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The INDETERMINATE DOMAIN (IDD) gene family encodes hybrid transcription factors with
distinct zinc finger motifs and appears to be found in all higher plant genomes. In the
model plants Arabidopsis and rice, IDD genes have been identified throughout the
genome, and the functions of many members have been studied. However, this gene
family has been studied less in Rosaceae species, among which genome-wide
identification has only been completed in apple, while there is still no comprehensive
research in pear. This study focuses on comparative genomic analysis of the IDD gene
family in five Rosaceae species (pear, strawberry, plum, raspberry and cherry). We
identified a total of 68 IDD genes: 16 genes in Chinese pear (Pyrus bretschneideri), 14
genes in strawberry (Fragaria vesca), 13 genes in plum (Prunus mume), 14 genes in
raspberry (Rubus occidentalis) and 11 genes in cherry (Prunus avium). The evolution of the
IDD genes of these five Rosaceae species was revealed by constructing a phylogenetic
tree, tracking gene duplication events, sliding window analysis, and conserved
microsynteny analysis. The expression analysis of different tissues showed that most of
the pear IDD genes had a very high transcription level in fruit, flower, and bud. Combining
our results with previous research, we speculate that PbIDD2 and PbIDD8 may participate
in plant flowering induction in pear. Temporal expression analysis showed that the
expression patterns of PbIDD3 and PbIDD5 were completely opposite to the accumulation
pattern of fruit lignin and stone cell contents. Combining the results of the composite
phylogenetic tree and expression pattern analysis showed that PbIDD3 and PbIDD5 might
be involved in the metabolism of lignin and secondary cell wall (SCW) formation. In
summary, we provide basic information about the IDD genes of five Rosaceae species,
providing a theoretical basis for deeper study of the functions of these genes.
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9 Abstract

10 The INDETERMINATE DOMAIN (IDD) gene family encodes hybrid transcription factors with distinct zinc finger motifs
11  and appears to be found in all higher plant genomes. In the model plants Arabidopsis and rice, IDD genes have been identified

12 throughout the genome, and the functions of many members have been studied. However, this.gene family has.been studied Jess

n, Rosace

¢_.SPE among,. which, genome-wide. 1den ation_has_on been,_comp d,.n_app h h no

14, . comprehensive research. in_pear, This study focuses on comparative genomic analysis of the IDD gene family in five Rosaceae
15  species (pear, strawberry, plum, raspberry and cherry). We identified a total of 68 IDD genes: 16 genes in Chinese pear (Pyrus

16  bretschneideri), 14 genes in strawberry (Fragaria vesca), 13 genes in plum (Prunus mume), 14 genes in raspberry (Rubus
17  occidentalis) and 11 genes in cherry (Prunus avium). The evolution of the IDD genes of these five Rosaceae species was revealed
18 by constructing a phylogenetic tree, tracking gene duplication events, sliding window analysis, and conserved microsynteny
19  analysis. The expression analysis of different tissues showed that most of the pear IDD genes had a yery,high transcription level
20  in fruit, flower, and bud. Combining our results with previous research, we speculate that Ph/DD2 and PbIDDS8 may participate
21  in plant flowering induction in pear. Temporal expression analysis showed that the expression patterns of PbIDD3 and PbIDD5
22 were completely opposite to the accumulation pattern of fruit lignin and stone cell contents. Combining the results of the
23 composite phylogenetic tree and expression pattern analysis showed that PhIDD3 and PbIDD5 might be involved in the

24 metabolism of lignin and secondary cell wall (SCW) formation. In summary, we provide basic information about the IDD genes

25  of five Rosaceae species, providing a theoretical.basis for deeper study of the functions of these genes.

