Molecular Biology Reports (2020) 47:7815-7829
https://doi.org/10.1007/511033-020-05858-w

ORIGINAL ARTICLE q

Check for
updates

Genome-wide identification of fasciclin-like arabinogalactan proteins
in jute and their expression pattern during fiber formation

Md. Sabbir Hossain' - Borhan Ahmed'? - Md. Wali Ullah® - Nasima Aktar' - Md. Samiul Haque'2 -
Md. Shahidul Islam?

Received: 12 June 2020 / Accepted: 23 September 2020 / Published online: 4 October 2020
© Springer Nature B.V. 2020

Abstract

Fasciclin-like arabinogalactan proteins (FLAs), a class of arabinogalactan proteins (AGPs) are involved in plant growth and
development via cell communication and adhesion. FLAs were also associated with fiber and wood formation in plants but
no information is available about the roles of FLA proteins during fibre development of jute. Here, we performed molecular
characterization, evolutionary relationship and expression profiling of FLAs proteins in jute (Corchorus olitorius). In total,
nineteen CoFLA genes have been identified in jute genome, which were divided into four classes like FLAs of other species
based on protein structure and similarity. All CoFLAs have N-terminal signal peptide and one or two FAS domain while two
FLAs lack well defined AGP region and eight FLAs were devoid of C-terminal glycosylphosphatidylinositol (GPI) anchor.
Expression analysis of different regions of jute stem suggested their involvement in different fiber development stages. Four
genes CoFLA 11, 12, 20, and 23 were highly or predominately expressed in fiber containing bark tissues while the expres-
sion levels of six CoFLA genes 02, 03, 04, 06, 14 and 19 were comparatively higher in stick. Higher transcripts levels of
CoFLA 12 and 20 in the middle bark tissues suggest their involvement in fiber elongation. In contrast, the CoFLA 11 and
23 were more expressed in bottom bark tissues suggesting their potential involvement in secondary cell wall synthesis. Our
study can serve as solid foundation for further functional exploration of FLAs and in future breeding program of jute aiming
fiber improvement.
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Introduction

Plant cell wall, mainly composed of polysaccharides, cross-
linking glycans and proteins, plays an important role dur-
ing plant development processes and adaptation to vari-
ous environmental conditions through interaction plasma
membrane [1, 2]. Proteins such as enzymes, expansins, cell
wall-associated kinases and hydroxyproline (Hyp)-rich gly-
coproteins comprise a small portion of primary cell wall
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(less than 10% of dry weight) with potential role in cell
wall and plasma membrane interactions [1, 3]. Arabinoga-
lactan proteins (AGP) belonging to Hyp-rich glycoprotein
super-family are abundantly present in cell wall and plasma
membrane of different plant species, and involved in vari-
ous biological functions such as plant growth, reproduction,
adaptation [4-7]. According to protein structure, AGPs are
divided into six major classes including typical AGPs, Lys-
rich AGPs, AG peptides, fasciclin-like AGPs (FLA), non-
classical AGPs and chimeric AGPs [6, 8, 9] where the FLAs
have one or two fasciclin (FAS) domains along with one or
two AGP domain [10]. FAS was first identified in fruit fly
Drosophila melanogaster and later discovered in many spe-
cies such as bacteria, algae, plants and animals [3, 11-13].
About 110-150 amino acids long FAS domains are char-
acterized by two highly conserved sequences (H1 and H2)
and one short conserved motifs ([Y/F]-H) [1-3]. The pro-
portion of Pro, Ala, Ser and Thr (PAST) is less than 35% in
FLAs although it contains AGP like glycosylated sequences
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which are repeat sequence of [S/T/A]-P and [S/T/A]-P-P
residues [9], whereas, the classical AGPs have more than
50% PAST [14]. FLAs may associate with cell—cell interac-
tions and cell-matrix adhesion as FAS and AGP domain
of FLA mediate protein—protein interactions and protein-
carbohydrate interactions, respectively [2]. Moreover, most
FLAs also contain an N-terminal signal peptide and glyco-
sylphosphatidylinositol (GPI) membrane anchor, through
which proteins bind to cell surface and participate in cell
communications [15, 16].

FLAs are encoded by multigene families in plants and
identified in several plant to species; 24 in rice, 34 in wheat
[1], 33 in Chinese cabbage [2], 21 in Arabidopsis [3], 35
in poplar [10], 19 in cotton [15], 23 in hemp [16] and 18 in
eucalypt [17]. However, only few FLAs have been function-
ally characterized so far. For example, the AtFLA4 mutant
has thinner cell wall, abnormal swollen cells in root tip
and sensitive to salt [18]. Moreover, AtFLA1 and AtFLA3
have role in lateral root initiation, shoot development, and
microspore development in Arabidopsis, respectively [10,
19]. Additionally, FLAs are involved in the regulation of
cell wall biosynthesis in some species. For instance, mutant
AtFLA11 and AtFLA12 have ability to modify stem bio-
mechanics by decreasing polysaccharides [20]. Likewise, in
eucalypt, EgrFLA?2 and EgrFLLA3 are associated with cellu-
lose microfibril angle and stem strength, respectively [17]. In
poplar, PtrFLLA6 and 26 are involved in altering xylem cell
wall matrix and stem strength by affecting the biosynthesis
of cellulose and lignin [10, 21]. FLAs may also be associated
with fiber cell development, for example, overexpression of
GhFLAL in cotton promoted fiber elongation, leading to an
increase in fiber length while it’s down-regulation produces
opposite effects which indicate their linkage in fiber initia-
tion and elongation [22]. Furthermore, previous study in
hemp revealed the association of some CsaFLAs including
CsaFLA 2, 6 and 24 in bast fiber cell initiation and elonga-
tion whereas CsaFL A3, 12, 13, 16 and 19 participates in
secondary cell wall biosynthesis [16]. Some FLAs from flax,
another fiber crop, have potential functions in the regulation
of phloem fiber formation from initiation to cell wall thick-
ening [23-25], suggesting that their involvement in cell well
biosynthesis specially phloem fiber development, although
the underlying molecular mechanisms are still unknown.

