diverse Genotypes

Eleven InDel-based markers (Supplementary Table 3) were
developed based on complete Zmfatb gene sequence among 10
genotypes used for sequencing and polymorphic positions were
represented (Figure 1). PCR reactions and primer optimisation
were done as per standard conditions. The banding pattern of
each InDel marker among the diverse panel of 48 genotypes
were obtained through gel electrophoresis using 4% metaphor
agarose and 8% polyacrylamide gel electrophoresis (PAGE) based
on fragment size. The obtained marker data based on gel profile
was analysed in DARwin v6.0 to estimate genetic dissimilarity
based on Jaccard’s coefficient and constructed dendrogram using
neighbour-joining method (27) and PowerMarker v3.25 to
estimate parameters viz. total number of alleles, major allele
frequency, gene diversity, heterozygosity and polymorphism
information content (PIC) (28). Further, marker scores were
exploited to generate haplotypes based on dendrogram clustering
via. DARwin v6.0. The genotypes in single branch were
considered as one haplotype. The presence of band is shaded in
dark colour and absence of band is shaded in white colour to
generate haplotypes among the diverse genotypes.
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FIGURE 1 | Pictorial representation of InDel-based markers position in Zmfatb gene. Pentagon in maroon colour represents TSS and rhombus in light green colour
represents polyA site; light purple and pink arrows represent first and last exons; grey boxes represent exons.

Retrieval of Zmfatb Gene Sequence in
Related Orthologues

Based on fatty acid composition, 12 orthologue crops including
maize were selected; and the nucleotide and protein sequences
were retrieved for different accessions of orthologue species. A
total of 29 accessions namely, Brassica napus (5), Brassica oleracea
(3), Brassica rapa (3), Glycine max (4), Helianthus annuus (4),
Citrulus lanatus (2), Camelina sativa (3), Chenopodium quinoa
(1), Papaver somniferum (1), Prunus dulcis (1), Prunus persica
(1) and dicot model plant Arabidopsis thaliana (1) were obtained
from publicly available data base via. Ensembl Plants using
BLAST)p search tool with an expectation value (e-value) <le—5.

Gene Prediction and Phylogenetic

Relationship

All the 29 orthologue accessions along with 10 sequenced
genotypes and B73 reference sequence of maize were employed
individually to predict the number and size of exons and
introns, 5 UTR, transcription start site, poly-A sites, mRNA
sequence and protein sequence through online gene prediction
software FGENESH (29). The complete gene sequence, predicted
mRNA and protein sequences were aligned using CLUSTAL
MUSCLE in MEGA v7.0 (30). Promoter component prediction
was carried out using Plant-CARE online tool (31). A set of
40 Zmfatb sequences viz. (a) 10 sequences (8 ZmfatB and 2
Zmfatb) from the genotypes sequenced in the present study, (b)
maize B73 reference sequence (Zmfatb mutant with GenelD:
103638097) available in public domain and (c) 29 orthologue
accessions of related crop species (Supplementary Table 4) were
considered for phylogenetic analysis for both nucleotide and
protein sequences using online CLUSTAL MUSCLE tool. The
genotypic score of each accession from CLUSTAL MUSCLE was
further exploited through iTOL (Interactive tree of life) online
software to construct dendrogram.

Structural Analysis and Physicochemical
Properties of ZmFATB Protein

Aligned nucleotide and protein sequences were manually sorted
for presence of deletion, duplication, insertion, point mutation
and conserved region. Transition-transversion bias, composition
of nucleotide and Tajimas Neutrality test were under taken

through MEGA v7.0 and DnaSP6 v6.11.01 (32). Chemical and
physical parameters of protein like amino acids, molecular
weight, isoelectric point (pI), positively and negatively charged
amino acids and aliphatic index were estimated using MOTIF
Search (https://www.genome.jp/tools/motif/) online tool. The
instability index and grand average of hydropathicity (GRAVY)
were calculated using ProtParam tool at ExPASy (33).

Homology Modelling of ZmFATB Protein

At different complexity levels, ZmFATB protein homology
models were built using SWISS-MODEL (34) and I-TASSER (35)
automated protein structure homology-modelling servers. The
best models were selected for further analysis based on various
parameters like global model quality estimation (GMQE) score
> 0.5, identity score > 50% with QMEAN score > 0.7. Stereo-
chemical property of top predicted model was analysed through
PROCHECK online server via. Ramachandran Plot.

Sources of Ligands and Receptor Proteins
Plant oil is mainly composed of five compounds such as palmitic
acid, stearic acid, oleic acid, linoleic acid and linolenic acid; and
these substrates have been selected as ligands for the molecular
docking studies in maize and its selected orthologues. The
three-dimensional (3D) conformers of the selected ligands
were retrieved from PubChem (https://pubchem.ncbi.nlm.
nih.gov/) database in SDF format. Likewise, the protein
sequence of the maize B73 reference (NP_001357940.1) and
its selected orthologues viz. Brassica napus (A0OA078GBEFS8),
Brassica oleracea (Bo5g009040.1-1), Brassica rapa (Bra018620.1),
soybean (KRH63043), sunflower (OTG24573), Arabidopsis
(AT1G08510.1), Camelina sativa (Csa03g011960.1), Citrulus
lanatus (Cla97C06G119690.1), quinoa (AUR62033409-RA),
opium poppy (RZC53943) and almond (VVA10652) were
subjected to SWISS-MODEL and I-TASSER servers to get
homology models in PDB format for docking studies. The
3DLigandSite online server was employed to predict the ligand
binding sites in protein structure (36).

Preparation of Ligands and Target Proteins

for Molecular Docking
The PDB files of each protein and the 3D structure of ligands
were optimised using PyRx virtual screening software (37). The
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ligands were imported into PyRx through Open Babel version
3.1.1 (38), and charges of ligands were minimised and converted
to PDBQT file format. Similarly, the protein structures in PDB
were also converted to PDBQT files after optimisation.