26  Keywords: INDETERMINATE DOMAIN (IDD) genes, pear, phylogenetic analysis, microsynteny, lignin synthesis, SCW

27  formation

28 INTRODUCTION

29 Zinc finger proteins are transcription factors with a finger-like domain. They are widely distributed in animals and

30  microorganisms, as well as the plant kingdom (Miller et al., 1985). Zinc finger proteins have been identified and functionally
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analysed in several plant species, such as Jatropha curcas (Shi et al., 2018), Oryza sativa (Zhang et al., 2018), Musa acuminata
(Chen et al., 2014), Gossypium hirsutum (Ren et al., 2018). One group of this large family of proteins, the INDETERMINATE
DOMAIN (IDD) proteins, have a highly conserved ID domain (Colasanti et al., 1998), which has typical C2H2 and C2HC zinc
finger motifs (Wu et al., 2008). C2H2 zinc finger transcription factors are one of the most thoroughly studied transcription factor
families (Agarwal et al., 2007; Wei et al., 2016). The C2H2 zinc finger transcription factors contain tandem repeat segments of
approximately 30 amino acids, all of which have a highly conserved amino acid sequence: (F/Y)-XC-X2-5-C-X3-(F/Y)-X5-psi-
X2-H-X3-5-H (wherein C and H represent cysteine and histidine, respectively, X means any amino acid at this position, and psi
means a hydrophobic residue) (Parraga et al., 1988). This particular sequence structure can bind to Zn?* and fold to form a
structure with two B-sheets and an o-helix. Zn?* mainly plays a role in linking individual amino acid chains and is also the key to

the function of zinc finger protein (Islam et al., 2009; Tian et al., 2010).

The INDETERMINATE DOMAIN (IDD) protein family is a special type of C2H2 zinc finger subgroup. These proteins
have a highly conserved ID domain with a nuclear localization signal and four distinct zinc finger motifs (ZF1, ZF2, ZF3, ZF4)
(Colasanti et al., 2006; Kozaki et al., 2004). A quantitative study has shown that members of the IDD gene family have diverse
biological functions in plants, most of which involve plant growth and development. The functions of many IDD genes in
Arabidopsis have been reported. A¢/DD1 (ENHYDROUS) promotes seed germination by regulating the signalling pathways of
light and hormones (Feurtado et al., 2011). 4¢/DD3 (MAGPIE) and At/DDI10 (JACKDAW) are closely related to the
development of roots, which can regulate tissue boundaries and asymmetric cell division (Welch et al., 2007). AtIDDS5 regulates
the expression of the SS4 gene while positively regulating the biosynthesis of starch granules (Ingkasuwan et al., 2012). At/DD8&
interacts with the promoter of the SUS4 gene to regulate plant flowering and photoperiod signalling (Seo et al., 2011). At the
same time, At/DD§ can also be inhibited by the key gene ANIN10 in the sugar signalling pathway, causing changes in
downstream gene expression, thereby regulating the plant flowering process (Jeong et al., 2015). A2/IDD14, 15 and 16 cooperate
to regulate lateral organ morphogenesis and gravitropism by promoting auxin biosynthesis and transport (Cui et al., 2013). In
maize, ZmID] regulates a leaf-generated signal required for the transition to flowering. ZmID1 produces a transmissible signal in
the leaf, causing the transformation of the stem tip in reproductive development (Colasanti et al., 1998). Also in maize, two
homologous genes were identified from the naked endosperm (nkd) mutants by map-based cloning, named nkd1 and nkd2, which
were subsequently shown to be maize ZmIDDveg9 and ZmIDD?9, respectively (Yi et al., 2015). In rice, OsIDDI10 mediates
ammonium absorption and N metabolism in roots (Xuan et al., 2013). OsIDI plays an important role in the development of

flowers from the vegetative stage to the reproductive stage (Park et al., 2008).