Jute (Corchorus spp.) is economically and eco-friendly
important ligno-cellulosic bast fibre crop and in terms of pro-
duction it is the second largest natural fiber crop next to cot-
ton [26]. It is not only used for manufacturing hessian bags,
rope, packaging, carpet, paper, pulp, automotive headlining
and geo-textile but also valued for bio-fuel production such as
bio-ethanol and yarn [27, 28]. Jute fiber is now getting con-
siderable attention due to its annually renewable and biode-
gradable nature, lower cost in production and broad-spectrum
applications [27]. However, this natural fiber has limitations
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due to the short ultimate fiber length (0.8—-6.0 mm) which
affects spinning processes. Furthermore, the lignin content of
jute fiber is higher (11 to 14%) than any other fiber crops [29,
30], causing fiber stiffness and spine problems. Therefore, it
is necessity to know the molecular mechanisms underlying
fiber cell development for increasing the length and reducing
lignin content of fiber. In recent years, some studies have been
conducted to investigate regulation of jute fiber development
using transcriptome data [31-33]. However, we have still lit-
tle information about the roles of different genes during fiber
formation. Our research group released the genome of Cor-
chorus olitorius [30], providing the opportunity to identify
and explore the role of genes associated with fiber formation
and development.

Jute is not only an economically important crop but it can
also be used as model plant for the study of phloem fiber devel-
opment, where the woody stick tissues (the core of jute stem)
are completely different in cell types and composition from
the bark tissues containing phloem fiber. Furthermore, differ-
ent stem heights possess three distinctive stages of fiber cell
formation including fiber initiation, cell elongation and sec-
ondary cell wall deposition [34]. Jute fiber develops in phloem,
arranged in trapezoid wedges (pyramid) of sclerenchymatous
fiber cell bundles and alternate with medullary ray of soft tis-
sue which are individually <3 mm in length. Fiber cells are
originated from primary and secondary phloem [35] and the
cell elongation starts by a combination of coordinated growth
with the surrounding cells and intrusive growth between cells
in the stem [36]. After the fibers reach their final length, they
begin to start secondary cell wall thickening [37-39]. After
secondary wall formation is complete, the protoplast becomes
progressively dying and an internal lumen develops [40]. Dur-
ing maturation, fibers become lignified [41], it is assumed
that lignification of the secondary walls of the secondary
phloem fiber bundles is one of the key determinants for bast
fiber development in jute [42]. The mature cell composed of
60-65% cellulose, 20-25% hemi-cellulose, 11-14% lignin. In
this study we focused on identification and characterization
of FLA genes in C. olitorius (CoFLA) using bioinformatics
approach including gene structure, motifs, physio-chemical
properties, domain analysis, subcellular localization and phy-
logenetic relationship other species. Subsequently, the expres-
sion patterns of the FLA genes of stick and bark tissues from
different regions were also investigated. This study serves as
a foundation for future FLA genes research in jute.
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Materials and methods

Identification of FLA gene family members in C.
olitorius

In order to identify the genes encoding FLA in C. olitorius,
all proteins of C. olitorius (Accession ID PRINA215141)
[31] were downloaded from National Center for Biotech-
nology Information (NCBI) database. The Hidden Markov
Model (HMM) profile of the fasciclin (FAS) domain
(PF02469) from pfam database (https://pfam.sanger.ac.
uk) was used to retrieve the candidate FLA genes in C.
olitorius using HMMERS3.0 [43]. In addition, 21 Arabi-
dopsis FLAs from TAIR database (https://www.arabidopsi
s.org) were used as the query against the C. olitorius refer-
ence proteome to identify putative C. olitorius FLA genes
using BLASTP. The obtained candidate FLA proteins of
C. olitorius were further screened to confirm the presence
of FAS domain through the Simple Modular Architecture
Research Tool (SMART, https://smart.embl-heidelberg
.de) and pfam database (https://pfam.xfam.org) [44, 45].
Sequences with incomplete domain and other complica-
tions were discarded. The N-terminal signal peptide was
identified by SignalP 5.0 (https://www.cbs.dtu.dk/servi
ces/SignalP/index.php) [46]. The big-PI Plant Predictor
(https://mendel.imp.ac.at/sat/gpi/gpi_server.html) was
used to predict C-terminal GPI anchor signals [47]. After
excluding the FAS domains, N and C-terminal signals, the
remaining sequence were manually scrutinized to iden-
tify the AGP region containing two or more continuous
(A/S/T)-P motifs. Subsequently the proportion of PAST
of the candidate CoFLAs were calculated by an in-house
Perl script.

