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Abstract

Background. The degradation of sucrose plays an important role in the process of crop
biomass allocation and yield formation. Invertase (INV) irreversibly catalyzes the conversion
of sucrose into glucose and fructose, which doomed its’ important role in plant development
and stress tolerance. However, the functions of INV genes in wheat, one of the most important

crops, were less studied due to the polyploidy.

Results. Here, we systematically analyzed the INV gene family based on the latest published
wheat reference genomic information. A total of 126 TaINV genes were identified and
classified into three classes based on the phylogenetic relationship and their gene structure. Of
which, 11 and 83 gene pairs were identified as tandem and segmental duplication genes
respectively, while the Ka/Ks ratios of tandem and segmental duplication 7a/NV genes were
less than 1. Expression profile analysis shows that 18 TaINV genes have tissue-specific
expression, and 54 TalNV genes were involved in stress response. Furthermore, RNA-seq
showed that 35 genes are differentially expressed in grain weight NILs N0910-81L/N0910-818,
in which 9 7aINVs were stably detected by qRT-PCR at three time-points, 4, 7 and 10 DPA.
Four of them (TaCWI47, TaCWI48, TaCWI50 and TaVI27) different expressed between the
NILs resided in 4 QTL segments (QTGWnwafu-5DL.1, QTGW.nwafu-5DL.2,
OTGW.nwafu-74S.1 and QTGW.nwafu-7A4S.2). These findings facilitate function investigations
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of the wheat INV gene family and provide new insights into the grain development mechanism

in wheat.

Conclusions. Our results showed that allopolyploid events were the main reason for the
expansion of the 7a/NV gene family in hexaploid wheat, and duplication genes might undergo
purifying selection. The expression profiling of TaINV genes implied that they are likely to
play an important role in wheat growth and development and adaption to stressful
environments. And 7TaCWI47, TaCWI48, TaCWI50 and TaVI27 may have more important roles
in grain developments. Our study lay a base for further dissecting the functional

characterization of 7a/NV family members.
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Introduction

Since the separation of invertase (ROBERT 1976; Roberts 1973), the structure and
function of invertase have gradually been discovered. Invertase irreversibly catalyzes the
conversion of sucrose into glucose and fructose (Arnd Sturma 1999). Based on their optimum
pH, the invertase isoenzyme forms can be classified into two subfamilies, neutral/alkaline
invertases (A/N-Invs) and acid invertases (Ac-Invs) (Koch 2004). Ac-Invs is also called
B-D-fructofuranosidase (EC3.2.1.26) because it can hydrolyze other oligosaccharides
containing Fru such as raffinose and stachiose (Lammens et al. 2009). And Ac-Invs are
glycosylated proteins classified in glycoside hydrolase family 32 (GH32). According to their
localization in apoplast and vacuole, Ac-Invs can be be further divided into cell wall invertase
(CWI) and vacuolar invertase (VI) (Sherson SM 2003). Meanwhile, A/N-Invs are
nonglycosylated proteins classified in glycoside hydrolase family 100 (GH100) and
specifically hydrolyze sucrose. A/N-Invs exist as two different isoforms with optimum pH
either close to 6.5 or 8, named N-Inv or A-Inv, respectively. However, A/N-Invs is better
known as cytoplasm invertases (CI), due to its localization in the cytoplasm (Vargas & Salerno

2010).

The first cDNA cloning and expression of CWI in carrots marked the molecular level of
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invertase research (Chrispeels 1990). It is believed that Ac-INV originating from respiratory
eukaryotes and aerobic bacteria (Ji et al. 2005) and CI seem to be arised from cyanobacteria
(Arnd Sturma 1999). The evolutionary relationship between cell wall invertase and vacuolar
invertase is still controversial (Ji et al. 2005; Van den Ende 2013). Ji et al. (2005) believe that
vacuolar invertase evolved from cell wall invertase, while Van et al. (2013) hold the opposite
view. They thought higher plant CWIs evolved from an ancestor shared with VIs from lower
plant species. Ac-Invs contains three conserved motifs of NDPNG (B-fructofuranosidases
motif), RDP, and WECP(V)D, which are necessary for the catalytic activity (Ji et al. 2005).
Moreover, three amino acids (DPN) of the B-fructofuranosidases motif is the smallest exon
known to plant species and skipped in cold stressed potato (Bourney et al. 1996). In contrast to
CWI, VI contain a C-terminal extension (Sturm 1999) and a much longer and complex
N-terminal propeptide region (NTPP), containing a dileucine motif, an YXX® (X is any amino
acid, @ is a hydrophobic residue) motif, a basic region motif and a transmembrane domain

(TMD) (Ji et al. 2005; Xiang & Van den Ende 2013).

Numerous studies have shown that INV plays multiple roles in plants, including
development, sucrose metabolism, and stress responses (Morey et al. 2018; Su et al. 2018; Wan
et al. 2018). CI is a critical player in the regulation of plant roots and their reproductive
development (Lou et al. 2007; Martin et al. 2013; Takanori Maruta 2010). For example,
mutation of CYT-INV1 in arabidopsis and rice resulted in a shorter primary root (Jia et al.
2008; Qi et al. 2007), accompanied by a smaller leaves and siliques in arabidopsis (Qi et al.
2007) and delayed flowering and partial sterility in rice (Jia et al. 2008). CWI has a role in
determining of grain size, grain number and grain quality. The decrease of CWI activity
inhibits the grain development, resulting in yields decrease in maize (McLaughlin & Boyer
2004), rice (Cho et al. 2005; Tatsuro Hirose 2002; Wang et al. 2008), tomato (Zanor et al. 2009)
and wheat (Sonia Dorion 1996). Similarly, mutation of the CWI gene INCW?2 in maize reduced
maize grain weight by 80% (Chourey 1992). Conversely, inhibiting the expression of the CWI
inhibitor gene in tomato (INVINHI) and soybean (GmCIFI) can improve fruit and seed set (Jin
et al. 2009; Qin et al. 2016; Tang et al. 2017). Over-expression of CWI enhanced grain filling
and yield in rice and maize (Li et al. 2013; Tatsuro Hirose 2002; Wang et al. 2008). VI has the

roles in the determination of hexose-to-sucrose ratio (Ellen M. Klann 1996; Rita Zrenner 1996),
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cell elongation (Sergeeva et al. 2006; Wang et al. 2010), and cell expansion (Morey et al. 2018).
The reduction of vacuolar invertase activity caused a decline in photosynthesis and decreased

carbon export-related metabolic pathways and sink organs (Nagele et al. 2010).

The identification of 17 invertase genes in Arabidopsis thaliana and 18 invertase genes in
Oryza sativa (Cho et al. 2005; Ji et al. 2005; Najat Haouazine-Takvorian 1997), laid the
foundation for the subsequent research on gene families of other plants. Subsequently, 21
invertase genes in Zea may, 24 in Populus, 18 in Malus domestica, 32 in Glycine max, 19 in
Sorghum bicolor, and 19 in Brachypodium distachyon were identified by genome-wide
analyses (Chen et al. 2015; Juarez-Colunga et al. 2018; Su et al. 2018; Tae Kyung Hyun 2011;
Wang et al. 2017). Wheat (Triticum aestivum L.) is one of the most important cultivated crops.
According to this ratio, wheat encodes more than a hundred INVs in this hexaploid plant with
an estimated 107,891 high-confidence genes (Consortium 2018). To date, only eight TaCWI
genes (IVRI1.1-1A4, IVRI.2—1A, IVRI1.1-3B, IVRI-34, IVRI-4A, IVRI-5B, IVRI1.2-3B and
IVRI-5D), one TaCl gene (Ta-A-Inv) and four TaVI genes (TaVIi, TaVI2, TaVI3 and Ivr5) were
reported in wheat (Koonjul et al. 2005; Liu et al. 2015; Webster et al. 2012). Ta-A-Inv is
up-regulated in wheat leaves after osmotic stress, low-temperature treatment (Vargas et al.,
2007), and Puccinia striiformis f. sp. tritici infection (Liu et al., 2015). To understand the
landscape of wheat INVs and the molecular mechanisms determining grain size, we used

whole-genome scanning to identify INV family members.