Molecular Docking and Visualisation

The optimised ligands and proteins in PDBQT format were
subjected to molecular docking with the aid of the Vina Wizard
tool in PyRx software (39). Vina wizard predicts the interaction
between protein and ligand through its scoring function (binding
affinity in kcal/mol). During molecular docking, based on
predicted ligand binding sites, the grid box was adjusted to
cover all the binding sites for each protein and XYZ coordinates
were recorded. The default exhaustiveness value of 8 has been
considered for docking. The output file after docking analysis
consisted of the top nine binding poses with their binding affinity.
The binding poses with the least root mean square deviation
(RMSD) has been selected. The protein-ligand interaction was
visualised in 3D through PyMOL software (40). Similarly, the 2D
structure was visualised in Biovia Discovery studio (41). The 3D
visualisation represents the exact binding site of the target protein
whereas, the 2D structure visualisation represents the different
bonds formed between amino acid residues of the target protein
and the ligands.

RESULTS

Zmfatb Gene Sequence Variation in

Selected Maize Genotypes
The alignment of Zmfatb sequences revealed 1294 SNPs with
nucleotide diversity (Pi) of 0.073. 540 InDels were also observed
with a mean InDel length of 3.20 bp and InDels diversity (ki)
of 56.55%. Nucleotide diversity (Pi) was found to be more in
wild ZmfatB allele (0.08) compared to mutant Zmfatb allele
(0.02) with an average nucleotide difference of 381.5 and 65.33,
respectively. Tajimas’s neutrality (D) value was —1.050004, which
was inferred to be non-significant. The nucleotide sequence of
the genotypes predicted (using MEGA software excluding the
gaps and missing data with the final dataset of 4,310 bp) had
an overall transition/transversion bias [R] of 0.7. In total, 3,412
bases were conserved among the selected 10 maize genotypes
with sequence conservation [C] of 0.73. All the observed dynamic
regions were found to be conserved significantly with a p-value
< 0.01. The sequence characterisation provided 850 singleton
variations with an average nucleotide frequency of 28.3 (T/U),
21.5(C), 24.8 (A) and 25.4 (G) with 100% coverage of the Zmfatb
gene sequence. The present investigation identified five SNPs and
two InDels, which clearly differentiated the mutant (Zmfatb) and
wild type (ZmfatB) genotype sequences (Table 2). Of these, SNP1
and InDell were in the promoter region; SNP2, SNP3 and SNP4
were in the intronic region, whereas SNP5 and InDel2 were found
in the 3’UTR region. Both transition and transversion mutations
occurred comparatively in similar frequency. Sequence analysis
also validated the presence of 11 bp insertion in the 6th exon
between mutant and wild-types, as reported by Li et al. (7).
Further, the Zmfatb sequence of these 10 maize genotypes
were utilised for the construction of a phylogenetic tree along

with the B73 reference sequence (acts as Zmfatb mutant)
retrieved from the NCBI data base. The obtained tree consisted
of two clusters namely -A and -B (Figure 2A). The mutant
sequences viz. B73 (Zmfatb-mutant reference), Zmfatb-Mutantl
(EC932611-2) and Zmfatb-Mutant2 (EC932611-5), and ZmfatB-
Wild3 (PMI-Bio-103) grouped together into cluster-A, and
the cluster-B consisted of all other wild type genotypes.
Clustering pattern predominantly differentiated the wild and
mutant inbreds based on their sequences. The optimal tree with
the sum branch length of 0.37 and strength of clustering at
10,000 bootstraps with associated taxa varied from 35 to 100%
(Figure 2A).

The mRNA sequences have been generated (via. FGNESH
online tool) for the 10 genotypes based on sequencing
data and further employed to know the significance of
observed polymorphism among the nucleotide sequences.
An average of 51.02 synonymous (Ks) and 152.98 non-
synonymous (Ka) sites were observed among the sequenced
genotypes. Among the genotypes, Zmfatb-Mutantl (EC932611-
2), Zmfatb-Mutant2 (EC932611-5) and ZmfatB-Wild3 (PMI-Bio-
103) had the Ka/Ks ratio of 0.000 indicating less significant
changes in the coding region (Supplementary Table 5). Hence,
these three genotypes grouped together in the same cluster.
Among the wild type genotypes, ZmfatB-Wild6 (EC932607)
had the highest Ka/Ks ratio (1.153) followed by ZmfatB-Wild2
(PMI-Bio-102) (0.95) and ZmfatB-Wild4 (PMI-Bio-104) (0.74)
(Supplementary Table 5).

Gene-Based Diversity Among the Diverse

Maize Inbreds

Among the 540 InDels identified from Zmfath sequence
characterisation, selected 11 InDels (of 2 bp and more covering
full-length gene) were exploited to develop the gene based InDel
markers (Supplementary Table 3). The size of the InDels ranged
from 2 to 33 bp and the primers were designed by considering the
GC-content. A total of 25 alleles were generated with an allelic
mean of 2.27 (range: 2 to 3) (Table 3). Major allele frequency
varied from 0.56 (fatb-InDel-8) to 0.92 (fatb-InDel-2) with mean
of 0.78. Mean genetic diversity observed was 0.33 (range: 0.15
to 0.49). PIC varied from 0.14 to 0.37 with a mean of 0.27.
Among the 11 markers, five markers had a PIC of > 0.3. Mean
heterozygosity was 0.12 with a range of 0 to 0.63 (Table 3).

The genetic relationship among the 48 genotypes was studied
based on the dissimilarity matrix and the pair-wise genetic
dissimilarity varied from 0 to 0.94 (mean: 0.42). Cluster
analysis grouped them into two major clusters, namely -
C and -D (Supplementary Figure 1). Twenty-eight genotypes
were grouped in cluster-C, whereas cluster-D possessed 20
genotypes with two sub-clusters each in -C (Cl1 & C2)
and -D (D1 & D2). Majority of the wild type genotypes
were grouped into cluster-C and mutants were grouped into
cluster-D. Clustering patterns also revealed that genotypes
originated from similar/related pedigree grouped together
(Supplementary Figure 1). Haplotype analysis based on marker-
assay through InDel-based markers of Zmfatb revealed the

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 845255


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Katral et al.