Phylogenetic analysis, multiple sequence alignment
and naming of CoFLA genes

To understand the phylogenetic relationships among the FLA
genes of Arabidopsis [3], Cannabis [16] and C. olitorius,
initially the protein sequences were aligned by ClustalW
and constructed a phylogenetic tree using the default param-
eters of neighbor-joining (NJ) method of MEGA X (version
10.0.5) [48] with a bootstrap value of 1000 replications. All
the CoFLA genes were assigned according to phylogenetic
tree and homology with Arabidopsis FLAs where a blastp
program, with an e value of 107'°, was performed to find the
homologous CoFLAs with Arabidopsis FLA proteins. The
sequences of FAS domain from CoFLAs were aligned using
Clustal Omega [49] software to find the highly conserved
sequenced (H1 and H2) and Tyr-His motif as these conserve
sequences are depicted in SM00554.

Molecular characterization of jute FLA genes

Gene and protein length of the CoFLA genes were predicted
from the C. oiltorius reference genome database [31]. Pro-
tein properties such as isoelectric point (PI), grand average
of hydropathicity (GRAVY) and molecular weight (MW)
were calculated using ExPASy (https://web.expasy.org/
compute_pi) [50]. Plant-mLoc (https://www.csbio.sjtu.edu.
cn/bioinf/plant-multi) [S1] was used to predict subcellular
localization of CoFLAs. In house perl script was used to get
the chromosomal/scaffold positions of CoFLAs. Unavail-
ability of the chromosome based assembly led to use scaf-
folds to determine the position of CoFLAs. The exon/intron
structures of the genes were illustrated through Gene Struc-
ture Display Server (GSDS, V.2, https://gsds.cbi.pku.edu.cn)
[52]. Multiple Expectation Maximization for Motif Elicita-
tion (MEME, https://meme-suite.org/tools/meme) [53] was
employed to identify the conserved motifs with default set-
tings except number of motifs where the number of motif
was set as 15. Gene ontology (GO) annotation of CoFLAs
for describing biological processes, cellular components and
molecular functions were determined by the BLAST2GO
software [54]. The output files of blastp and interproscan
tools in Blast2GO were used to annotate GO categories and
generate figures. The 1000 bp upstream sequences from tran-
scription site of all CoFLA genes were retrieved from C.
olitorius genome through in-house perl script using generic
file format (GFF). The cis-acting regulatory elements were
predicted through the web based PlantCAREprogram [55].

Preparation of plant material

Tossa jute (C olitorius cv. O-4) seeds were grown in green-
house under controlled conditions with 70-80% humidity at
33+2 °Con a 13 h light/11 h dark cycle using cool white
fluorescent light. After 45 days of growth, samples were
collected from different stem regions with respect to snap
point, a transitional point of bast fiber development where
the elongation of the fiber cells is completed and secondary
cell wall thickening starts [34]. Snap point was determined
through cross section of jute stem every 0.5 cm from 3 to
8 cm (below the stem apex) and counting the number of
fiber cells. We defined the snap point where numbers of fiber
cells are constant or not increasing. In addition, we also con-
firmed snap point physically according to Gorshkova et al.
[34] and Koziel [56] and it was 6.0 cm to 7.0 cm below the
stem apex. Therefore, stem samples were taken from 3 to
9 cm from the shot apex and divided into 3 regions such as
top part (3—5 cm) comprising the above portion of the snap
point, middle region containing the snap point (5-7 cm) and
bottom segment (7-9 cm) is composed of the lower portion
of the snap point (S1 Fig). The bark tissues were collected
separately by peeling off from the sticks. Then bark and stick
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samples from the different regions were quickly frozen into
liquid nitrogen and stored at — 80 °C until use. Three inde-
pendent biological replications were taken for each sample
and 10 plants were pooled for each replication.

Primer design, RNA extraction and expression
profiling

The primers of CoFLA genes (S1 Table) were designed
using web based tool from IDT (https://sg.idtdna.com)
and GenScript (www.genscript.com) followed by verifica-
tion with Multiple Primer Analyzer (https://www.therm
ofisher.com). Primer specificity was evaluated by 1%
agarose gel electrophoresis and melting curve analysis
during qRT-PCR.

One gram of sample tissue was disrupted into fine
powder with mortar-pestle, and then in-house modi-
fied CTAB [57] protocol was used to extract total RNA.
Genomic DNA contamination was removed by amplifi-
cation grade DNase I (Sigma-Aldrich, Germany). Nan-
oDrop 2000 spectrophotometer (NanoDrop, Thermo
Scientific) was used to determine the concentration of
RNA and subsequently, the integrity of RNA was evalu-
ated by1% agarose gel electrophoresis. The first strand
complementary DNA (cDNA) was synthesized using
the RevertAidFirst Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, USA) and random primers from 1 pg of
total RNA according to themanufacturer’s protocol. Then
the samples were treated with RNaseH (Thermo Fisher
Scientific, USA) to remove residual RNA. The quantita-
tive RT-PCR was performed with a Quanstudio Real-time
PCR system (Applied Biosystems, USA) using 96 well-
plate with a final reaction volume of 20 pL containing
5ng cDNA, 10 ul of 2X PowerUp™SYBR™ Green Mas-
ter Mix (Applied Biosystems, USA) and 300 nM of each
primer. The qRT-PCR cycling for all genes were carried
out according to following conditions: initial activation
step of 2 min at 50 °C, then denaturation step for 10 min
at 95 °C followed by 40 cycles of 95 °C for 15 s, primer
specific annealing temperatures (S1 Table) for 20 s, and
72 °C for 20 s. To check the specificity of the primers,
a melting curve was generated at the end of qRT-PCR
cycles by constant increment of temperature from 60 to
95 °C. The qRT-PCR reactions were performed with three
biological replicates and three technical replicates for
each biological replicates along with no template control
to ensure reliability and reproducibility. Expression level
of CoFLA genes were analyzed with the comparative CT
method (2722CY) described by Livak et al. [58] and two
housekeeping genes such as PP2Ac and EF2 [59] were
used as internal control genes for normalization of qRT-
PCR analysis.
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Results