Herein, a total of 126 INV genes were identified in wheat. They were categorized into 3
classes and their characteristics of conserved motif, gene structure, and gene duplication for
different classes were analyzed. We also exhibited here the phylogenetic relationship and the
syntenic correlation among wheat, rice, maize, arabidopsis, and soybean. Expression profiling
implied the possible roles in regulating development and responding to abiotic stresses.
Therefore, this study provides a cue for further research on the functional characterization of

related genes.

Materials & Methods

Plant materials and RNA extraction

The residual heterozygous recombinant lines (RHLs) were screened from the RIL
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population. A pair of near isogenic lines (NILs) was developed from a Fs.9 recombine inbred
line N0910-81 by self-crossing and named RHL81-L and RHL81-S according to the difference
between thousand-grain weight (TGW) and grain length (GL). Compared with RHLS81-S
(TGW: 33.35 g; GL: 5.36 mm), RHL81-L with a larger TGW (52.58 g) and GL (7.68 mm). The
pair of NILs in this study includes four small-effect QTLs (QTGW.nwafu-5DL.1,
OTGW.nwafu-5DL.2, QTGW.nwafu-7A4S.1 and QTGW.nwafu-7A4S.2). Plants were grown in the
experimental field in College of Agronomy of Northwest A&F University during the
2019-2020 growing season and grains were tagged at pollen mergence stage. Grains were
removed from the spikes in the field at 4, 7, and 10 days post-anthesis stages (DPA),
immediately frozen in liquid nitrogen and stored at -80°C. Total RNA was extracted using
TRIZOL reagent and cDNA synthesis was performed with a reverse transcription reagent kit

according to the manufacturers’ protocols.
Identification and sequence analysis of wheat invertase genes

In order to identify the TaINV proteins, genome-wide data for Chinese Spring wheat were
downloaded from the IWGSC (International Wheat Genome Sequencing Consortium)
(http://www.wheatgenome.org/) to construct a local database. Two methods, blastP and
HMMsearch, were used to identify gene family members initially. In detail, a wheat-specific
HMM file was constructed by the HMMER build tool using the hidden markov model (HMM)
seed files of invertase family (PF0000251, PF08244, PF11867, and PF12899) which
downloaded from the Pfam database (http://pfam.xfam.org/) and used to screen the putative
INV proteins using the HMMER search tool. Meanwhile, the protein sequences of 17 INVs in
arabidopsis and 18 INVs in rice obtained from Ensemble plants database
(http://plants.ensembl.org/index.html) were used as queries to search against the local protein
database using an e-value of le-10 and an identity of 75% as the threshold. Finally, all
candidate invertase obtained from the above methods were identified by CD-search

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and Pfam database.

Molecular properties about these INV genes, including the amino acid lengths, molecular
weight (MW) and isoelectric point (pl) was analyzed using the ExPASy online tools
(https://web.expasy.org/cgi-bin/compute pi/pi_tool) (Artimo et al. 2012). Furthermore, the

subcellular location was predicted with the SignalP 3.0 server
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(http://www.cbs.dtu.dk/services/SignalP/), TMHMM server
(http://www.cbs.dtu.dk/servicess TMHMM/), ProtComp 9.0 (http://www.softberry.com/) and
WoLF PSORT (https://wolfpsort.hgc.jp/) web tools.

Phylogenetic tree construction and gene duplication analysis

To obtain the evolutionary relationships of the invertase gene family, the 214 putative
protein sequences of three monocotyledonous species, Triticum aestivum, Oryza stativa, Zea
may and two dicotyledonous species, Arabidopsis thaliana and Glycine max, were used to
construct the phylogenetic tree using the Maximum-like method in MEGA X (Kumar et al.
2018). All positions contained gaps and missing data were eliminated. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) is shown next to the branches. The display of the phylogenetic tree was optimized

by using the Interactive Tree Of Life (iTOL) online website (https://itol.embl.de/upload.cgi).
Conserved motif, gene structure and cis-acting elements

In order to identify the structural divergence of TaINV, conserved motifs in the encoded
proteins were analyzed using the MEME (Multiple Expectation Maximization for Motif

Elicitation) online program (http://meme-suite.org/tools/meme, version 4.12.0). Parameters

were set as follows: distribution of motif occurrences - 0 or 1 per sequence, the maximum
number of motifs - 10; minimum motif width - 6; and maximum motif width - 20; all other
parameters were default. The sequence 2000 bp upstream of the start codon was considered the
promoter region for each gene. The coding sequence and promoter sequence of 7aINV genes
were extracted from the wheat 2.1 genome. Putative functional promoter elements were
analyzed using the PlantCARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
(Magali Lescot & Yves Van de Peer 2002). All these results, together with the intron-exon

distribution, were visualized with TBtools (Chen et al. 2020).
Chromosome localization and syntenic analysis

The physical position of all 7aINV genes obtained from the gff3 files of wheat databases
was displayed using TBtools. Gene duplication events between wheat and its relatives
comprising (Triticum urartu, Triticum dicoccoides, and Aegilops tauschii), rice, maize,

arabidopsis and soybean, were analyzed using the MCScanX (Multiple Collinearity Scan
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toolkit: http://chibba.pgml.uga.edu/mcscan2/) with a threshold e-value <le-5 and 5 hits. And a

collinearity map was drawn by Dual Systeny Plotter software in TBtools. Further, the
substitution rate of nonsynonymous (Ka) and synonymous (Ks) was calculated by the TBtools
software to determine whether selective pressure is applied to duplication events. For
estimation of the timing of duplication events formula T = Ks/A x 10°® Mya was used to
calculate divergence time (T) in millions of years (Mya), where A=6.5 % 10~ represented the

rate of replacement of each locus per herb plant year (Peng et al., 2012; Quraishi et al., 2011).
Expression patterns of wheat invertase gene by RNA-seq Datasets

In order to understand the functions of the 7a/NV genes, the multiple transcriptome data of
different tissues (root, spike, grain, leaf, and stem) of wheat cultivar Chinese Spring and
common stress (drought, heat, low temperature, fusarium graminearum (FHB), Blumeria
graminis f. sp. Tritici (Bgt) and Puccinia striiformis f. sp. Tritici (Pst)) were downloaded from
the Wheat Expression Browser (http://www.wheat-expression.com/)(Borrill et al. 2016). The
spatio-temporal expression of 7aINV genes were visualized by TBtools based on log, (TPM + 1)
values. For convenience, the heat map of genes in response to stress was drawn based on the
log> (TPM + 1) ratios of treatment to control groups. Furthermore, in order to understand the
role of TaINV gene in grain development more clearly, the TPM values of 126 7aINV genes in
the near-isogenic lines RHL81-L and RHL81-S was extracted from RNA-seq data (the detailed
RNA-seq process is unpublished). TBtools visualized the heat map of 7TaINV genes based on
log> (TPM + 1) values.

Quantitative real-time PCR

Nine 7aINV genes were analyzed by a SYBR Green-based real-time quantitative PCR
(qRT-PCR) with cDNA prepared from samples collected at 4, 7, and 10 DPA. The samples of
RHLS81-S at the same time points were set as the controls. And three independent biological
replicates were prepared for each time points. Specific primers of 7aI/NV and TaActin genes
(i.e., internal reference) were designed with the Primer 5 program and shown in Table S4.
qRT-PCR was performed on the QuantStudio 7 Flex Real-Time PCR System (Life
Technologies Corporation) with Quantitect SYBR I Green (TaKaRa Biotechnology [Dalian]

2-AACT

Co.Ltd) according to the manufacturer’s protocol. The method was used to calculate the
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relative expression level. All data were analyzed and evaluated by GraphPad Prism 5 software.
One-way analysis of variance with t-tests was performed to distinguish the differences between

mean values on the same date. A value of p<0.05 was considered to be statistically significant.