Characterisation of Zmfatb in Maize

TABLE 2 | Putative SNPs and InDels clearly differentiate mutant and wild type maize inbreds.

SNP Type of mutation Position (bp) Location Predicted function
SNPs
SNP1P CtoG 663 Promoter Cis-acting regulatory element
SNP22 CtoT 1,907 Intron Intron variant
SNP32 Ato G 2,610 Intron Intron variant
SNP4P TtoG 2,611 Intron Intron variant
SNP5?2 Ato G 4,393 3'UTR 3'UTR variant
InDel Length (bp) Position (bp) Location Predicted function
InDels
InDeld 2 680-681 Promoter Transcription factor binding site
InDel2 1 4,392 3'UTR 3'UTR variant
aTransitions; P Transversions.
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FIGURE 2 | (A) Nucleotide based phylogenetic tree among the sequenced maize genotypes with 10000 bootstra p-value. (B) Protein-based phylogenetic tree among
the sequenced maize genotypes with 10000 bootstra p-value.

presence of 41 haplotypes existed among the 48 inbreds
(Figure 3).

Phylogenetic Relationship Among Zmfatb
Sequences of Maize and Selected
Orthologues

A total of 40 accessions across 12 different crops were selected
based on their fatty acid composition to study phylogenetic
relationships; the details of the nucleotide and protein ID
were presented in Supplementary Table 4. The phylogenetic
tree was constructed using the neighbour joining method at
10000 bootstrap for both nucleotide and protein sequences.
The phylogenetic tree based on nucleotide sequences of 40
accessions grouped them into two major clusters, namely
-P and -Q (Figure4). All the maize genotypes including

B73 reference clustered into sub-cluster-P1. The accessions
viz. soybean (GLYMA_04G151600, GLYMA_05G012300,
GLYMA_06G211300, and GLYMA_17G120400), sunflower
(HannXRQ_Chr05g0138201HannXRQ_Chr06g0180041,  FAT
B_HannXRQ_Chr09g0240511 and HannXRQ_Chr10g0311291),

Opium  poppy  (C5167_012798), Citrullus lanatus
(Cla97C06G119690  and  Cla97C11G209120),  quinoa
(AUR62033409) and Prunus sp. (Prudul26B003172 and
PRUPE_7G234600) clustered into sub-cluster-P2. The
remaining orthologue accessions viz. Brassica napus
(BnaC08g43130D, BnaA08g26890D, BnaAnng26510D,
BnaA10g09300D, and BnaC05g06160D), Brassica oleracea

(Bo5g009040-1, Bo05g009040-2, and Bo8gl12430), Brassica
rapa (Bra018620, Bra030731 & Bra031631), Camelina sativa
(Csa03g011960, Csal4g009990, and Csal7g011970) and
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TABLE 3 | Molecular diversity parameters among the 48 diverse genotypes using gene-based InDel markers.

S. No. Marker Major allele frequency No. of alleles Gene diversity Heterozygosity PIC
1. fatb-InDel-1 0.91 3.00 0.17 0.10 0.17
2. fatb-InDel-2 0.92 2.00 0.15 0.08 0.14
3. fatb-InDel-3 0.86 2.00 0.23 0.10 0.21
4. fatb-InDel-4 0.77 2.00 0.35 0.08 0.29
5. fatb-InDel-5 0.79 2.00 0.33 0.08 0.28
6. fatb-InDel-6 0.72 2.00 0.40 0.02 0.32
7. fatb-InDel-7 0.77 3.00 0.37 0.00 0.34
8. fatb-InDel-8 0.56 2.00 0.49 0.63 0.37
9. fatb-InDel-9 0.79 2.00 0.33 0.00 0.28
10. fatb-InDel-10 0.70 2.00 0.42 0.19 0.33
11. fatb-InDel-11 0.78 3.00 0.35 0.06 0.30
Mean 0.78 2.27 0.33 0.12 0.27
PIC, Polymorphism information content.
Alleles
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FIGURE 3 | Haplotypes of Zmfatb gene using gene-based InDel markers; each row indicates the presence or absence of allele, whereas the column represents the
allele for a given marker in diverse inbreds; Black box, presence of DNA band; White box, absence of DNA band.

!1

Arabidopsis thaliana (AT1G08510) were grouped into cluster-
Q (Figure 4). Clustering pattern clearly grouped the crops
with higher UFA particularly oleic, linoleic and linolenic
acids together and crops containing lower UFA clustered into
another group.

To strengthen the clustering pattern of maize and the
orthologues, the protein sequences were predicted and
evolutionary tree was generated using the protein sequences.
Clustering revealed the same pattern as that of nucleotide-based
grouping (Supplementary Figure 2) with two main clusters
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(-R and -S). All the maize genotypes, soybean, sunflower, quinoa,
almond, citrullus and opium poppy accessions grouped into
cluster-R; and the accessions of all Brassica sp., camelina and
arabidopsis were grouped into cluster-S. Similar grouping
pattern observed based on both nucleotide and protein levels
suggested the conserved functional groups across the crops.

Zmfatb Gene Structure in Maize and Its
Orthologues

The sequence of Zmfatb in 10 maize genotypes and 29 accessions
of orthologue retrieved from public domain were predicted
for transcription start site (TSS), exon and intron boundaries,
coding sequence, and polyA tail. The comparative analyses of
all these parameters are presented in Supplementary Table 6.
The analysis demonstrated that TSS for Zmfatb was found to
be located 350-875 bp upstream in maize genotypes, whereas in
orthologues, it is located 3-1,554 bp upstream of coding sequence
start site. Total coding sequence varied from 924 to 1,275 bp
among maize accessions and 1,191-1,914 bp among orthologues.
Number of exons ranged from 4 to 8 in maize; whereas it varied
from 5 to 8 among orthologues. Length of exons varied between
24 and 513 bp in maize, and in orthologues exon length varied
between 24 and 768 bp. Wide intronic range was found in maize
genotypes (50-1,749 bp) as compared to orthologues (77-1681
bp). PolyA site was located 4,350-4,498 bp downstream of coding
start site in maize whereas, in orthologues it was located between
2,593 and 6,057 bp.