Genome-wide identification of putative FLA genes
in C. olitorius

HMM profile of FAS domain (PF02469) and AtFLA
protein sequences were blast against C. olitorius protein
database led to the identification of FLA genes in jute.
The retrieved protein sequences were further screened
for the presence of FAS domain using SMART and Pfam
database followed by N-terminal signal peptide detection.
Then the sequences were further screened for the presence
of AGP-like glycosylated regions that contains at least two
noncontiguous Hyp residues. Finally, 19 FLA genes were
identified in C. olitorius genome and assigned as CoFLA
(S2 Table) containing N-terminal signal peptide sequences
and one or two FAS domains. Seven FLA genes CoFLA
(01, 02, 04, 16, 17, 20, 21-1) harbored two FAS domain
while the remaining had only one FAS domain (Fig. 1).
PAST constitutes a certain proportion of CoFLAs and it
ranges from 23 to 42% except CoFLA14 (54%) (S3 Table).

Manual checking of the Hyp sequence motifs revealed
the presence of at least one [A/S/T]-P-X(0-10)-[A/S/T]-P
except for CoFLA 21-2 and 22 (S4 Table). Three genes
such as CoFLA 03, 14 and 21-2 had [A/S/T]-P-P-P motifs
while 8 CoFLA genes 04, 07, 10, 14, 16, 17, 19-2 and
23 possessed [A/S/T]-P-P motif. However, it is noted that
CoFLA 20 and 22 were seemed to lack two or more non-
contiguous [A/S/T]-P motifs when excluding FAS domain,
N- and C-terminal signal sites. Glycosylphosphatidylino-
sitol (GPI) membrane anchor in C-terminal that helps in
protein anchorage to the cell surface of eukaryotes [15]
was another distinguished features were found in FLA.
Among 11 CoFLA genes out of 19, (57.89%) were pre-
dicted to have a GPI anchor sites (Fig. 1).

Phylogeny, naming, multiple sequence alignment
and classification of CoFLAs

To explore the evolutionary relationships among the FLA
genes of different species, a neighbor-joining (NJ) phylog-
eny tree was constructed using 21 AtFLA genes, 23 CsaF-
LAs and identified 19 CoFLA genes with 1000 bootstrap
replicates. All the CoFLA genes were assigned according
to their positions in the phylogenetic tree and homology
with the Arabidopsis FLA genes (S5 Table). Like FLA
genes in other species [3, 10, 15, 16], CoFLA genes were
also classified into four phylogenetic classes (class I-IV)
as shown in Fig. 2. The proteins, namely, CoFLA 06, 07,
11, 12 and CoFLA 01, 02, 03, 10, 14 belonged to class I
and III, respectively. Class II had the lowest number (2)
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Fig. 1 Schematic representation of putative CoFLA genes. The CoF-
LAs are classified into four classes (a—d). The color regions indicate
the N-terminal signal peptide (green), fasciclin domain (blue), AGP

of CoFLA genes such as CoFLA 16 and 17 while class IV
contained the highest number (8) of CoFLA genes namely,
CoFLA 04, 19-1, 19-2, 20, 21-1, 21-2, 22, and 23. Three
pairs of orthologous genes including AtFLA11/CoFLA11,
AtFLA12/CoFLA12 and AtFLA19/CoFLA19-1 were iden-
tified in Arabidopsis and C. olitorius.

A multiple sequence alignment of the FAS domain of
CoFLA genes identified the H1 and H2 conserved regions
(Fig. 3) which are common for all FAS domain. The H1 and
H2 region is characterized by [S/T]-[V/L/1]-F-A-P-X-[D/E/
N]-X-A and [V/L/A]-[F/Y/H/Q]-X-[V/LN]-X-X-[ V/L/]-[V/
L/]-[V/L/]-P sequence, respectively. In addition, another
conserved region characterized by [YF]JH was located
between the H1 and H2 regions (Fig. 3). The Thr residue in
HI1 regions of all COFLA was conserved just like in cabbage
[2], Arabidopsis [3], poplar [10] and cotton [15]. Moreover,
Ile or Leu was close to the H1 regions in most CoFLAs
that might be involved in maintaining FAS domain structure
and/or cell adhesion [60]. An Asn/Asp/Glu residue was also

250 300 350 400 450 500

glycosylated region (red), C-terminal signal (dark blue) and remain-
ing protein regions (white). (Color figure online)

present at the sixth position after the Thr residues. The C
terminal in H2 regions also possessed conserved sequence
with small hydrophobic amino acids such as Val, Leu and/
or Ile except for the CoFLA21-1 as shown in Fig. 3. Only
CoFLA 01 and 22 contained Cys and Ser residue instead of
His in [YF]JH motif, respectively. Additionally, Tyr/Phe resi-
due was substituted by Asn, Val, Leu, Arg and Ser in some
FAS domain of C. olitorius. Pro residue was conserved in
the [YF]H region for the majority of CoFLA genes. Moreo-
ver, the [YF]H motif was flanked by [L/V/I]-[L/V/I] in most
of the CoFLA.