Pear, belonging to the Rosaceae family, is widely cultivated around the world and is popular among people because of
its unique flavour. The history of eating pears in China is very long, and the variety of pears grown is very diverse. 'Dangshan Su'
pear (Pyrus bretschneideri cv. Dangshan Su) belongs to the white pear variety, a characteristic pear variety produced in
Dangshan County, Anhui Province, China. Because of its good quality and high medicinal efficacy, it has a very high market
value. The stone cells in the pear pulp are one of the important sources of this pear's unique taste, and they determine the quality
of the pear fruit (Cai et al., 2010; Yan et al., 2014). The content and size of stone cells in pear fruit have a great influence on the
taste. The main constituent of pear stone cells is lignin, which accounts for 18% of the content of stone cells (Lee et al., 2007).
Because stone cells are part of a secondary cell wall thickening process accompanied by lignin accumulation, lignin synthesis and
secondary cell wall (SCW) formation are closely related to the formation of stone cells (Liu et al., 2012; Zhao et al., 2013). Some
zinc finger proteins are involved in plant SCW formation. The CCCH-tandem zinc finger protein 11P4 interacts with NAC29 and
NAC31 (NAC29 and NAC31 can regulate the formation of SCW formation), resulting in inhibition of plant SCW formation and
thus altered plant mechanical strength (Zhang et al., 2018). Arabidopsis C3H14 and C3H15 have similar functions, which can
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regulate the SCW formation and are closely related to the formation of pollen (Chai et al., 2015). Although the functions of the
zinc finger protein family have been analysed in depth, the members of the IDD gene family have rarely been reported in lignin
biosynthesis and SCW formation; such a role has only been reported in rice. Os/DD?2 can inhibit the expression of cinnamyl
alcohol dehydrogenase (CAD2, CAD3), a key enzyme gene for lignin biosynthesis, thereby negatively regulating SCW formation
and lignin biosynthesis (Huang et al., 2018). Although much research has been done on the function of IDD gene family
members, whether IDD genes regulate lignin biosynthesis and SCW formation in pears is still unknown. The functions of most

pear IDD family genes are unknown, though their basic function can be illustrated by the evolution of the pear IDD family genes.

Currently, complete genome-wide identification of the IDD gene family has been done only in the model plants Arabidopsis,
rice, and maize (Colasanti et al., 2006). Among the Rosaceae species, only apples have had their IDD genes identified genome-
wide (Fan et al., 2017), and this gene family is still unstudied.in.pear. In this study, we performed genome-wide identification and
analysis of the pear IDD gene family. At the same. time, to help us better understand the characteristics of the IDD gene family of
pears, we also selected four Rosaceae species (strawberry, plum, raspberry, cherry) for comparative genomic analysis with pear.
We identified 68 putative IDD genes from pear (16), strawberry (14), plum (13), raspberry (14), and strawberry (11). We
analysed the evolutionary relationships, gene structures, conserved motifs, chromosomal locations, and duplication events of
these five Rosaceae species’ IDD genes. We analysed the cis-acting elements of the pear IDD gene promoter. We studied the
expression patterns of the 16 IDD genes in pear at different stages of pear fruit development, including 15 DAF, 39 DAF, 47
DAF, 55 DAF, 63 DAF, 79 DAF, and 145 DAF, and in different pear tissues, including fruit, flower, bud, stem, leaf (pear fruit
development represented by 15 DAF). Our research provides an important theoretical basis for understanding the pear IDD gene

family.
MATERIALS AND METHODS

Identification of IDD Genes in Five Rosaceae Plants

In this study, the pear genome database was obtained from the Pear Genome Project. (http://peargenome.njau.edu.cn/). The
genome databases of the other four Rosaceae plants (Strawberry, plum, Raspberry and Cherry) were downloaded from GDR
(https://www.rosaceae.org/). DNATOOLS software was used to create a local database containing the amino acid sequences of
the five Rosaceae plants’ IDD genes (Cao et al., 2016a). To identify the IDD genes of these five Rosaceae species, we used the
following methods. First, the Arabidopsis (16) and apple (20) IDD gene sequences were collected for use as query sequences in
TBIlastN with the default E-value (Supplementary Table S1). We compared these sequences with the local database sequences of
the above five Rosaceae species. Then, the IDD candidate gene sequences initially screened by BLAST were tested using
SMART online software to test whether they contained a zinc finger domain (http://smart.embl-heidelberg.de/) (Letunic et al.,
2012). Finally, each candidate sequence containing a zinc finger domain was manually checked for an IDD domain. We
discarded the protein sequences lacking a full IDD domain and redundant sequences. Finally, we isolated the candidate IDD gene
sequences. The ExPASy online site was used for investigating the molecular weights of IDD proteins
(http://web.expasy.org/protparam/) (Artimo et al., 2012). Prediction of subcellular localization results for all IDD proteins was
performed on the WoLFPSORT website (http://www.g enscript.com/wolf-psort.html) (Horton et al., 2007).