ZmFATB Protein Characterisation Among

Sequenced Genotypes

The complete nucleotide sequences of all the 10 maize genotypes
along with B73 reference mutant were employed to predict
the protein sequences. The comparison of protein sequences
among wild and mutant inbreds revealed 285 variable regions
with Tajimas’s neutrality (D) value of 1.388231. There were 199
conserved amino acids among the genotypes with 201 singleton
amino acid variations. In addition, the multiple sequence
alignment also revealed insertion of five amino acids (SGVFR)
in mutant genotypes from 425 to 428 amino acid position as
reported earlier by Li et al. (7). The genotypes possessed overall
mean amino acid difference of 0.382. Further, phylogenetic
grouping based on protein sequence revealed existence of two
clusters (-I and -II) with sum of branch length of 1.623. All
the mutant genotypes including B73 were grouped together in
cluster-I and all the wild type genotypes were grouped in cluster-
II except ZmfatB-Wild8 (CP828-1) (Figure 2B).

Prediction of Domains and Motifs of
ZMmFATB Protein

Domain prediction elucidated the existence of 8 conserved
domains across the accessions for ZmFATB protein
(Supplementary Table 7). PLN02370 superfamily domain
was predicted to be bigger domain covering from 1 to 424
amino acids (aa) followed by pfam01643- acyl-ACP_TE
domain (141 to 412 aa). Among the domains predicted, five
domains viz. PLN02370 superfamily, pfam01643, pfam12590,

FatA, and HotDog domain superfamily were found to be
the major domains. Among all the maize and orthologue
accessions, these five major domains were conserved except FatA
domain in ZmfatB-Wildl (PMI-Bio-101) and Zmfatb-Mutant2
(EC932611-5), as well as pfam01643 domain in sunflower
accession (OTG12589).

Physicochemical Properties of ZmFATB in

Maize and Its Orthologues

Primary protein structure analysis revealed that the protein
length was very diverse in maize accessions (307-434 amino
acids) but in orthologues, the length was found to be relatively
narrow (374 to 470 amino acids) (Table 4). Further, alanine
was found to be the most abundant amino acid in maize
genotypes (7.3 to 11.2%), but in orthologues, it was observed
to be low (3.7-7.6%). Tyrosine was found to be the rarest (0.6-
1.7% among maize genotypes; 1.2-2.3% among orthologues)
amino acid. Molecular weight of orthologues accession of
Citrulus sp. (Cla97C06G119690) was noticed to be the highest
(52744.43 g/mol) among all the genotypes. All the accessions
of maize and orthologues were found to have neutral to
basic isoelectric point. The instability index among the maize
genotypes varied from 31.90 [ZmfatB-Wildl (PMI-Bio-101)]
to 52.16 [ZmfatB-Wild6 (EC932607)] whereas, among the
orthologues, it ranged from 27.31 (HannXRQ_Chr05g0138201)
to 45.29 (Cla97C06G119690). GRAVY ranged from—0.227
to—0.554 among maize genotypes and—0.243 to—0.454 among
orthologue accessions.

Homology Modelling of ZmFATB Protein

The ZmFATB protein sequences of mutant and wild type maize
inbreds were subjected to SWISS-MODEL and I-TASSER servers
to identify similar templates. More than 500 templates were
found to match with the target sequence of maize genotypes
in SWISS-MODEL. Among the matched templates, 12:0-ACP
thioesterase from Umbellularia californica (Protein Data Bank
ID: 5x04) which encodes for Dodecanoyl-[acyl-carrier-protein]
hydrolase was found to have more similarity compared to
others. The top protein model obtained through I-TASSER
server was selected for further visualisation. Best model for B73
mutant had confidence (C)-score of—1.96, template modelling
(TM)-score of 0.48 £ 0.15 and RMSD of 11.6 + 4.5 A0,
whereas the wild type maize inbred [ZmfatB-Wildl (PMI-Bio-
101)] had C-score of—2.34, TM-score of 0.44 + 0.14 and
RMSD of 12.5 £ 4.3 A0. These top models of B73 mutant
reference and wild type (ZmfatB-Wildl) inbred were saved
and visualised using Discovery studio 2020 (Figures5A,B).
Both B73 mutant reference and wild type (ZmfatB-Wild1)
protein structures were superimposed through TM alignment
and obtained superimposed protein structure with TM-score
of 0.2419 and RMSD value of 7.23 (Supplementary Figure 3).
Superimposition of both the proteins indicated that there is
a random structural similarity between mutant and wild type
proteins. Further, the stability of protein models was further
checked through PROCHECK online server via. Ramachandran
plot. The plots for both the models revealed that majority of
residues (93.6 to 93.8%) lied in the most favoured region, 5.9
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TABLE 4 | Physico-chemical properties of ZmFATB protein in maize and its selected orthologue accessions.