Like FLA genes in other species, CoFLA genes were
also classified into four classes (Fig. 1) on the basis of FAS
domains, AGP-like regions, GPI anchor and amino acid sim-
ilarity as described earlier by Johnson et al. in Arabidopsis
[3]. The proteins CoFLA 06, 07, 11 and 12 belonged to class
A with a single FAS domain flanked by two AGP regions
and a C terminal GPI anchor sites. Class B contained only
two CoFLA proteins such as CoFLA 16 and 17 that were
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Fig.2 The phylogenetic rela-
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characterized by two FAS domian and a single AGP region
between two FAS domain without any AGP site. Class C
included five CoFLAs such as CoFLA 01, 02, 03, 10 and 14
where they had one or two FAS domain, one or two AGP
regions and a GPI anchor site. Although CoFLA 03 and 14
had similar protein architecture to class A but they were
placed in class C because their sequences had more simi-
larity with other genes of class C. Class D was the largest
class that comprised CoFLA 04, 19-1, 19-2, 19-3, 20, 21-1,
21-2 and 22 with no distinct characteristics and less similar
among the classes or to any other CoFLA proteins.

Molecular characteristics of CoFLA genes

The characteristics of the 19 CoFLA genes such as protein
size, theoretical isoelectric point (pI), molecular weight
(MW), grand average of hydropathicity (GRAVY) and sub-
cellular localization are summarized in Table 1. The length
of CoFLAs ranged from 194 to 463 aa where class B CoFLA
genes were longer than others. Although the theoretical iso-
electric point (pl) ranged from 4.94 to 9.28, most of the
CoFLAs displayed acidic pI (4.94-6.39) except for CoFLA
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11, 14 and 23. The molecular weights (MW) of CoFLA pro-
teins varied from 21.35 to 51.01 kDa. The GRAVY values
of five CoFLAs were negative suggesting their hydrophilic
behavior while the rest of them were hydrophobic as their
GRAVY values were positive. The subcellular localization
predictions revealed that all CoFLA proteins were located
in the cell membrane except CoFLA 17, 22 and 23 as they
were also located in nucleus and chloroplasts, respectively.
Moreover, some genes were located in mitochondria and
endoplasmic reticulum but the reliability was very low.

Among 10 CoFLAs out of 19 were unevenly distributed
across 4 chromosomes and rest was located in unanchored
scaffolds as listed in Table 1. Four genes were distributed
on chromosome 2, three genes were located in chromosome
4, two genes were placed in chromosome 3 and chromo-
some 1 had only one gene whereas around half of the genes
were located on unanchored scaffolds due to unavailability
of chromosome based assembly.

The exon—intron arrangements may play an important
role in the process of diversification for a gene family. There-
fore, we analyzed exon—intron organizations using GSDS
software together with a phylogenetic tree among CoFLA
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Fig.3 Multiple sequences alignment of the CoFLA fasciclin domains. The alignment was generated by clustalW. The conserved regions such as
H1, H2 and [Y/F]H of fasciclin domain were indicated by orange, magenta and red box, respectively. (Color figure online)

genes. Only two CoFLA 01 and 02 had one intron flanked
by two exons and they were paralogous, however, the length
of intron significantly varied. Besides this, all other CoFLA
genes harbored only one exon (Fig. 4).

The classifications of CoFLAs were also supported by
conserved motif analysis. In the study, we have identified 15
distinct motifs ranged from 7 to 50 aa (S6 Table) and number
of motifs varied from 1 to 11 for CoFLAs as shown in Fig. 5.
As expected, each subfamily shared common motifs sug-
gesting their functional similarity excluding the dissimilar
class D. For example, motif 1, 2, 3, 4 and 13 were found in
all genes of class A. Motif 3, 4, 6-9 and 11-13 were specific
to class B. Seven motifs (1-5 and 12, 13) were shared by
the CoFLAs of class C. Few motifs were found in class D
and shared a common motif 4. However, CoFLA4 of class
D, had conserved motifs similar to that of class C. It was
observed that motifs 3 and 4 commonly shared by almost
all of the CoFLA proteins. The presence or absence of con-
served motifs might play vital role in protein functions and
needs further research for characterization. The sequence
and logo of the motifs from CoFLA proteins are presented
in S6 Table and S2 Fig.

The results of Blast2GO indicated that the CoFLAs
were enriched in cell (GO:0005623), integral compo-
nent of membrane (GO:0016021), anchored component
of plasma membrane (GO:0046658) and plant-type cell
wall (GO:0009505) of the cellular component categories
(Fig. 6a, S7 Table). Transferase activity (GO:0103068),
catalytic activity (GO:0102953, GO:0004672) and binding
of molecules such as ATP, polysaccharide (GO:0030246,
GO0:0005524) were the main activities in molecular
function categories as shown in Fig. 6b. In the biologi-
cal processes categories, cell adhesion (GO:0007155)
was highly enriched followed by response to hormone
including auxin, gibberellin, abscisic acid and cytokinin
(G0O:0009733, GO:0009739, GO:0009737, GO:0009735).
Response to salt stress (GO:0009651), cell wall biogen-
esis (GO:0009834, GO:0009833) and seed development
(G0O:0090378, GO:0010262) were the other functions in
this categories (Fig. 6¢, S7 Table).
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Table 1 Characteristics of FLA genes of C. olitorius

Gene ID Class Protein Localization Mol. Wt (kDa) pl Gravy Chromosome /scaffold no
length (aa)