Results

Identification and analysis of wheat INV proteins

By entering the protein sequence of the invertase identified in arabidopsis and rice, 4
HMM seed files were obtained: Glyco hydro 32C (PF08244), Glyco hydro 32N (PF00251),
Domain of unknown function (PF11867) and Glyco hydro 100 (PF12899). Then 192 protein
sequences obtained through the HMMsearch program and BlastP were submitted to the Pfam
and CDD databases for identification. Finally, 61 TaCWI, 44 TaVI, and 21 TaCl were
designated TaCWI1~61, TaVI1~44 and TaCll1~21, following the nomenclature that was
proposed on the chromosome designation (Table S1). The CDS lengths of the 126 TaINV
ranged from 1371 to 2271 bp (Table S2), deduced invertase proteins contain 456-756 amino
acid residues (Table S3), and their MW range from 51.37 to 84.88 kDa, similar to the invertase
in arabidopsis and rice (Table S1). In addition, the putative invertase proteins encoded by TaV],
TaCWI and TaCIl genes hold pl ranging from 4.77 to 6.91, 4.69-9.28, and 5.35-8.24,
respectively (Table S1). Based on all the subcellular locations prediction results, we speculate
that 12 TaCWIs may be targeted and located outside the cell by binding to the cell membrane,
and the remaining TaCWT are secreted proteins that are located outside the cell. Most TaVlIs
have a signal anchor, characteristic of single-pass membrane proteins destined for lysosomal
compartments. In detail, there are 3 type Il[-membrane protein, 8 Type [-membrane protein, 31
Type II-membrane proteins and 2 non-secretory proteins in the VIN group, suggesting that
most of TaVIs are sorted to the vacuole in a Nin/Cout (N-terminus in the cytoplasm, C-terminus
out of the cytoplasm) membrane-bound form. Most of the TaCls were considered as
non-secretory proteins located in cytoplasmic. At the same time, TaCIl, TaCI3-5, TaClIs,
TaCI10, TaCI13 and TaCI15 have a signal peptide, and they may perform signal functions by

producing glucose as a substrate of hexokinase in chloroplasts or mitochondria (Table S1).
Phylogenetic analysis of the invertase family in wheat

To determine the evolutionary relationships and reveal the subfamily classification of the
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INV family, a phylogenetic tree was constructed based on the alignment of all the putative
full-length amino acid sequences of 214 proteins (Table S3). The phylogenetic tree showed that
the TaINVs have a more closely phylogenetic relationship related to monocotyledon (Oryza
stativa, Zea mays) in each clade when compared with all plants (Figure 3). The 214 INV
proteins from these five species could be classified into three major groups with high
confidence: CWI, VI, and CI. In the CI and VI group, the given genes from monocotyledonous
and dicotyledonous plants were clustered on the same branch, confirming that CI and VI were
formed before the differentiation of monocotyledonous and dicotyledonous plants. And in the
VI group, genes homologous to OsVIN2 have undergone a large number of replication events
in wheat, resulting in 41 genes other than 7aVIl, TaVI2 and TaVI3. While in the CWI group,
the genes were clearly clustered into two subgroups, among which the o group contained all
dicotyledonous genes and some monocotyledonous genes, and the f group only contained
monocotyledonous genes. This indicates that the CWI gene existed before the
monocotyledonous differentiation. After the monocotyledonous differentiation, the CWI gene

was amplified in a large amount in the monocotyledonous plants.
Analysis of TaINV Gene Structure, Motif Distribution, Cis-acting Elements

Analyses of gene structures showed that the exon/intron distribution patterns were similar
among INV members within each clade of the phylogenetic tree, but there are some differences
in the lengths of the introns among genes (Figure 2d). The exon-intron pattern of the 7aCI gene
is relatively conservative. In the CI-a group, all genes contain 6-8 exons and in the CI-f3 group,
all genes contain 4-5 exons. It is worth noting that the genes in the a group contain a smaller
exon encoding 16 amino acids. Unlike the 7aCI gene, acid invertase has more types of
exon-intron structure. Specifically, 7aVI has 2-7 exons (without 6) and the 7aCWI gene has
3-11 exons (without 10). The 7 and 4 exons structure genes account for the majority of 7aCWI

and TaV1, respectively.

To further examine the similar conserved motifs among the deduced amino acid sequences,
the MEME tool was used to search for the conserved motifs in the 126 TaINVs, and 10
conserved motifs were identified (Figure 2b). In TaCI class, all genes contain the same 10
motifs with some difference in some amino acids. All acid invertases have the same 7 motifs,

among which motif 2, motif 7, and motif 8 contain f-sandwich domain; motif 6 and motif 10
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contain chemical substrate binding sites; motif 5 have no a clear function to date. Motif 1
(B-fructosidase motif) contains the DPN, encoded by the smallest mini-exon, which is present
in most acidic invertase. A B-sandwich motif was existed in all acid invertase and had 4
conserved hydrophobic amino acid (G, A, F, and D) and 2 consecutive conserved hydrophilic
amino acid (RR), which may have an important role in the correct folding of proteins. It is
worth noting that a motif 9 contain the YXX@ consensus for a tyrosine-based lysosomal

sorting signal and specifically exists at the N terminal of VI.

Furthermore, the cis-acting elements of the promoter region among 126 invertase
members were analyzed and the results were shown in Figure 2c. The results showed that the
cis-acting elements present in the promoter region of the 7a/NV genes could be divided into ten
categories: light-responsive, abscisic acid responsiveness, anaerobic induction, meristem
expression, gibberellin-responsiveness, drought-inducibility, anoxic specific inducibility,
endosperm expression, differentiation of the palisade mesophyll cells, root-specific and other
elements. Among them, the cis-acting elements related to light-responsive were particularly
abundant, and there are 124 genes have light-responsive elements except for 7aCWI3 and
TaCWI53. The hormone response elements are the most, with 117 and 68 genes related to
hormone ABA and GA, respectively. In addition, 21 genes contain an endosperm-specific
expression of cis-acting elements, 70 genes contain CCAAT-box, which is the MYBHv1

binding site and only 7aCWI31 has root-specific cis-acting elements.
Chromosome localization and syntenic analysis of 7TaINV genes

Except for TaCWI60 and TaCWI61, which are located in scaffolds, the remaining 124
genes are located on the remaining 20 chromosomes except for 7B (Figure 1, Figure 4). The
TaINV distributions among different chromosomes are imbalanced. The number of TaINV
genes in chromosome group A is 51 at most, followed by 41 in group D and at least 32 in group
B. The chromosome 4A with 16 7TaINV genes is the highest of any chromosome. In particular,
TaCWI class just was absent from chromosomes 7A, 7B, and 7D, of which there are at most 10
genes on 2A, and two 7aCWI genes are not mapped on any chromosome. 7alI class is
distributed in the second, sixth, and seventh homologous groups, eleven 7TalI genes are
distributed on the 7D chromosome, genes homologous to 7A and 7D are located on the 4A

chromosome, which is caused by the exchange of chromosomes. While, 7aCI class is evenly
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distributed in homologous groups 2, 3, 4, and 6, and except for one gene on each of the 3A, 3B
and 3D chromosomes, there are two 7aCI located on the remaining chromosomes, respectively.
This uneven distribution may be attributable to differences in the size and structure of the

chromosomes.