S. Accessions Crop No. of amino Molecular Isoelectric Negatively Positively Instability  Aliphatic GRAVY
No. acid weight (g/mol) point charged aa (Asp charged aa (Arg index index
+ Glu) + Lys)
1. Zmfatb- B73-Mutant ~ Zea mays 434 47760.39 9.01 46 51 35.20 80.07 —0.386
2. Zmfatb-Mutant1 Z. mays 422 47820.82 8.82 46 51 41.43 80.66 —-0.414
3. Zmfatb-Mutant2 Z.mays 307 331561.41 9.41 31 37 38.71 73.81 —0.441
4. ZmfatB-Wild1 Z. mays 411 44146.19 6.82 44 43 31.90 77.93 —0.283
5. ZmfatB-Wild2 Z. mays 425 45936.78 8.87 39 45 44.42 81.76 —0.227
6. ZmfatB-Wild3 Z. mays 429 47203.61 7.76 47 48 33.26 79.18 —0.381
7. ZmfatB-Wild4 Z. mays 333 36475.38 9.68 32 42 36.85 70.72 —0.462
8. ZmfatB-Wild5 Z. mays 395 43070.24 10.05 33 56 33.72 72.66 —0.496
9. ZmfatB-Wildé Z. mays 328 36332.32 10.44 29 46 52.12 71.16 —0.554
10. ZmfatB-Wild7 Z. mays 325 35692.31 7.81 35 36 35.52 7511 —0.424
11. ZmfatB-Wild8 Z. mays 339 38301.59 8.28 42 44 35.93 79.44 —0.506
12. BnaC08g43130D Brassica 415 46054.22 7.66 48 49 38.97 77.49 —0.399
napus
13. BnaA08g26890D B. napus 415 46218.56 8.71 47 51 36.99 78.84 —0.436
14. BnaAnng26510D B. napus 415 46038.24 8.18 47 49 36.55 77.25 —0.393
15. BnaA10g09300D B.napus 415 46054.22 7.66 48 49 38.97 77.49 —0.399
16. BnaC05g06160D B. napus 412 45778.29 8.62 46 49 41.44 81.31 —0.336
17. Bo5g009040-1 Brassica 412 45778.29 8.62 46 49 41.44 81.31 —0.336
oOleracea
18. Bo5g009040-2 B. oleracea 412 45778.29 8.62 46 49 41.44 81.31 —0.336
19. Bo8g112430 B. oleracea 415 45997.17 6.98 48 48 38.62 78.43 -0.378
20. Bra018620 B.rapa 412 45658.06 8.30 45 47 40.51 79.17 —0.350
21. Bra030731 Brassica 415 46266.73 8.70 47 51 35.02 80.24 —0.406
rapa
22. Bra031631 B. rapa 415 45980.15 8.55 46 49 34.83 77.01 —0.399
23. GLYMA_04G151600  Glycine max 422 46081.75 8.12 46 48 39.70 85.90 —0.245
24, GLYMA_05G012300 G. max 416 45939.23 6.48 50 48 38.92 82.24 -0.357
25. GLYMA_06G211300 G. max 419 46299.09 7.08 49 49 40.98 85.58 -0.277
26. GLYMA_17G120400 G. max 416 45957.33 6.28 51 48 39.10 85.75 —0.326
27. HannXRQ_Chr05 Helianthus 413 45950.28 6.77 51 50 27.31 82.06 —0.397
g0138201 annuus
28. HannXRQ_Chr06 H. annuus 430 47658.00 7.10 55 55 33.00 76.35 —0.454
g0180041
29. FATB_HannXRQ_Ch  H. annuus 421 46668.15 7.01 50 50 34.58 81.24 —0.343
r09g0240511
30. HannXRQ_Chr10 H. annuus 353 40458.85 9.04 41 48 40.46 86.60 —0.365
g0311291
31. Cla97C06G 119690 Citrulus 479 52744.43 8.37 50 53 45.29 83.70 —0.256
lanatus
32. Cla97C11G209120 C. lanatus 469 52257.27 8.51 51 55 37.56 75.05 —0.348
33. Csa03g011960 Camellina 416 46096.58 8.75 46 50 38.97 77.74 —0.375
sativa
34. Csa14g009990 C. sativa 416 46139.57 8.76 46 50 38.71 76.80 —0.385
35. Csa17g011970 C. sativa 416 46109.54 8.76 46 50 37.67 76.80 —0.393
36. AUR62033409 Chenopodium 423 46801.02 8.24 48 50 39.91 74.87 —0.451
quinoa
37.C5167_012798 Papaver 423 46894.32 8.19 42 44 36.71 84.61 —-0.313
somniferum
38. Prudul26B003172 Prunus 417 45639.03 6.56 46 45 40.67 90.00 —0.247
dulcis
39. PRUPE_7G234600 P, persica 417 45594.98 6.56 46 45 41.06 89.54 —0.243
40. AT1G08510 Arabidopsis 412 45687.07 8.76 46 50 35.99 80.39 —0.365
thaliana

Frontiers in Nutrition | www.frontiersin.org 9 May 2022 | Volume 9 | Article 845255


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Katral et al.

Characterisation of Zmfatb in Maize

g
e » 2 § 3 3’
“ s
Q %5 2 S &
% C % &
Q 2 & o ;&
% % S F §
8, 2 %, 3 & o
20, 2 N e
RY {’%o A &
Ny
J% 4»6\\’ *{\\6\
0009 0, N
2 o
&2 e Q%
B,,« \
199093, 2
naa ° N m\-\ﬁ"““d’
"09265100 Q 2
Q ZmiatB-Wild4
Bra031631
\ P Zmfath.
\ miatb-Mutantl
BnaA08g268900 Q /‘
fatg
38 W
31;03073 AL x i
x%"go \ "”.lb‘ u,
P 2, ez
o1 AV Yy,
ow o> b &
&00 & 4 b, 3
\)\'1- N %
\)‘5 ‘9‘ o o 40
QF o'b § <, 50
A &g % % %
N & & L 2 %
@ Q;\: S S v 2 L/ (7]
Q < N 7 o n Q A % o(
S & & R 5 3 % O B Y
L ) S § § § 3 2 7 o %
§ ¢ § 8 % 3 4 3 v
oS ~ ~ by S e e 2
- o 2 2 32 oy kS “
& g 8 8 % 2 % 2
& S s 2 R % <,
$ o o 2 9,
F o o 2
& ]
=
R
z e Tree scale: 0.1 +———
o
e
-
FIGURE 4 | Nucleotide based phylogenetic tree of maize and its orthologue accessions.

to 6% residues in the additional allowed region and a very small
number of residues (0.4%) in generously allowed region and no
residues in the disallowed region, indicating that superiority of
obtained models (Supplementary Figures 4A,B).