CoFLA 01 C 410 Cell membrane 43.81 6.25 0.019 scf7180001685597
CoFLA 02 C 398 Cell membrane 42.68 5.8 —0.098 scf7180001684603
CoFLA 03 C 278 Cell membrane 28.88 5.25 0.031 3
CoFLA 04 D 429 Cell membrane 45.58 5.79 0.256 3
CoFLA 06 A 247 Cell membrane 25.60 5.75 -0.033 scf7180001684361
CoFLA 07 A 263 Cell membrane 27.87 5.75 0.058 4
CoFLA 10 C 424 Cell membrane 43.47 5.35 0.156 scf7180001685705
CoFLA 11 A 247 Cell membrane 26.11 8.71 0.204 2
CoFLA 12 A 250 Cell membrane 26.49 6.27 0.051 2
CoFLA 14 C 381 Cell membrane 38.10 9.28 —0.134 4
CoFLA 16 B 457 Cell membrane 48.09 6.14 -0.3 scf7180001684849
CoFLA 17 B 463 Cell membrane/chloroplast 51.01 6.16 —0.258 2
CoFLA 19-1 D 299 Cell membrane 32.16 6.39 0.13 scf7180001685832
CoFLA 19-2 D 248 Cell membrane 43.81 6.25 0.263 scf7180001684888
CoFLA 20 D 324 Cell membrane 35.00 4.98 0.281 4
CoFLA 21-1 D 348 Cell membrane 38.59 5.69 0.287 2
CoFLA 21-2 D 265 Cell membrane 27.97 5.66 0.493 scf7180001685709
CoFLA 22 D 194 Cell membrane/nucleus 21.35 4.94 0.213 1
CoFLA 23 D 210 Cell membrane/nucleus 22.53 8.84 0.094 scf7180001685638
Fig.4 Schematic representa- CoFLA06
tion of exon/intron structure of CoFLADY cn—— = IE::—:“
CoFLA genes. A phylogenetic CoFLALl
tree was constructed with CoFLA12
CoFLA genes with MEGAX COFLALG o
and the different groups marked CoFLA17
with different colors. Blue box CoFLA22
represents exons and black line CoFLA21-2
indicates intron. (Color figure CoFLA21-1
online) CoFLA 20

CoFLA19-1

CoFLA19-2

CoFLA23

CoFLA04

Cis-elements analysis of CoFLA genes

Cis-regularity elements are present in the upstream of
transcriptional start sites regulating the expression of the
genes. A total of 78 cis-elements found in the promoter
regions that were divided into four major groups such as
light-responsive, hormonal/environment responsive, sites
binding-related element and promoter core/function element
(S8 Table and S3 Fig). The number of promoter function
elements such as TATA and CAAT box was higher than
any other cis-elements. Furthermore, light-responsive and
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hormonal/environment responsive elements were also abun-
dantly found in promoter regions which indicated that COF-
LAs might be involved in plant growth and development.
Additionally, the upstream of all CoFLAs contain MYB that
belongs to sites binding-related element.

Expression analysis
Jute is important crop for unraveling the mechanisms of

phloem fiber development and FLAs are associated with
cell interaction, adhesion and cell wall biosynthesis [10, 16].
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Fig.5 Schematic representation of CoFLA motif analysis. A phylo-
genetic tree was constructed with CoFLA genes with MEGAX and
different groups are marked with different colors. Distinct motifs
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Fig. 6 Gene ontology (GO) distributions for the CoFLAs in jute. The Blast2GO program were used to define the gene ontology under three cat-
egories. a Cellular component, b molecular function and ¢ biological processes
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Therefore, the expression patterns of CoOFLAs were analyzed
among bark tissues containing fiber cells and stick of dif-
ferent region based on snap-point as described in ‘Mate-
rials and Methods’ to investigate the role of the CoFLA
genes during fiber cell formation. All the CoFLA genes
were expressed in all the tissues except CoFLA21-1 which
was expressed at very low level (Ct>34). Therefore, we
did not perform the expression analysis of the CoFLA21-1
among the tissues. The results revealed that the expression of
CoFLA 01, 11, 12, 16, 17, 20, 22 and 23 was higher in bark
compared to stick tissues (Fig. 7). Among them, CoFLA
01, 12, 17, 20 and 22 was expressed at high levels in the
middle portion of bark containing the snap point. In detail,
the expression of CoFLA 12 and 20 increased about 7 and
eightfold, respectively while CoFLA 01, 17 and 22 were
expressed approximately threefold higher in middle bark

tissue. By contrast, CoFLA 11, 16 and 23 showed higher
expression in bottom bark tissues (below the snap point).
CoFLAI11 was significantly expressed (about 20 fold) in bot-
tom region of bark while the transcripts levels of CoFLA
16 and 23 were accumulated by three and sixfold higher
respectively, in lower part of bark tissues.

On the other hand, CoFLA 02, 03, 06, 14 and 19-1 were
predominately expressed in stick tissues while CoFLA 04,
07, 10, 21-2 had moderately higher expression than bark as
shown in Fig. 6. CoFLA 02, 06 and 14 were expressed at
higher levels in the top stick tissues and decreased towards
the bottom stick tissues where the expression levels of
CoFLA 02 and 06 were up to 15 and 28 fold higher, respec-
tively in top stick tissues. Similarly, CoFLA 14 and 19-1
were also highly expressed in upper part of stick tissues. The
transcript level of CoFLAQ3 showed a distinctive expression
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Fig.7 Expression analysis of CoFLA genes using qRT-PCR. The
27AACt method was used to calculate the transcript level of each
CoFLA where expression level was calculated to highest average Ct
value of the sample. CoPP2Ac and CoEF2 were used as internal con-
trol genes. Data represents average of three technical replicates from
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three biological replicates. The error bars indicate standard error from
the replication (total 3X3 =9 replicates). a top (3—5 cm) bark, b mid-
dle (5-7 cm) bark, ¢ bottom (7-9 cm) bark, d top (3-5 cm) stick, e
middle (5-7 cm) stick, f bottom (7-9 cm) stick



Molecular Biology Reports (2020) 47:7815-7829

7825

in the middle part of stick tissues containing snap-point. In
addition, the CoFLA 04, 07, 10 and 21-2 were preferentially
expressed (about 3-fivefold) in top stick tissues.