Microcollinearity analysis of the genome segments in the different species showed that
the replicated segments containing the INV gene in wheat, rice and maize genomes are broadly
collinear, where they form multiple sets of orthologous segments. The results also showed that
31 TaINV genes share homology with those in rice, 25 TaINV genes share homology with those
in maize (Table S5). In total, 20 TaINV genes are directly homologous in rice and maize. There
are 65 TaINV genes, including all 21 7aCl, 30 TaCWI, and 14 TaVI, that have a collinearity
relationship with their ancestor species indicated that allopolyploid events were the main
reason for the expansion of the 7a/NV gene family in hexaploid wheat (Table S6). In addition,
the 11 and 83 gene pairs were identified as tandem and segmental duplication genes among 126
TaINV genes, respectively (Figure 4, Table S4). The nonsynonymous (Ka) ratio to synonymous
(Ks) provided a standard for judging whether there is selective pressure on duplication events.
The Ka/Ks ratios of 7aINV duplications genes varied from 0 to 0.850892, indicating that the

duplicated 7TaINV gene has undergone purification selection (Table S4).
The expression pattern of 7aINV genes in wheat

Gene expression patterns often contain clues to the function of the gene. The
transcriptome results showed that the 7aINV genes exhibited different temporal-spatial
expression patterns (Figure 5, Table S7) and had different response patterns to stress (Figure6,
Table S8). There are a total of 54 7TaINV gene involved in stress response, including 10 7aCI
genes, 18 TaCWI genes and 26 TaVI genes. Among them, 31 7alNV genes specifically respond
to one of the 6 stress (dought, cold, heat, Pst, Bgt and Fhb), and the remaining 23 genes
respond to more than 2 kinds of stress. For example, 7aCI21 is differentially expressed after
Pst infection, while TaCW16, TaCIl14, TaVI19, and TaVI22 are induced by Bgt pathogen. And
TaCWI30 and TaVI31 are implicated in responding to Fhb infection. Intriguingly, 7aVI130 could
be activated by drought, cold, heat, Pst and Bgt stress but the expression patterns showed
different up-expression levels. Additionally, 7aVI35 were up-expressed in response to drought,

cold, heat stress but down-expressed in response to powdery mildew stress. 7TaCWI40 is
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up-regulated by stripe rust and fusarium graminearum, and down-regulated by cold stress.
These differential genes provide a cue for the research of plant resistance to biotic and abiotic

stresses.

As for temporal-spatial expression patterns, there have three genes (7aCI3, TaCI21 and
TaCWI51) were expressed in all tissues and developmental stages and 18 genes showed
tissue-specific expression. In detail, 7aCIl4 and TaCI20 were expressed specifically in the leaf
and spike, respectively. Four genes (TaCWI17, TaCWIIS8, TaCWI53 and TaCWI59) exhibited
root-specific expression and 12 genes (TaCWII1, TaCWI2, TaCWI3, TaCWII10, TaCWII9,
TaCWI30, TaCWI50, TaVI19, TaVIi0, TaVI26, TaVI27 and TaVI36) exhibited grain-specific
expression. And 29 genes were not expressed in all tissues and developmental stages, including

17, 10, 2 genes in CWIN, VIN, CIN, respectively.
The difference in the expression of 7aINV genes between grain weight NILs

Since a large number of genes (12 of 18) are specifically expressed in grains, we speculate
that 7aINVs may play an important role in grain development. In order to further study their
roles in regulating of grain size, the TPM of 7aINVs were obtained from a near-isogenic line
after RNA-Seq. A total of 53 TaINV genes were detected as the different expressed genes
during early grain development, comparing NILs with large grainsize and small grainsize
respectively, including 19 7TaCWI, 28 TaVI and 6 TaCl genes (Figure S1). However, only 4
genes (TaCWI19, TaCWI50, TaVI9 and TaVI27) out of 12 grain-specified expressed genes

exhibiting differentially expressed between near-isogenic lines (Figure S1).

Considering the limitation of the tested grain development timepoints in previous
literature and the existing relationship between grain with other tissues, we selected 9 different
expressed genes (not limited in Ac-INV) in RNA-Seq data to test the expression pattern in
grain size NILs. The results of qRT-PCR confirmed that the grain-specific 7a/NVs had
significant roles in grain development (Figure 7). At 4 DPA, except for 7aVIi3 and TaCl7, 7
genes showed a significant difference, and the expression levels of genes (TaVI27, TaCWI47,
TaCWI50 and TaCl17) were higher in large grain, but TaVIll, TaCWI48 and TaCI8 were higher
in small grain. At 7 DPA, the expression level of gene TaVIi3 was higher in large grain, but
TaVill, TaCWI47, TaCl7, and TaCI8 were higher in small grain. At 10 DPA, except for TaVil3,
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TaVI27, and TaCll7, there are 6 genes (TaVIiil, TaCWI47, TaCWI48, TaCWI50, TaCI7, and
TaCI8) manifested as a significant difference and had higher expression levels under large
grain. Obviously, compared with small grain, 7TaCWI47 and TaCWI50 are expressed a higher
level under large grain at 4 DPA and 10 DPA of grain development.

Discussion

The INV genes were widely distributed in different plant species, such as rice (Ji et al.
2005), maize (Juarez-Colunga et al. 2018), soybean (Su et al. 2018), and apple (Tae Kyung
Hyun 2011) and play important roles in multiple processes of plant growth and resistance
against environmental stressors (Fern&ndez et al., 2011). However, there is no comprehensive
analysis of the INV gene family in wheat (Triticum aestivum L.).

In this study, a total of 126 TaINV genes were identified from the wheat genome,
containing 61 TaCWI, 44 TaVI and 21 TaCl genes. The TalNV distributions among different
chromosomes are imbalanced. The chromosome 4A with 16 TalNV genes is the highest of any
chromosome. And except for TaCWI10 which is located in 4AS, the other 15 genes are located
on chromosome 4AL. Five TaCWI genes from TaCWI32 to TaCWI36, and 9 TaVI genes from
TaVI4 to TaVI12 were located in the reciprocal translocations location between bread wheat
chromosome arms 4AL and 5AL and between 4AL and 7BS, respectively. All TaCl genes are
collinear (Figure 4) and have a collinearity relationship with their ancestor species (Table S6),
reflecting that the amplification of TaCl is mainly caused by the polyploidy event of wheat
species formation. There are 2 TaCWI genes, TaCWI60 (TraesCSU03G0230800.1) and
TaCWI61 (TraesCSU03G0235500.1), located in scaffolds and with identical gene sequence
(Table S2). Thus we speculate that TaCWI60 and TaCWI61 are homologous genes derived
from recent replication events or actually they are the same gene.

Compared with the TaCl, TaCWI and TaVI genes have more exon-intron patterns (Figure
2), which are the representative traces of gene family evolution. And the lack of the mini-exon
DPN amino acids was observed in 33 acid invertase genes due to the exon skip and intron
retention (Figure 2). The reports showed that DPN will be lost under cold stress (Anne-Sophie
Bournay, 1996). Therefore, we hypothesize that the disappearance of the mini-exon in wheat
acid invertases is the result of alternative splicing events and is formed during the evolution of

wheat genes in order to adapt to the cold environment.
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TaCWI and TaVI have the same 9 motifs, and their position order is also the same.
Compared with TaCWI, TaVI has a longer N-terminal and a unique YXX@ motif. The
DPNGP, RDP and WECPD motifs each contain an acidic residue at an equivalent position in
all acid invertases and it has been shown that these three motifs are indispensable for binding
and catalysis (Lammens et al., 2009). In wheat acid invertase genes, the D residue in RDP
motif and the E residue in WECPD motif are highly conserved in all acid invertase, while the
D residue in DPNGP motif is conserved in other acid invertases except TaCWI1, TaCWI3,
TaCWI10, TaCWI13, TaCWI28, TaCWI30, TaCWI36, TaCWI43, TaCWI60, TaCWI61,
TaVI7, TaVI39 and TaV142.