Protein and Ligand Interactions (Molecular
Docking)

Molecular docking was carried out to determine the substrate
specificity of FATB protein. The phylogenetic relationship among
maize and orthologues species revealed that the accessions of
maize, soybean, sunflower, Citrulus sp., opium poppy, Prunus
sp. and quinoa grouped in one cluster; and the accessions of
other crops like Arabidopsis, Brassica sp. and Camelina sativa
were grouped in another cluster. Therefore, one accession protein
from each crop was considered to study the protein-ligand
interaction using substrates like palmitic, stearic, oleic, linoleic
and linolenic acids as ligands. The template from Umbellularia
californica (PDB ID: 5x04) was found to be the common template

for protein for all the accessions and top model was saved in PDB
format. The protein structure was found to have >50% similarity
with template protein of Umbellularia californica (PDB ID: 5x04)
(Supplementary Table 8).

The molecular docking analysis of protein-ligand interaction
among maize and orthologues species revealed that all the
substrates bound to FATB protein with favourable binding
energy ranging from —4 kcal/mol (oleic acid in Arabidopsis
and linoleic acid in maize) to —7.3 kcal/mol (linoleic acid in
maize) (Supplementary Table 8). Most of the protein-ligand
interactions showed very good dock score above the threshold
cut-off of—6 kcal/mol. When the binding energy of FATB
protein was investigated for all the substrates, palmitic acid
(—6.5 kcal/mol), stearic acid (—6.6 kcal/mol) and linolenic acid
(—7.3 kcal/mol) in maize; oleic acid (—6.7 kcal/mol) in Camelina
sativa and linoleic acid (—6.8 kcal/mol) in soybean exhibited
highest binding affinity. Across the crops, the binding affinity
was noticed to be almost similar with all the substrates. Among
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FIGURE 5 | Thread based homology models of (A) mutant protein (ZmFATB-B73-Mutant); (B) wild type [ZmFATB-Wild1 (PMI-Bio-101)] protein obtained through

I-TASSER.

the crops, negligible variation was observed in binding affinity
for different substrates. The results indicate that the substrates
under study do not have much significant difference in most of
the cases with respect to binding affinities across FATB proteins
under consideration. However, difference was observed with
respect to the hydrogen bond formation between substrates
(Supplementary Table 9). The 2D and 3D visualisation of
protein-ligand interactions are depicted in Figures 6, 7. The
linoleic acid had highest binding affinity of—7.3 kcal/mol with
two hydrogen bonds between VAL203 and ASN331 amino
acid residues in maize. The substrate linolenic acid did not
form hydrogen bond but possessing unfavourable acceptor-
acceptor bond with MET167 amino acid residue in maize. The
proteins of Arabidopsis and Brassica rapa formed three hydrogen
bonds (amino acid residues VAL198, ASN320 and GLU351)
with palmitic acid. Similarly, linoleic acid in Prunus sp. also
formed three hydrogen bonds with amino acid residues SER248,
TRP250 and ASN319. In most of the interactions, the amino
acids like valine, aspergine and glutamic acids were found to
form hydrogen bond with substrates (Supplementary Table 9;
Figure 6).

DISCUSSION

Malnutrition is emerging as an alarming problem worldwide
(42). Severe acute malnutrition (SAM) particularly affects
more than 19 million children and contributes significantly
to childhood morbidity and mortality (43). Reduced level of
UFAs especially oleic and linoleic acid levels were considered
to be associated with SAM, hence fatty acid composition plays
critical role in human health. Considering the greater significance
of Zmfatb gene in regulating the ratio of saturated to UFAs,
we characterised the entire sequence of Zmfatb in 10 diverse
maize inbreds to study allelic variations, gene-based diversity,
phylogenetic relationships for Zmfatb in maize with orthologues
present in oilseed crops, homology modelling and molecular

docking of proteins to explore further possibilities of reducing
the saturated fatty acids thereby improving the nutritional value
of the oil.

Allelic Variation for Zmfatb Among the

Genotypes Sequenced

The sequence analysis revealed wide variation at SNP level
within Zmfatb gene- an important factor to design better
cultivars. Wide nucleotide diversity was found in wild type
inbreds as compared to mutants; and this was due to their
diverse origin (44, 45). This was also supported by Tajima’s
neutrality (D) value, where it was found to be significant in
negative direction, indicating the selection pressure was due to
lower average heterozygosity among the genotypes (46). The
nucleotide sequence-based clustering pattern clearly indicated
distinct variation between wild-type and mutants at nucleotide
level for Zmfatb gene; hence both the mutants [Zmfatb-Mutantl
(EC932611-2) and Zmfatb-Mutant2 (EC932611-5)] and B73
reference gene (Zmfatb) grouped together into a single cluster.
Zmfatb gene sequence of Zmfatb-Mutant2 was more similar
to B73 reference than Zmfatb-Mutantl. Among the wild type
inbreds, ZmfatB-Wild3 (PMI-Bio-103) had more similar Zmfatb
sequence as that of mutants, hence grouped with the mutants.
Evolutionary distance based on synonymous (Ks) and non-
synonymous (Ka) sites is considered as powerful test of the
neutral mode of evolution. The Ka/Ks ratio is used to infer the
direction and magnitude of natural selection acting on protein
coding genes and the ratio < 1 implies stabilising selection (47).
Among the sequenced genotypes, all the inbreds possessed the
Ka/Ks ratio of <1 except ZmfatB-Wild6 (EC932607) (1.153)
indicating that the variation in terms of SNPs did not influence
the protein expression. Further, the Ka/Ks ratio was found to
be zero for both the mutants (Zmfatb-Mutantl and Zmfatb-
Mutant2) and ZmfatB-Wild3; hence they were grouped together
into a single cluster.
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FIGURE 6 | 2D visualization of the interaction between protein and ligands. The various bonds formed between amino acid residues of various proteins with ligands
have been depicted. Proteins accessions of (A) Maize B73 protein (NP_001357940.1); (B) Soybean (KRHB63043); (C) Sunflower (OTG24573); (D) Arabidopsis
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FIGURE 7 | 3D visualisation of the interaction between protein and ligands in PyMOL. The ligand-binding pose showing the highest binding affinity with the least root
mean square deviation (RMSD) was selected. Proteins accessions of (A) Maize B73 protein (NP_001357940.1); (B) Soybean (KRH63043); (C) Sunflower (0OTG24573);
(D) Arabidopsis (AT1G08510.1); (E) Brassica (AOA078GBF8); (F) Camelina (Csa03g011960.1). Ligands namely (a) Palmitic acid; (b) Oleic acid; (c) Linoleic acid.
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The sequence alignment identified five novel SNPs and
two InDels which clearly differentiated the wild and mutant
type inbreds (Table2). Among the SNPs, the frequencies of
transitions were more (60%) compared to transversions (40%)
similar to earlier reports (44, 48). Of the five SNPs, one SNP in
promoter, three in intronic and one in 3° UTR region indicated
the conservation of genomic regions among the genotypes.
Occurrence of SNPs is found to be more frequent in non-coding
regions than the coding regions as mutations do not affect the
fitness of the gene (45, 49). The findings are further supported
through protein sequence predicted using nucleotide sequence.
The analysis revealed more conserved proteins as SNPs in non-
coding region did not affect the coding regions. The clustering
based on the protein sequence also grouped both the mutants
along with maize B73 reference into one cluster.