Phylogenetic Analysis

Sequence alignment of all IDD proteins was done using the ClustalW tool in MEGA 7.0 software. The phylogenetic tree
was constructed using MEGA 7.0 software using the maximum @mod (ML) (bootstrap = 1000) (Kumar et al., 2016). [:%

Peer] reviewing PDF | (2018:09:31623:0:0:NEW 30 Sep 2018)


Administrator
波浪线

Administrator
波浪线

Administrator
备注
source of these sequences  should be described in the line 95 where you first mentioned. 

Administrator
备注
It is better to apply and compare ML and NJ for  phylogenetic resconstruction in this study. Besides, the parameter setting and treatment of DELETION  is not shown. 


Peer]

108

sequence of apple used in the phylogenetic tree can, ftom the study of Fan (Fan et al., 2017). The sequences of Arabidopsis

109, thaliana, rice, and maize were obtained from the article by Colasanti (Colasanti et al., 2006).

110

111
112
113
114

115

116
117
118
119
120
121
122
123
124

125

126
127
128
129
130
131

132

133
134
135
136
137
138
139
140
141
142

IDD gene Structures and Conserved Motif Prediction

IDD gene structures from pear, strawberry, plum, raspberry and cherry were compared using Gene Structure Server
(http://gsds.cbi.pku.edu.cn) (Guo et al., 2007). The motifs of the IDD genes in these five Rosaceae species were analysed using
MEME online analysis software (http://meme.sdsc.edu/meme4 3 O/intro.html) (Bailey et al., 2015). Parameters for the

conserved motif prediction were motif width greater than 6 and less than 200. The number of identified motifs was 20.

Chromosomal Location, Gene Duplication and Ka/Ks Ratio Analysis

Pear, strawberry, plum, raspberry and cherry chromosome start positions and other relevant information about the IDD
genes were obtained from the public genome database. The chromosomal physical locations of the IDD genes of all five
Rosaceae species were mapped using Maplnspect software (http://mapinspect.software.informer.com) (Niu et al., 2016). To
define gene duplication events, we mainly relied on the following principles: 1, The similarity of the two gene-coding sequences
(CDS) was more than 80%. 2, If the two genes were located on the same chromosome and separated by at least 200 kb, we
considered these two genes tandem-duplicated genes. 3, If the two genes were located on different chromosomes, they were
called segmentally duplicated genes (Long & Thornton, 2001). DnasP v5.0 software was used to calculate non-synonymous (Ka)
and synonymous substitution (Ks) values and perform sliding window analysis. Parameters for sliding window analysis were

window size 150 bp and step size 9 bp (Librado & Rozas, 2009).

Microsynteny Analysis and Pear IDD Gene Promoter Cis-acting Element Analysis

We obtained the promoter sequence of each IDD gene from the Chinese white pear genome database, including the DNA
sequence of the initiation codon (ATG) located 1500 bp upstream of each IDD gene. The online software Plantcare was used to
analyse the cis-acting elements of the promoter region (http://bioinformatics.psb.ugent.be/webtools/plantcarere/html/) (Rombauts
et al.,, 1999). The microsynteny of 6 Rosaceae species (we added the IDD genes of apple) was identified using the Multiple
Collinearity Scan toolkit (MCSscanX) (Abdullah et al., 2018). IDD genes of pear, strawberry, plum, raspberry, cherry and apple

were ordered according to the phylogenetic tree.

RNA Extraction and qRT-PCR

The plant material used in this experiment was the 'Dangshan Su' pear, which grows in the Yuanyichang agricultural park
(Suzhou, Anhui, China). 'Dangshan Su' pear belongs to the white pear variety. In April 2017, we began collecting materials of
various tiss f pears. A s: The fruits were picked at 15 DAF, 39 DAF, 47
DAF, 55 DAF, 63 DAF, 79 DAF, and 145 DAF. RNA was extracted from plant material (including fruits and various tissues)

using the Tiangen (Beijing, China) plant RNA extraction kit. Reverse transcription was performed using a PrimeScriptTM RT
reagent kit with gDNA Eraser (Takara, Japan). Each reaction used 1 pg of RNA. The qRT-PCR primers for the pear IDD genes
were designed using Beacon Designer 7 software (Supplementary Table S8). The qRT-PCR system consisted of 20 pL: 10 pL of
SYBR® Premix Ex Taq™ II (2x) (Takara, Japan), 2 uL. of cDNA and 0.8 uL of PbIDD-F and PbIDD-R. The reaction procedure
followed the ction manual, and it was run in three repetitions. We used the 2-22Ct method for the calculation of relative