Further analysis revealed that 31 TaCWI genes were collinear with their ancestral species,
18 were generated by fragmented replication, and 6 genes produced by tandem repeat
replication (Table S4, Table S6). This indicates that in addition to polyploidization,
fragmentation replication also plays an important role in TaCWI gene amplification. In TaVil,
14 TaVI genes are collinear with their ancestral species, 19 and 3 TaVI genes were generated
by fragmented replication and tandem repeat replication, respectively (Table S4, Table S6).
Therefore, we speculate that the main reason for TaVIl gene amplification is the fragmentation
replication event after polyploidization. Thus, it could be proposed that the tandem and
segmental duplication events contributed to the expansion of the acid invertase gene family in
wheat.

The known functions of gene family members can be used to predict the functions of
other genes on the same branch. Collinearity and phylogenetic tree analysis showed that
TaVI14, TaVI16 and TaVI21 are orthologous to the OsVIN2 gene. Tissue-specific expression
analysis showed that the expression levels of these three genes were highest in the flag-leaf
panicle, which was similar to the expression pattern of OsVIN2 gene, and OsVIN2 played an
important role in yield. Therefore, we speculate that these three genes may also play an
important role in wheat yield.

Similarly, OsCIN1 is associated with early grain filling regulating in rice (Tatsuro Hirose
2002), while OsCIN2 regulates grain shape and weight (Wang et al. 2008). Here, we noted that
TaCWI4 and TaCWI22, the orthologous genes of the OsCIN1 gene, have the highest expression
level in grain at the 2 DPA, which have the same expression pattern with OsCIN1 (specifically

expressed 1-4 days after flowering). Thus, we deduced that TaCWI4 and TaCWI22 are
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important for supplying a carbon source to developing filial tissues by cleaving unloaded
sucrose in the apoplast. While TaCWI14, the orthologous genes of OsCIN2 gene, may also was
a potential domestication gene and that such a domestication-selected gene can be used for
further crop improvement. This suggested that these genes may play important roles in
regulating early grain filling and grain size. Although the detailed functions need to be tested in
wheat, this provided a cue for dissecting the grain yield.

The tissue expression profile analyses of the TalNV genes showed that many TalNV genes
were highly expressed in spike and grain, revealing that most TalNV genes might function in
spike and grain. The expression levels of two genes in most tandem duplication gene pairs
exhibited expression discrepancy, indicating that the retention of gene duplicates might be
associated to processes of tissue expression divergence (Ganko et al. 2007; Huerta-Cepas et al.
2011). For instance, TaCWI20 was highly expressed in 15 different tissues, and the expression
level of TaCWI21 was low. Under cold stress, the expression level of TaCWI20 was induced
more, indicating that TaCWI20 might contribute more to enhance tolerance to cold stress in
wheat. Furthermore, except for TaVI7/TaVI8 and TaVI28/TaVI29 gene pairs, the expression
levels of two tandem duplication genes exhibited expression discrepancy, indicating that the
retention of gene duplicates might be associated to processes of tissue expression divergence
(Ganko et al. 2007; Huerta-Cepas et al. 2011). In addition, the TaCWI12/TaCWI13 and
TaCWI20/TaCWI21 gene pairs showed significant nonfunctionalization of TaCWI13 and
TaCWI21, respectively. TaCWI47/48, TaCWI57/58 and TaVI11/12, exhibited different
temporal and spatial expression characteristics, while TaVI13/14, TaVI17/18, TaVI20/21 and
TaVI122/23 showed subfunctionalization of TaVI13, TaVI17, TaVI20 and TaVI22, respectively.

There are 2 gene clusters located in the QTL interval, including 4 TaCWI genes and 8
TaVI genes respectively. The adjacent genes have similar expression patterns. In detail, TaVI24
and TaVI25 are differently expressed between the grain weight NILs and expressed after cold,
heat and drought stress. TaVI26 and TaVI27 have grain-specific expression. TaVI28 and
TaVI29 are not expressed in all tissues and do not respond to any stress. TaVI30 and TaVI31
are highly expressed in spikes. TaCWI47 and TaCWI48 both respond to cold stress and are
differentially expressed in the NILs of DPA4, while TaCWI49 has anther-specific expression
(Jiang, 2015) and TaCWI50 has grain-specific expression.
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In this study, although our results initially indicate that these TalNV genes may play a role
in the regulation of growth, development, the tolerance of various stresses and different
expression levels in wheat postanthesis as well, much work needs to be done to resolve this

regulation mechanism in the future.

Conclusions

In this study, we comprehensively identified and characterized 126 TalNV genes from the
wheat genome and categorized them into three classes. Gene duplication event analyses
suggested that segmental duplication events contributed more than tandem duplication in the
expansion of TalNV family. The 126 TalNV genes were found to be expressed in the roots,
stems, leaves, spikes and grains, but some of them showed significantly different expression
and/or specifically expressed patterns in the different tissues, development stages and stresses
condition. The expression profiles of TaINV genes from RNA-seq data revealed that more half
of TaINV genes were highly expressed in spike and grain and participated in abiotic and biotic
stress responses. Consequently, these TalNV genes may all play a role in the regulation of
growth, development, and the tolerance of various stresses in wheat as well. In a word, our
results provide the basis for a deeper understanding of the biological functions of the INV gene

members in wheat.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

* Chao Wang conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and tables, authored or reviewed drafts of the paper.

* Guanghao Wang, Xiaojian Qu and Xiangyu Zhang performed the experiments, prepared
figures and/or tables.

* Pingchuan Deng analyzed the data, prepared figures and/or tables.

* Chunhuan Chen reviewed drafts of the paper.

» Wanquan Ji conceived and designed the experiments.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

* Hong Zhang conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the paper.

* All authors approved the final draft.

Acknowledgments

This work was funded by the National Key Research and Development Program of China
(grant no. 2016 YFDO0100302), and Natural Science Foundation of Shaanxi (2021JM-090).

Supplemental Data

Supplemental Table S1. The detailed information of 126 TaINV genes.

Supplemental Table S2. The coding sequences of 126 TaINV genes.

Supplemental Table S3. The 214 INV protein sequences used to construct the phylogenetic tree.
Supplemental Table S4. Ka/Ks ratios of Ta/NV duplication genes.

Supplemental Table S5. Syntenic relationships of INV genes between wheat, rice and maize.
Supplemental Table S6. Syntenic relationships of INV genes between wheat and its relative species.
Supplemental Table S7. The expression levels of TuINV genes involved in 5 tissues.

Supplemental Table S8. The expression levels of Tu/NV genes under abiotic and biotic stress treatments.
Supplemental Table S9. The lists of primers were used for qRT-PCR.

Supplemental Figure S1. Transcriptome analyses of Ta/NVs between RHL81-L and RHL81-S during

the grain development.

Supplemental Figure S2. Sequence logos of wheat invertase motifs analyzed by the MEME program.
The logo map of conserved sequences of ten putative motifs in acid invertases (a) and neutral/alkaline
invertases (b) were identified by MEME analysis. The overall height of the stack indicates the level of
sequence conservation. The height of residues within the stack indicates the relative frequency of each

residue at that position.

References


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

International Wheat Genome Sequencing Consortium. 2018. Shifting the limits in wheat research and breeding
using a fully annotated reference genome. Science 361:661-674. DOI:10.1126/science.aar7191.

Arnd Sturma DH, Hoi-Seon Lee and Susame Lienhard. 1999. Neutral invertase is a novel type of sucrose-cleaving
enzyme. Physiologia Plantarum 107:159-165. DOI 10.1034/.1399-3054.1999.100202 x.

Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, de Castro E, Duvaud S, Flegel V, Fortier A, Gasteiger
E, Grosdidier A, Hernandez C, loannidis V, Kuznetsov D, Liechti R, Moretti S, Mostaguir K, Redaschi N,
Rossier G, Xenarios I, and Stockinger H. 2012. ExPASy: SIB bioinformatics resource portal. Nucleic Acids
Res 40:W597-603. DOI 10.1093/nar/gks400.

Borrill P, Ramirez-Gonzalez R, and Uauy C. 2016. expVIP: a Customizable RNA-seq Data Analysis and
Visualization Platform. Plant Physiol 170:2172-2186. DOI 10.1104/pp.15.01667.

Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, and Xia R. 2020. TBtools: An Integrative Toolkit
Developed for interactive analyses of big biological data. Mol Plant. 13:1194-1202. DOI
10.1016/j.molp.2020.06.009.

Chen Z, Gao K, Su X, Rao P, and An X. 2015. Genome-wide identification of the invertase gene family in
Populus. PLoS One 10:¢0138540. DOI 10.1371/journal.pone.0138540.

Cho JI, Lee SK, Ko S, Kim HK, Jun SH, Lee YH, Bhoo SH, Lee KW, An G, Hahn TR, and Jeon JS. 2005.
Molecular cloning and expression analysis of the cell-wall invertase gene family in rice (Oryza sativa L.).
Plant Cell Rep 24:225-236. DOI 10.1007/s00299-004-0910-z.

Chourey MEMaPS. 1992. The Maize invertase-deficient miniature-l1 seed mutation is associated with aberrant
pedicel and endosperm development. The Plant Cell 4:297-305. DOI:10.1105/tpc.4.3.297.

Chrispeels ASaMJ. 1990. cDNA cloning of carrot extracellular,& fructosidase and its expression in response to
wounding and bacterial infection. The Plant Cell 2:1107-1119. DOI 10.2307/3869263.

Cui F, Zhao C, Ding A, LiJ, Wang L, Li X, Bao Y, Li J, and Wang H. 2014. Construction of an integrative linkage
map and QTL mapping of grain yield-related traits using three related wheat RIL populations. Theor Appl
Genet 127:659-675. DOI 10.1007/s00122-013-2249-8.

Ellen M. Klann BH, and Alan B. Bennett. 1996. Antisense Acid Invertase (TW7) Gene alters soluble sugar
composition and size in transgenic tomato fruit. Plant Physiol 112:1321-1330. DOI 10.1104/pp.112.3.1321.

Ganko EW, Meyers BC, and Vision TJ. 2007. Divergence in expression between duplicated genes in Arabidopsis.
Mol Biol Evol 24:2298-2309. DOI 10.1093/molbev/msm158.

Hai Du S-SY, Zhe Liang, Bo-Run Feng, Lei Liu, Yu-Bi Huang and Yi-Xiong Tang. 2012. Genome-wide analysis
of the MYB transcription factor superfamily in soybean. BMC Plant Biol 12:106. DOI
10.1186/1471-2229-12-106.

Hudson KAHaE. 2015. A classification of basic helix-loop-helix transcription factors of soybean. International
Journal of Genomics. DOI 10.1155/2015/603182.

Huerta-Cepas J, Dopazo J, Huynen MA, and Gabaldon T. 2011. Evidence for short-time divergence and long-time
conservation of tissue-specific expression after gene duplication. Brief Bioinform 12:442-448. DOI
10.1093/bib/bbr022.

Hurles , Matthew. 2004. Gene duplication: the genomic trade in spare parts. 2:0900. DOI
10.1371/journal.pbio.0020206.

Ji X, Van den Ende W, Van Laere A, Cheng S, and Bennett J. 2005. Structure, evolution, and expression of the two
invertase gene families of rice. J Mol Evol 60:615-634. DOI 10.1007/s00239-004-0242-1.

Jia L, Zhang B, Mao C, Li J, Wu Y, Wu P, and Wu Z. 2008. OsCYT-INV1 for alkaline/neutral invertase is
involved in root cell development and reproductivity in rice (Oryza sativa L.). Planta 228:51-59. DOI
10.1007/s00425-008-0718-0.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Jin Y, Ni DA, and Ruan YL. 2009. Posttranslational elevation of cell wall invertase activity by silencing its
inhibitor in tomato delays leaf senescence and increases seed weight and fruit hexose level. Plant Cell
21:2072-2089. DOI 10.1105/tpc.108.063719.

Juarez-Colunga S, Lopez-Gonzalez C, Morales-Elias NC, Massange-Sanchez JA, Trachsel S, and Tiessen A. 2018.
Genome-wide analysis of the invertase gene family from maize. Plant Mol Biol 97:385-406. DOI
10.1007/s11103-018-0746-5.

Koch K. 2004. Sucrose metabolism: regulatory mechanisms and pivotal roles in sugar sensing and plant
development. Curr Opin Plant Biol 7:235-246. DOI 10.1016/j.pbi.2004.03.014.

Koonjul PK, Minhas JS, Nunes C, Sheoran IS, and Saini HS. 2005. Selective transcriptional down-regulation of
anther invertases precedes the failure of pollen development in water-stressed wheat. J Exp Bot 56:179-190.
DOI 10.1093/jxb/eri018.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K, and Battistuzzi FU. 2018. MEGA X: Molecular Evolutionary
Genetics Analysis across Computing Platforms. Molecular Biology and Evolution 35:1547-1549. DOI
10.1093/molbev/msy(096.

Lammens W, Le Roy K, Schroeven L, Van Laere A, Rabijns A, and Van den Ende W. 2009. Structural insights
into glycoside hydrolase family 32 and 68 enzymes: functional implications. J Exp Bot 60:727-740. DOI
10.1093/jxb/ern333.

Li B, Liu H, Zhang Y, Kang T, Zhang L, Tong J, Xiao L, and Zhang H. 2013. Constitutive expression of cell wall
invertase genes increases grain yield and starch content in maize. Plant Biotechnol J 11:1080-1091. DOI
10.1111/pbi.12102.

Liu J, Han L, Huai B, Zheng P, Chang Q, Guan T, Li D, Huang L, and Kang Z. 2015. Down-regulation of a wheat
alkaline/neutral invertase correlates with reduced host susceptibility to wheat stripe rust caused by Puccinia
striifformis. J Exp Bot 66:7325-7338. DOI 10.1093/jxb/erv428.

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, and Henrissat B. 2014. The carbohydrate-active
enzymes database (CAZy) in 2013. Nucleic Acids Res 42:D490-495. DOI 10.1093/nar/gkt1178.

Lou Y, Gou JY, and Xue HW. 2007. PIP5K9, an Arabidopsis phosphatidylinositol monophosphate kinase, interacts
with a cytosolic invertase to negatively regulate sugar-mediated root growth. Plant Cell 19:163-181. DOI
10.1105/tpc.106.045658.

Magali Lescot PD, Gert Thijs, Kathleen Marchal, Yves Moreau,, and Yves Van de Peer PRaSR. 2002. PlantCARE,
a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter
sequences. Nucleic Acids Res 30:325-327. DOI 10.1093/nar/30.1.325.

Martin ML, Lechner L, Zabaleta EJ, and Salerno GL. 2013. A mitochondrial alkaline/neutral invertase isoform
(A/N-InvC) functions in developmental energy-demanding processes in Arabidopsis. Planta 237:813-822.
DOI 10.1007/s00425-012-1794-8.

McLaughlin JE, and Boyer JS. 2004. Sugar-responsive gene expression, invertase activity, and senescence in
aborting maize ovaries at low water potentials. Ann Bot 94:675-689. DOI 10.1093/aob/mch193.