Discussion

FLAs are one of the classes of arabinogalactan proteins
that have significant impact on plant growth and develop-
ment especially on secondary cell wall biosynthesis and
responses to adverse conditions [10]. The FLAs has been
characterized in some plant, however, very little informa-
tion is known about jute FLA genes but recently character-
izes the bast fiber-specific FLA genes in flax [61]. Jute is
the second most important fiber crop which is becoming
popular due to its environmental friendly nature and some
evidence has indicated that FLAs may have vital role in fiber
development [16, 22]. Therefore, based on draft genome of
jute (C. olitorius) [31], we identified 19 FLA genes in jute
which were named as CoFLA. The number of CoFLAs was
comparable to the number of FLA genes in other species
such as 21, 19, 23 and 18 genes in Arabidopsis [3], cotton
[15], hemp [16] and eucalyptus [17], respectively, however,
a total of 35 FLA proteins were identified in poplar [10]. A
nomenclature of CoFLA was applied according to phyloge-
netic tree and homology to AtFLA because it is easy for the
readers to distinguish the Arabidopsis homolog. Like other
species, CoFLAs were classified into four classes based on
protein structure and sequence similarity (Fig. 1). In addi-
tion, the genes of each class were placed in same clade of the
phylogenetic tree except CoOFLA04 as shown in Fig. 2. All
the identified CoFLAs had an N terminal signal peptide, one
or two FAS domain where majority of CoFLAs contained
AGP regions and half of the CoFLAs presented C terminal
GPI anchor site. Class A included four CoFLAs (06, 07,
11 and 12) containing single FAS domain flanked by two
AGP regions, C terminal GPI anchor. The protein sequence
similarity among the members of class A was from 31 to
72%. This class was located into class I in the phylogenetic
tree where the FLAs in class A of Arabidopsis and hemp
also belonged to class I [3, 16]. Class B, the smallest class,
containing CoFLA 16 and 17, had over 73% similarity which
is in accordance with the values reported in Arabidopsis [3]
and poplar [10]. The class B CoFLAs contained two FAS
domains and one AGP regions between FAS domains with-
out any C-terminal GPI anchor region. This class B belongs
to class II in the phylogenetic tree. Five CoFLAs formed
class C that had one or two fasciclin domains, one or two
AGP motifs and a C-terminal GPI anchor. Although CoFLA
03 and 14 had similar protein structure to class A, these two
genes were placed in class C instead of class A. Because
these two genes showed more amino acids similarity with
the members of class C than class A. The similarities among

the members of class C were from 34 to 61% whereas the
sequence similarities between class A and C were 26% to
36%. Class D was the largest class with 8 CoFLAs that had
no relationship with each other or to any other CoFLAs and
showed remarkably low similarity. Most of the CoFLAs in
these class had no C-terminal GPI anchor regions except
for CoFLA 04 and 19-2. CoFLA 04, 20 and 21-1 contained
two fasciclin domains while other members of class D had
one FAS domain. Except for CoFLA 20 and 22, the CoF-
LAs of class D possess one AGP like glycosylated region.
CoFLAO04 had similar structural arrangement with CoFLA
01 and 02 of class A but it was placed in class D because of
low sequence similarity among them (below 23%). However,
the phylogenetic position of CoFLA04 was more close to
class C than class D. Consistent with our result, AtFLA4
which is homolog with CoFLA04 was also placed in class
D, although it showed similar structure arrangement with
class C [3]. Class C and D were positioned in class III and
IV, respectively in the phylogenetic tree.

All CoFLAs possessed (A/S/T)-P/PP/PPP glycomodules,
however, CoFLA 20 and 22 lacked well-defined AGP like
glycosylated region as AGP region defined as [A/S/T]-P-
X(0-10)-[A/S/T]-P or at least one [A/S/T]-P, 4 exclud-
ing FAS domain, N and C terminal signal regions [1, 13].
Absence of AGP regions in FLA protein was also reported
in wheat, rice, cabbage and poplar [1, 2, 10] however, all the
AtFLAs had well characterized O-glycosylation regions [3].
The CoFLA 20 and 22 may not undergo O-glycosylation as
they did not contain AGP glycomodules, however non-AGP
protein such as sporamin undergoes arabinogalactosyla-
tion [1]. So it would be interesting to investigate the pattern
of O-glycosylation in CoFLAs 20 and 22 and as well as
FLAs from other species which had no well-characterized
AGP regions. The length of AGP regions was varied among
CoFLAs where longest glycosylated region was found in
CoFLA14 (Fig. 1) consisted of 160 amino acids with 30
O-glycosylation sites. Interestingly, this AGP region is sig-
nificantly longer than the AGP regions of FLA from Arabi-
dopsis and poplar [3, 10]. On the other hand, the smallest
AGP region was found in CoFLA 01, 02 and 21-1 with four
amino acids containing two potential O-glycosylation sites.