expression (Livak & Schmittgen, 2001).
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1, Identification and chemical characterization of IDD gene family in five Rosaceae species
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of 68 IDD proteins were identified and used for further analysis (Table 1; Supplementary Table S2). In Chinese pear, we
identified 16 IDD proteins (PbIDDI-PbIDDI16). We identified a total of 52 IDD proteins in the other four species, including 14
in strawberry (FvIDDI1-FvIDDI14), 13 in plum (PmIDDI-PmIDD13), 14 in raspberry (RoIDDI1-RoIDD14), and 11 in cherry
(PaIlDD1-PaIDD11). Though only 11 IDD proteins were identified in cherry, the numbers of IDD proteins in the other species

were very similar, but less than the number of IDD proteins in apple (20).

2, Phylogenetic Analysis of the IDD genes in pear, strawberry, plum, raspberry and cherry

wa- A phylogenetic tree of a total of
98 IDD proteins was built using the maximum likelihood (ML) (Figure 1). Based on the phylogenetic tree, we identified four
phylogenetic groups (groupsl-4). Groupl had the most members, containing all six Rosaceae species and 44 IDD genes: pear (8),
strawberry (7), plum (6), raspberry (7), cherry (6) and apple (10). In group3 and group2 we identified 21 and 14 IDD genes,
respectively. Group4 had the fewest members: 2 pear genes, 2 strawberry, 2 plum, 2 raspberry, 1 cherry, and no apple. ZmIDI
was individually grouped into a class. Notably, three Arabidopsis genes (4t/DD3, AtIDDS8, AtIDD10) and OsIDD2 were found in
groupl. At/DD3 (MAGPIE) and A#{DD10 (JACKDAW) are closely related to the development of roots, A2/DDS§ regulates
flowering and photoperiod signals in plants, and OsI/DD?2 can inhibit key genes of lignin biosynthesis to negatively regulate plant
SCW formation. These results suggest that Rosaceae IDD genes in groupl may be involved in plant root development, flowering
regulation, and SCW formation. PhIDD3, PbIDDS5, FvIDD3, RoIDD4, PmIDD3, PalDD4 were included in groupl and were
closely related to OsIDD2, suggesting that they are also likely to participate in plant SCW formation. Members of group2 may be
related to plant absorption and metabolism of material, because OsIDDI0 was included in this group, which is involved in
ammonium uptake and nitrogen (N) metabolism. A2/DDI was in group3, indicating that the IDD genes in group3 may be
involved in the germination of plant seeds. A¢/DD15 and OsIDD14 were identified in group4. These two genes are involved in
plant gravitational induction and regulating plant architecture. Therefore, the functions of the 9 IDD genes in group4 may also be

closely related to these aspects.
3, Structural and conserved motif analysis of IDD proteins

To more comprehensively analyse the structural diversity of the five Rosaceae species’ IDD genes, we created exon-intron
pattern maps of all 68 IDD genes (Figure 2). Of the 34 IDD genes in groupl, 25 genes had 3 exons, and 6 genes had two exons.
Additionally, FvIDD7 (4), RoIDD6 (5), PmIDDS (6) had a large number of exons. In group2, FvIDD11 had two exons, PbIDD7
had four exons, and all other members had three exons. Group3 was a subfamily with a complex gene structure: eleven genes had
four exons, and four genes had three exons. All members of Group4 had a gene structure of 3 exons. The lack of high similarity
between the 68 IDD genes allowed us to better understand the conserved motifs of these IDD genes. We used MEME software to
identify 20 conserved motifs (Figure 2; Supplementary Table S3). Motif 2, Motif 3, Motif 1, and Motif 4 were identified to