Morey SR, Hirose T, Hashida Y, Miyao A, Hirochika H, Ohsugi R, Yamagishi J, and Aoki N. 2018. Genetic
Evidence for the role of a rice vacuolar invertase as a molecular sink strength determinant. Rice (N Y) 11:6.
DOI 10.1186/s12284-018-0201-x.

Morey SR, Hirose T, Hashida Y, Miyao A, Hirochika H, Ohsugi R, Yamagishi J, and Aoki N. 2019.
Characterisation of a rice vacuolar invertase isoform, OsINV2, for growth and yield-related traits. Funct
Plant Biol 46:777-785. DOI 10.1071/FP18291.

Nagele T, Henkel S, Hormiller I, Sauter T, Sawodny O, Ederer M, and Heyer AG. 2010. Mathematical modeling
of the central carbohydrate metabolism in Arabidopsis reveals a substantial regulatory influence of vacuolar
invertase on whole plant carbon metabolism. Plant Physiol 153:260-272. DOI 10.1104/pp.110.154443.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Najat Haouazine-Takvorian ZT-L, Alain Takvorian , James Tregear , Bernard Lejeune , Alain Lecharny , Martin
Kreis. 1997. Characterization of two members of the Arabidopsis thaliana gene family, Atbfruct3 and
Atbfruct4, coding for vacuolar invertases. Gene 197:239-251. DOI 10.1016/s0378-1119(97)00268-0.

QiX,WuZ LiJ],Mo X, WuS, Chu J, and Wu P. 2007. AtCYT-INV1, a neutral invertase, is involved in osmotic
stress-induced inhibition on lateral root growth in Arabidopsis. Plant Mol Biol 64:575-587. DOI
10.1007/s11103-007-9177-4.

Qin G, Zhu Z, Wang W, Cai J, Chen Y, Li L, and Tian S. 2016. A tomato vacuolar invertase inhibitor mediates
sucrose metabolism and influences fruit ripening. Plant Physiol 172:1596-1611. DOI 10.1104/pp.16.01269.

Rita Zrenner KS, Uwe Sonnewald. 1996. Soluble acid invertase determines the hexose-to-sucrose ratio in
cold-stored potato tubers. Planta 198:246-252. DOI 10.1007/BF00206250.

ROBERT DWA. 1976. A method for separating the various forms of invertase in extracts of single leaves or plants
of wheat. Can J Bot 54:1509-1511. DOI 10.1139/b76-164.

Roberts D. 1973. A survey of the multiple forms of invertase in the leaves of winter wheat, Triticum aestivum L.
emend  thell. ssp.  vulgare.  Biochirnica et  Biophysica  Acla, 321:220-227. DOI
10.1016/0005-2744(73)90076-4.

Sergeeva LI, Keurentjes JJ, Bentsink L, Vonk J, van der Plas LH, Koornneef M, and Vreugdenhil D. 2006.
Vacuolar invertase regulates elongation of Arabidopsis thaliana roots as revealed by QTL and mutant analysis.
Proc Natl Acad Sci U S 4 103:2994-2999. DOI 10.1073/pnas.0511015103.

Shen LB, Qin YL, Qi ZQ, Niu Y, Liu ZJ, Liu WX, He H, Cao ZM, and Yang Y. 2018. Genome-wide analysis,
expression profile, and characterization of the acid invertase gene family in Pepper. Int J Mol Sci 20. DOI
10.3390/ijms20010015.

Sherson SM AH, Forbes SM, Wallace G, Smith SM. 2003. Roles of cell-wall invertases and monosaccharide
transporters in the growth and development of Arabidopsis. 54:523-531. DOI 10.1093/jxb/erg055.

Soltis PS, Marchant DB, Van de Peer Y, and Soltis DE. 2015. Polyploidy and genome evolution in plants. Curr
Opin Genet Dev 35:119-125. DOI 10.1016/j.gde.2015.11.003.

Sonia Dorion SL, and Hargurdeep S. Saini. 1996. Induction of male sterility in wheat by meiotic-stage water
deficit is preceded by a decline in invertase activity and changes in carbohydrate metabolism in anthers.
Plant Physiol 111:137-145. DOI 10.1104/pp/111/1/137.

Sturm A. 1999. Invertases. Primary structures, functions, and roles in plant development and sucrose partitioning.
Plant Physiol 121:1-7. DOI 10.1104/pp.121.1.1.

Su T, Han M, Min J, Chen P, Mao Y, Huang Q, Tong Q, Liu Q, and Fang Y. 2018. Genome-wide survey of
invertase encoding genes and functional characterization of an extracellular fungal pathogen-responsive
invertase in Glycine max. Int J Mol Sci 19. DOI 10.3390/ijms19082395.

Tae Kyung Hyun SHE, Ju-Sung Kim. 2011. Genomic analysis and gene structure of the two invertase families in
the domesticated apple (Malus X domestica Borkh.). Plant Omics Journal 4:391-399. DOI
10.1127/0029-5035/2012/0094-0271.

Takanori Maruta KO, Tomoki Tabuchi, Noriaki Tanabe, Masahiro Tamoi & Shigeru Shigeoka. 2010. New insights
into the regulation of greening and carbon-nitrogen balance by sugar metabolism through a plastidic
invertase. Plant Signaling & Behavior 5:1131-1133. DOI 10.4161/psb.5.9.12568.

Tang X, Su T, Han M, Wei L, Wang W, Yu Z, Xue Y, Wei H, Du Y, Greiner S, Rausch T, and Liu L. 2017.
Suppression of extracellular invertase inhibitor gene expression improves seed weight in soybean (Glycine
max). J Exp Bot 68:469-482. DOI 10.1093/jxb/erw425.

Tatsuro Hirose MTaTT. 2002. Cell Wall Invertase in Developing Rice Caryopsis: Molecular cloning of

OsCINI and analysis of its expression in relation to its role in grain filling. Plant Cell Physiol 43. DOI
10.1093/pcp/pcf055.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Vargas WA, and Salerno GL. 2010. The cinderella story of sucrose hydrolysis: Alkaline/neutral invertases, from
cyanobacteria to unforeseen roles in plant cytosol and organelles. Plant Science 178:1-8. DOI
10.1016/j.plantsci.2009.09.015.

Verhaest M, Lammens W, Le Roy K, De Coninck B, De Ranter CJ, Van Laere A, Van den Ende W, and Rabijns A.
2006. X-ray diffraction structure of a cell-wall invertase from Arabidopsis thaliana. Acta Crystallogr D Biol
Crystallogr 62:1555-1563. DOI 10.1107/S0907444906044489.

Verspreet J, Cimini S, Vergauwen R, Dornez E, Locato V, Le Roy K, De Gara L, Van den Ende W, Delcour JA,
and Courtin CM. 2013. Fructan metabolism in developing wheat (7riticum aestivum L.) kernels. Plant Cell
Physiol 54:2047-2057. DOI 10.1093/pcp/pct144.

Wan H, Wu L, Yang Y, Zhou G, and Ruan YL. 2018. Evolution of sucrose metabolism: The dichotomy of
invertases and beyond. Trends Plant Sci 23:163-177. DOI 10.1016/j.tplants.2017.11.001.

Wang E, Wang J, Zhu X, Hao W, Wang L, Li Q, Zhang L, He W, Lu B, Lin H, Ma H, Zhang G, and He Z. 2008.
Control of rice grain-filling and yield by a gene with a potential signature of domestication. Nat Genet
40:1370-1374. DOI 10.1038/ng.220.

Wang L, Li XR, Lian H, Ni DA, He YK, Chen XY, and Ruan YL. 2010. Evidence that high activity of vacuolar
invertase is required for cotton fiber and Arabidopsis root elongation through osmotic dependent and
independent pathways, respectively. Plant Physiol 154:744-756. DOI 10.1104/pp.110.162487.