GO annotations is a useful tool for describing gene locali-
zations and functions. In this study, GO annotation analy-
sis revealed that the majority of the CoFLAs were located
in cell, membrane and cell wall. Additionally, the most of
these genes were involved in cell adhesion, hormonal regula-
tion, abiotic stress, cell wall biogenesis, catalytic and bind-
ing activity. These features support the previous findings as
FLAs are associated with cell adhesion, cell wall biogenesis
and anchoring molecules. Similarly, the cis-regulatory ele-
ments in promoter region of CoFLAs suggested that FLAs
were associated with plant development especially in cel-
lular development and stress tolerance/regulation. Because,
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the elements of promoter core function, site binding, light,
hormone and environment responses were more abundant
than other elements in the upstream region of CoFLAs.

The snap-point is a mechanically defined region where
fibers transit from elongation to thickening [34]. This point
allows us to elucidate the molecular events and identify the
key genes associated with fiber development that can help
in future breeding program for the development of new
varieties with agro-economic traits fiber quality, yield, etc.
Different fiber developmental stages such as fiber initiation,
elongation and secondary cell wall formation elucidated the
number, length and composition of the fibers [62, 63] have
led to the identification a region of stem at 6—7 cm from
the shoot apex as the snap point of jute which was corrobo-
rated by the results of other studies in flax and hemp [34,
63]. In order to identify the roles of FLA proteins in fiber
cell initiation, elongation and secondary cell wall synthesis
we extracted RNA from different regions of bark contain-
ing fiber tissues Moreover, stick of different development
regions were also considered to compare the expression
pattern of CoFLAs during the development of xylem and
phloem in jute. The results of qRT-PCR analysis suggested
that some CoFLAs might have function in jute fiber develop-
ment (Fig. 6). Within class A, CoFLA 11 and 12 were highly
expressed in bark tissues while CoOFLA06 was exclusively
detected in stick tissues. Among them, CoFLA11 showed
a gradual increase of expression from the top to bottom
part of bark tissue. With consistent to our result, AtFLA11
(homolog to CoFLA11) was significantly expressed in inter
fascicular fiber and lignifications in this tissues [64]. As
below the snap-point, the fiber cells start formation of sec-
ondary cell wall related material such as lignin, CoFLA11
might play an important role in secondary cell wall develop-
ment of jute fibers. A similar expression trend was observed
in hemp fiber tissues: CsaFLA11 was more expressed in bot-
tom bast tissues [16]. On the other hand, CoFLA12 displayed
highest mRNA level in middle part of bark suggesting the
probability of FLA gene having a significant role in fiber cell
expansion/elongation. Consistent with our results, AtFLA12,
(homologous to CoFLA12) showed stem specific expres-
sion in Arabidopsis [20]. Moreover, fiber length of cotton
was increased due to over-expression of GhFLA1 which was
orthologous to AtFLLA12 whereas silencing of GhFLA1 by
RNAI had adverse effect [22]. However, CsaFLA12 of hemp
was thought to be involved in cell wall development process
as it had more expression in the middle and bottom part of
the stem [16]. Like CsaFLLA06, CoFLAQ6, another member
of class A, was specifically expressed in top stick tissues
suggesting their role in stick development [16].

The expression patterns of CoFLA 16 and 17 were com-
paratively high in bark than in stick specifically CoFLA16
was expressed more in bottom while CoFLA17 in middle
bark tissues. However, these results were not completely
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concordant with the expression of the flax FLA 16, 17
and 18 (orthologous to CoFLA 16 and 17) that were up-
regulated below the snap point [25]. Therefore, class B
FLA genes might be associated with cell wall related
processes and fiber elongation. All CoFLAs in class C
were up-regulated in top or middle part of stick except
CoFLAOI indicating that this group might be involved in
stick development. Specifically, CoFLA 02, 03 and 14 had
quite different FLA structure such as two FAS domain
or long AGP like region along with GPI anchor (Fig. 1)
which helps in cell adhesion during stick development.
This result was consistent with previous studies in indus-
trial hemp, where CsaFLA 01 and 08 of group C had more
expression in top part of stick [16]. Similarly, AtFLA4
(homologous to CoFLA4) was involved in cell expansion
and cell wall synthesis [18]. The higher expression of
CoFLAO04 of class D in apical part of stick suggests their
role in cell expansion or adhesion in stick development.
The CoFLA20 was up-regulated in middle part of bark tis-
sues while the expression of CoFLA23 was higher in bot-
tom part of the bark suggesting that these two genes might
be involved in fiber elongation and secondary cell wall
synthesis process, respectively. To sum-up, CoFLAs may
have function in different stages of fiber cell development
in jute, especially CoFLA 12 and 20 and CoFLA 11 and 23
may have function in elongation and secondary cell wall
deposition, respectively. Since increasing of fiber length
and reducing lignin content in jute fiber are essential for its
suitability in textile industry, therefore alteration of FLAs
expression might provide the way for developing long fiber
cell or low lignin content jute variety.

Conclusion

FLAs are a subclass of AGP proteins which play an impor-
tant role in plant growth and development, notably in cell
adhesion and cell wall biosynthesis. Based on jute genome,
a total of 19 FLA genes were identified and characterized
through a systematic approach including gene structure
analysis, phylogeny, subcellular localization, motif and
promoter analysis. Furthermore, expression profiling of
the CoFLAs in different stages of phloem fiber develop-
ment revealed their involvement in fiber elongation and
cell wall deposition. This comprehensive study of FLAs
in jute provides foundation for understanding functional
roles in bast fiber development and may help to identify
candidate genes in breeding program for jute variety devel-
opment with specific agronomic traits.
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