encode the ID domain, while the remaining motifs did not have functional annotations. As shown in Figure 3, Motif 2, Motif 3,
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180  Motif 1, Motif 4 represented zinc fingers ZF1, ZF2, ZF3 and ZF4, respectively. The four conserved motifs constituted a
181  conserved ID domain, while these four conserved motifs represented two C2H2 and two C2HC structures (ZF1 and ZF2
182  belonged to C2H2, and ZF3 and ZF4 belonged to C2HC). Two C2H2 and two C2HC structures were identified by sequence
183  alignment of the conserved ID domains of five species, and the results showed that the ID domain was highly conserved.
184  Cysteine (C) and histidine (H) in each zinc finger domain showed conservation in each species, in line with previous studies
185  (Supplementary Figure S1-5). All 68 IDD genes had Motifs 1-4. These four motifs were thus the most conserved motifs. At the
186  same time, we found that some members of the same group and the more closely related members had highly similar motif
187  compositions (e.g., FvIDD7 and RoIDD6 in groupl, PmIDDI10 and PaIDD9 in group2). These genes were closely related and
188  had exactly the same motif compositions, which may suggest similarities in the functions of these genes. We also identified

189  certain group-specific motifs, such as motif 12, motif 17 and motif 20 in members of group 4 and motif 19 in some members of

190  group 1. These group-specific motifs may be key factors that distinguish the IDD genes of different groups and play important

191 roles in the distinct functions of these group members. In,addition, o, the, conserved JRD, domain, we, found. two. conserved
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194, TRDELG, encoded by motif 7. All 9 members of group 4 lacked both motif 6 and motif 7. In groupl, PaIDDI10 did not have
195  motif 6, and PhIDD14 and PmIDDS lacked motif 7. All members of group2 and group3 contained these two motifs. The lack of

4

196 these two conserved sequences at the C-terminus of some IDD genes may be the reason that the members of group4 were

197  clustered into a single category and may also underlie differences in the functions of these proteins.
198 4, Chromosomal Location and Duplication Events of IDD Family Genes in Rosaceae

199 According to the complete genome sequences of the five Rosaceae species, the exact chromosomal locations of all 68 IDD
200  genes were identified (Figure 4). In pear, the 16 IDD genes were distributed on chromosomes 3, 4, 8,9, 11, 12, 14, 15, 16 and 17.
201  In strawberry, the IDD genes were distributed on chromosomes 1, 2, 3, 4, 5 and 6. In raspberry, the IDD genes were mainly
202  distributed on chromosomes 2, 4 and 6. Several other IDD genes were distributed on chromosomes 1, 3 and 5. In plum, except
203  PaIDD5, which could not be mapped to any chromosome, the IDD genes were distributed on chromosomes 1, 2, 4, 6, 7 and 8.
204  However, in cherry, 4 IDD genes were distributed on chromosome 1 and the remaining 7 IDD genes were distributed on

205  chromosomes 3, 5, 6, 7 and 8. Gene—duplication-—events-are-the-maln-drivingforceforthe-expanston-of genctamily—members;

212 To clarify the driving forces of gene duplication and explore the impact of these genes on evolutionary processes, we
213  calculated the Ka, Ks and Ka/Ks ratios for the 4 duplicated gene pairs in Chinese Pear. Ka/Ks=1 is the cut-off value that indicates
214  neutral selection, Ka/Ks<1 represents negative selection and Ka/Ks>1 represents positive selection (Bitocchi et al., 2017). For all
215  four duplicated gene pairs identified in Chinese white pear, the Ka/Ks values were less than 0.2726 (Supplementary Table S4).
216  These results indicate that in Chinese white pear, the IDD gene family was expanded due to gene duplication events and that
217  these IDD genes have experienced intens@fying selection. In the evolutionary processes of genes, positive selection may be
218  overshadowed by strong negative selection (Han et al., 2016). Therefore, to comprehensively explain the selection pressure of

219 IDD genes, we performed sliding window analysis of the 4 pairs of IDD paralogues in pears (Supplementary Figure S6). As
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e, the Ka/Ks ratios of the duplicated gene pair DAIDDIRLIDRI0,wers all Jess.than Lin.the coding tegion, while

most.coding.regions were Jess.than 1 (the exceptions were a few distinct

e: A total 30 orthologous gene pairs were identified in-the-eresses-of

e (Figure 5; Supplementary Table S5).
228  There were 1 collinear gene pair between pear and strawberry, 8 pairs between pear and plum, 3 pairs between pear and raspberry,
229 6 pairs between pear and cherry, and 12 pairs between pear and apple. Interestingly, PbIDDI had collinear relationships with
230 some members of the IDD gene families of sevluglther species. This phenomenon may be because PbIDD] appeared before the