Molecular Characterisation and
Haplotyping Using Gene-Based InDel

Markers

Genetic diversity analyses based on gene-based markers enables
the study of genetic relatedness and conservation of loci within
the genes more efficiently. A total of 25 alleles were generated
from 11 InDel markers. An average of 2.27 alleles/loci observed
in the study was found to be higher as compared to Hossain
et al. (50) (1.81 alleles/loci) and Chhabra et al. (45) (2.00
alleles/loci). Major allele frequency and PIC were comparable
to earlier study by Hossain et al. (50) and Chhabra et al. (45).
Lower mean heterozygosity was observed in the study which
indicated that most loci were homozygous and the alleles were
fixed. A total of 41 haplotypes for Zmfatb were generated in the
study on the basis of InDels, which might be due to differential
expression of acyl-ACP thioesterases among the genotypes.
Among the haplotypes generated, Hap2 is found in PMI-Bio-
102 and E128 inbreds, Hap22 in LM11 and CML582, Hap25
in EC932611-2, LM3 and LM17; and Hap41 in CML14137 and
CAL1514. Chhabra et al. (45) identified 44 haplotypes among
48 genotypes based on sugaryl (sul) gene-based markers. Shin
et al. (51) reported 14 haplotypes from 15 accessions of sweet
corn using SNP based markers. Recent years have seen a surge
in haplotype generation using sequencing technologies which
can shed new light to trace ancestral history. The cost-effective
and breeder friendly InDel-based markers from the present study
would facilitate the identification of the Zmfatb based haplotypes
among the unknown maize germplasm for its use in high oil
breeding programme.

Genetic Relationships Among Maize and
Orthologues

The phylogenetic relationship based on nucleotide sequences
among the 29 accessions from 11 oil seed crops and maize for
Zmfatb grouped them into two clusters. The cluster-P included
all maize, soybean, sunflower, opium poppy, quinoa, Citrulus
lanatus and Prunus sp. accessions. The obtained results are
well in agreement with the biochemical profile available in
the literature. The fatty acid profile of the crops in cluster-P
was found to possess more of unsaturated fatty acids (>80%)

mainly includes oleic, linoleic and linolenic acids (4, 52-56). In
the other cluster (Q), the accessions of Brassica sp., Camelina
sativa and Arabidopsis grouped together and were found to
have comparatively higher proportions of other fractions such as
arachidic, eicosenoic acid and erucic acids (57-59). This clearly
indicates that fatty acid biosynthesis pathway is considerably
conserved among the plants, but significant variations for fatty
acid content and composition is prevalent across the crop species
(10, 57, 60). The clustering pattern based on protein sequence
was similar to nucleotide-based grouping. Domain prediction
indicated existence of eight domains for maize FATB protein
(61); and of these domains, five domains namely PLN02370
superfamily, pfam01643, pfam12590, FatA and HotDog domain
superfamily were found to be major and all the five domains were
conserved across maize and orthologues except FatA domain in
ZmfatB-Wild1l (PMI-Bio-101) and Zmfatb-Mutant2 (EC932611-
5), and pfam01643 domain in sunflower accession (OTG12589).
The conserved sequences across different crop species generate
great significance in their functionality and evolution.

Functional Characterisation of Zmfatb in
Maize and Its Orthologues

The systematic efforts to trace the evolutionary origin of plant
acyl-ACP thioesterases was reported by Jones et al. (12) and
essential role of fatb was predicted through use of Arabidopsis
FATB T-DNA mutants by Bonaventure et al. (13). To date,
fatb gene has been characterised in majority of cereals and oil
seed crops; but reports of fatb function in other plants are
limited to few crops like Arabidopsis and maize (6). Through
sequencing of Zmfatb among the 10 maize inbreds, the present
study identified five novel SNPs (SNP1 to SNP5) and two InDels
(InDell and InDel2) which can differentiate both wild and
mutant types clearly. SNP1 is present in the promoter region; and
it is responsible for G-box cis-acting regulatory element involved
in the light responsiveness (31). InDell present in the promoter
region, predicted to play a critical role in opaque2 transcription
factor binding site (TFBS) (29). Das et al. (49) also reported
that sequence variations within promoter region have capacity
to modify the binding of transcription factors thereby alter the
functions. SNP2 to SNP4 were found in the intronic regions; the
function prediction inferred that all these SNPs (SNP2 to SNP4)
are acting as intron variants (modifiers). They may act on coding
transcript, splice site variant, conserved intron variant or non-
coding intron variants (26). SNPs matched with existing variant
in Ensembl Plants like SNP2 matches with (PZE0920517496),
SNP3 with PZE0920518199 and SNP4 with PZE0920518200 (26).
SNP5 and InDel2 were present in 3’UTR; the function prediction
determined that they act as modifiers causing 3’UTR variant
regions. There are no matching variants for these regions and are
found to be novel ones.