Wang L, Zheng Y, Ding S, Zhang Q, Chen Y, and Zhang J. 2017. Molecular cloning, structure, phylogeny and
expression analysis of the invertase gene family in sugarcane. BMC Plant Biol 17:109. DOI
10.1186/s12870-017-1052-0

Webster H, Keeble G, Dell B, Fosu-Nyarko J, Mukai Y, Moolhuijzen P, Bellgard M, Jia J, Kong X, Feuillet C,
Choulet F, International Wheat Genome Sequencing C, and Appels R. 2012. Genome-level identification of
cell wall invertase genes in wheat for the study of drought tolerance. Functional Plant Biology 39:569. DOI
10.1071/fp12083.

Xiang L, and Van den Ende W. 2013. Trafficking of plant vacuolar invertases: from a membrane-anchored to a
soluble status. Understanding sorting information in their complex N-terminal motifs. Plant Cell Physiol
54:1263-1277. DOI 10.1093/pcp/pct075.

Yan Zhu NW, Wanlu Song, Guangjun Yin, Yajuan Qin, Yueming Yan and Yingkao Hu. 2014. Soybean (Glycine
max) expansin gene superfamily origins: segmental and tandem duplication events followed by divergent
selection among subfamilies. BMC Plant Biol 14:93. DOI 10.1186/1471-2229-14-93.

Yu J, Wang J, Lin W, Li S, Li H, Zhou J, Ni P, Dong W, Hu S, Zeng C, Zhang J, Zhang Y, Li R, Xu Z, Li S, Li X,
Zheng H, Cong L, Lin L, Yin J, Geng J, Li G, Shi J, Liu J, Lv H, Li J, Wang J, Deng Y, Ran L, Shi X, Wang
X, Wu Q, Li C, Ren X, Wang J, Wang X, Li D, Liu D, Zhang X, Ji Z, Zhao W, Sun Y, Zhang Z, Bao J, Han Y,
Dong L, Ji J, Chen P, Wu S, Liu J, Xiao Y, Bu D, Tan J, Yang L, Ye C, Zhang J, Xu J, Zhou Y, Yu Y, Zhang B,
Zhuang S, Wei H, Liu B, Lei M, Yu H, Li Y, Xu H, Wei S, He X, Fang L, Zhang Z, Zhang Y, Huang X, Su Z,
Tong W, Li J, Tong Z, Li S, Ye J, Wang L, Fang L, Lei T, Chen C, Chen H, Xu Z, Li H, Huang H, Zhang F,
XuH, LiN, Zhao C, Li S, Dong L, Huang Y, Li L, Xi Y, Qi Q, Li W, Zhang B, Hu W, Zhang Y, Tian X, Jiao
Y, Liang X, Jin J, Gao L, Zheng W, Hao B, Liu S, Wang W, Yuan L, Cao M, McDermott J, Samudrala R,
Wang J, Wong GK, and Yang H. 2005. The Genomes of Oryza sativa: a history of duplications. PLoS Biol
3:e38. DOI 10.1371/journal.pbio.0030038.

Zanor MI, Osorio S, Nunes-Nesi A, Carrari F, Lohse M, Usadel B, Kuhn C, Bleiss W, Giavalisco P, Willmitzer L,
Sulpice R, Zhou YH, and Fernie AR. 2009. RNA interference of LIN5 in tomato confirms its role in
controlling Brix content, uncovers the influence of sugars on the levels of fruit hormones, and demonstrates
the importance of sucrose cleavage for normal fruit development and fertility. Plant Physiol 150:1204-1218.
DOI 10.1104/pp.109.136598.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Jerome Salse SB, Michael Throude, Vincen Jouffe, Benoit Piegu, Umar Masood Quraishi, Thomas Calcagno,
Richard Cooke, Michel Delseny and Catherine Feuillet. 2008. Identification and characterization of shared
duplications between rice and wheat provide new insight into grass genome evolution. Plant Cell 20:11-24.
DOI 10.1105/tpc.107.056309.


https://doi.org/10.1101/2021.12.29.474404
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474404; this version posted December 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure Legends:

Figure 1. Chromosomal localization of the TaINVs. Different groups of TaINVs are represented
in different colors. Black represents CWIN group, red represents VIN group and blue

represents CIN group. In addition, tandem repeat genes are connected with red brackets.

Figure 2. Phylogenetic relationship, motif distribution, cis-acting elements and gene structure
analysis of acid invertase (A) and neutral/alkaline invertases (B). (a) Wheat TaINVs were
classifed into three groups according to bootstrap values and the phylogenetic analysis of
wheat; (b) ten conserved motifs identifed in protein sequences of TaINVs; (c) cis-acting
elements distribution and (d) gene structures of 7a/NVs. Exons and introns were indicated by

boxes and lines respectively.

Figure 3. Phylogenetic analysis of the invertase family members in Arabidopsis thaliana,
Oryza sativa, Zea may, Glycine max, and Triticum aestivum. The three main clades are
distinguished by three colors, and the INVs of different species are labeled with different

shapes.

Figure 4. Genomic distribution of 7a/NV genes and gene homology analysis in wheat. Gray
lines are all synteny blocks in the wheat genome, and the different color lines indicate
duplicated 7aINV gene pairs on different chromosome. 7TaCWI, TaVI and TaCIl genes were
marked by black, red and blue, respectively.

Figure 5. The expression profiles of 7alINV genes involved in 5 tissues at different growth

stages. The color scale of heatmap shows the level of gene expression.

Figure 6. The expression profiles of TaINV genes in response to abiotic and biotic stress
treatments. The expression data of 126 TaINV genes were involved in abiotic stress (drought,
heat and cold) and biotic stress treatments (powdery mildew, stripe rust and fusarium

graminearum) were obtained from expVIP.

Figure 7. Expression profiling of 9 7TaINV genes in grains at D4, D7 and D10 stage between
RHLS81-L (L) and RHL81-S (S).
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Figure 1. Chromosomal localization of the TaINVs. Different groups of TaINVs are represented in different colors. Black represents CWIN group, red
represents VIN group and blue represents CIN group. In addition, tandem repeat genes are connected with red brackets.
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Figure 2. Phylogenetic relationship, motif distribution, cis-acting elements and gene structure
analysis of acid invertase (A) and neutral/alkaline invertases (B). (a) Wheat TaINVs were
classifed into three groups according to bootstrap values and the phylogenetic analysis of
wheat; (b) ten conserved motifs identifed in protein sequences of TaINVs; (c) cis-acting
elements distribution and (d) gene structures of TaINVs. Exons and introns were indicated by
boxes and lines respectively.
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Figure 3. Phylogenetic analysis of the invertase family members in Arabidopsis thaliana, Oryza
sativa, Zea may, Glycine max, and Triticum aestivum. The three main clades are distinguished
by three colors, and the INVs of different species are labeled with different shapes.
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Figure 4. Genomic distribution of TaINV genes and gene homology analysis in wheat. Gray
lines are all synteny blocks in the wheat genome, and the different color lines indicate
duplicated TaINV gene pairs on different chromosome. TaCWI, TaVI and TaCl genes were
marked by black, red and blue, respectively.
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Figure 5. The expression profiles of TaINV genes involved in 5 tissues at different growth

stages. The color scale of heatmap shows the level of gene expression.
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Figure 6. The expression profiles of TaINV genes in response to abiotic and biotic stress
treatments. The expression data of 126 TaINV genes were involved in abiotic stress (drought,
heat and cold) and biotic stress treatments (powdery mildew, stripe rust and fusarium
graminearum) were obtained from expVIP.
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Figure 7. Expression profiling of 9 TaINV genes in grains at D4,

RHLS81-L (L) and RHL81-S (S).
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