In addition, the sequence alignment of 10 sequenced
genotypes, identified the presence of 11 bp insertion in the
mutant genotypes and deletion in the wild type genotypes at
6" exon of Zmfatb gene. Our results validated the findings of
earlier report by Li et al. (7). The presence of 11 bp insertion
leads to addition of five amino acids; thereby restricted the entry
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of substrate for palmitic acid production by making the portal
smaller for substrate entry (7). The deletion of this region is
associated with change in amino acids at its downstream. The
orthologue species ie., soybean possessed four homologues
for  fatb (GLYMA_04G151600, GLYMA_05G012300,
GLYMA_06G211300 and GLYMA_17G120400). The first
exon of soybean accession GLYMA_04G151600 had an insertion
of 27 bp, other three accessions had 6 bp deletion (57). Cardinal
et al. (60) determined that lines homozygous for the fap,.
mutation have a deletion in the GmFatB gene that encodes a
16:0-ACP thioesterase and it led to reduction in palmitic and
stearic acid in their oil. An antisense and overexpression of FATB
in Arabidopsis demonstrated that in-vivo production of palmitic
acid in flowers and seeds (57). In same context, down regulation
of fatb in soybean also demonstrated partial reduction of seed
palmitic acid (62); but accessions with deletions in fatb gene
had reduced palmitic acid content (60). Recently, Ma et al. (6)
employed CRISPR/Cas-mediated genome editing technology to
curtail the level of palmitic acid up to 39-53% in soybean.

Features of FATB Protein in Maize and

Orthologues

The ZmFATB protein is commonly called as palmitoyl-acyl
carrier protein thioesterase, and it terminates the fatty acyl group
extension via. hydrolysing an acyl group on a fatty acid; and
occurrence of this protein in plant species is most common.
The physico-chemical properties of FATB protein in maize and
orthologues depicted that amino acid residues and molecular
weight found to be the highest in Citrulus lanatus as compared
to other orthologues; and it is due to longer coding sequences
and more exons than others. Most of the accessions protein
possessed isoelectric point (pI) of more than 8, which indicated
that they were likely to precipitate in basic buffers and highly
conserved functions (63). Aliphatic index signifies the thermo-
stability of proteins; more the index, higher is the thermostability
(64). Aliphatic index for maize genotypes is low as compared
to orthologue accessions indicates the higher thermostability
of orthologue proteins and they can sustain more temperature
as compared to maize genotypes (63, 64). GRAVY represents
the hydrophobicity value of a peptide; positive values indicate
hydrophobic and negative values indicate hydrophilic nature of
protein. GRAVY value (—0.227 to —0.554) in the study shows
that all the proteins are hydrophilic in nature and has better
interaction with water molecules.

The formulation of three-dimensional models enables the
better understanding of the structural differences of the proteins
since the general structure of these enzymes appeared to be
conserved (24). Hence, homology modelling of ZmFATB protein
in maize mutant (B73 reference) and wild type [ZmfatB-
Wildl (PMI-Bio-101)] was done to understand the structural
differences among them. An available 12:0-ACP thioesterase
crystal structure from Umbellularia californica as a template
(PDB ID: 5X04) has been used for modelling. The protein
sequence of B73 mutant and Zmfatb-Wild1l were 56.39% and
51.05% similarity with template (5x04) protein. C-score is
confidence for estimating the quality of predicted models by

I-TASSER. A c-score of a higher value signifies a model with
higher confidence (35). The protein of mutants had a better
confidence score compared to wild type, indicating better quality
of protein. TM-score and RMSD also represent the quality of
the protein with the template. The mutants had better TM-score
as compared to wild type, indicating better quality of protein
in mutants, but both the protein structures possessed random
similarities with the template proteins. Further, superimposition
of both mutant and wild types through TM-align indicated the
random structural similarity of the proteins with each other.
Since, the insertion of 11 bp (7) and G- nucleotide (4) at the
6™ exon in Zmfatb mutants have been reported; this might
be the reason for the random structural similarity between
mutant and wild type proteins. The stability of these models was
checked through PROCHECK online server and it indicated the
superiority of both the models (mutant and wild type) (65).

Further, a molecular docking study among maize and
orthologues revealed that most of the interactions were having
docking scores of more than the threshold cut-off of —6
kcal/mol (66). The highest score of —7.30 kcal/mol for the
interaction of linoleic acid with maize protein suggests that
it requires less energy to bind with protein. Across the crop
species, mostly similar binding affinity was observed with all the
substrates and among the crops, slight variation was observed
in binding affinity for different substrates. Since fatb gene
displayed a broad specificity profile, showing similar activity
to all the substrates (67, 68). This might be the probable
reason for having similar dock scores. But hydrogen bond
energy is the major contributor to dock score and it reflects
the firmness of bonding between the protein and ligand (66).
The formed hydrogen bonds between the protein and substrate
can be employed to modify the fatty acid composition since
major conserved domains have been observed across the crop
species. The conserved domains consist of various acyl-ACP
thioesterases and these terminate the acyl group extension
by hydrolysing an acyl group (11). This might generate new
insights into the modification of fatty acid composition by
targeting binding pockets of amino acid residues specific to
each substrate thereby improving the nutritional value of
the oil.

CONCLUSIONS

Characterisation of full-length Zmfatb gene among diverse
maize inbreds revealed that five novel SNPs and two InDels
differentiated the wild and mutant genotypes. This would serve
as a potential region(s) to develop markers for the Zmfatb
gene. Gene-based diversity using InDel markers identified
41 haplotypes of Zmfatb among the 48 diverse genotypes.
The newly developed gene-based InDel markers can act as a
cost-effective and friendly tool to characterise the unknown
genotypes for fatty acids. Physico-chemical properties of maize
and orthologues indicated that most of the crop accessions
were having nearly similar molecular weight and precipitation
in basic buffers. Orthologue proteins are more thermostable
than maize proteins with similar hydrophilic nature of proteins.
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Most of the interactions showed similar binding affinity due
to the broader specificity of fatty acyl-ACP thioesterases. The
information generated in the study would provide new insights
into the modifications of fatty acid composition, thereby
enhancing the nutritive value of the oil and combating the issue
of malnutrition.
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