231  divergence of common ancestor of these Rosaceae species. We identified some collinear gene pairs among pear and plum, such

232 as PbIDD6/PmIDDG and PbIDD12/PmIDD10, while we could not identify any between pear and raspberry or pear and cherry,

233 suggesting that these orthologous genes developed after plum diverged from the common ancestor of raspberry and cherry. At the
234 same time, we identified some collinear genes in pear and cherry, such as PbIDD8/PalDD7 and PbIDD7/PalDD3, but did not
235  identify any in pear and plum. It is worth noting that PhIDD? also had a collinear relationship with the members of the MdIDD,
236  PmIDD and PaIDD families. This suggests that PhIDD?2 appeared before the divergence of the common ancestor of pear, apple,
237  plum, and cherry. On the other hand, two IDD genes from pear matched with one pair of plum or raspberry genes. For example,
238  PbIDDY and PhIDDI0 were orthologous to PmIDD9, while PhIDD9 and PbIDDI10 were to orthologous to RoIDD7. These
239  findings suggest that they may belong to paralogous gene pairs.

240
241 6, Analysis of Cis-acting elements in the promoters of the IDD genes in Chinese pear

242 Plant IDD genes may be involved in multiple biological processes, and hormones affect their expression. We identified the
243 promoter sequences of the 16 IDD genes in Chinese white pear (promoter length=1500 bp) (Supplementary Table S6). We
244  identified the type and number of cis-acting elements in all 16 IDD gene promoter sequences using Plantcare online software
245  (Figure 6; Supplementary Table S7). We further analysed the possible roles of the Chinese white pear IDD genes in various
246  processes in plants. The results showed that Chinese white pear IDD gene promoters contained a variety of cis-acting elements,
247  involved in a variety of biological processes. Most of the IDD genes (except PhIDD7, 9 and 10) contained a G-Box, which is a
248  light-responsive element, indicating that the expression of these genes may be regulated by light. Half of the IDD genes
249  contained HSE components (such as PhIDDS, 9, 12 and 16), which enhance plant tolerance to high temperature by activating
250  HSP gene expression (Zhao et al., 2018). These IDD genes may play an important role in the regulation of high-temperature
251  stress in plants. Approximately 70% of the Chinese white pear IDD genes had an MBS, suggesting that IDD gene expression may
252 be regulated by MYB transcription factors. TC-rich repeats, which are cis-acting elements involved in defence and stress
253  responsiveness, were identified in PbIDDI, 6, 7, 9, 10, 12, 14 and 16. In addition, there were many cis-acting elements related to
254 the responses to hormones, including abscisic acid (ABRE), MeJA (CGTCA-motif, TGACG-motif), gibberellin (P-box, GARE-
255  motif), auxin (TGA-element), salicylic acid (TCA-element). The auxin-related TGA-element was identified in only five members,
256  which was the least number of homeopathic components. There were 41 cis-acting elements associated with MeJA, which were
257  the most abundant cis-acting elements, suggesting that the expression of the IDD genes may be mainly regulated by MeJA. Of
258  the 16 pear IDD genes, 12 contained 19 CGTCA-motifs, and TCA-elements appeared in the promoter regions of 10 members, for
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a total of 22. These two cis-acting elements were abundant, indicating that PbIDDs play an important role in the plant stress
response, possibly helping resist stress by promoting the biosynthesis of plant lignin. In addition, CAT-box and CCGTCC-box
were found in 11 members (PbIDDI1, 2, 3, 4, 5, 6, 7, 8, 9, 12 and 14), which are cis-acting elements related to meristem

expression.
7, Expression Characteristics of Pear IDD Genes

To deepen our understanding of the Chinese white pear IDD gene family, we investigated the expression patterns of Pb/DDs
in different tissues (Figure 7). Among the 16 members, PbIDD4, 9 and 11 were highly expressed in bud, but in other tissues their
expression was extremely low. PbIDD1, 10 was mainly expressed in flower. PbIDD2, 6, 8§ and 15 were mainly expressed in fruit,
flower and bud. Among them, PbIDD2, § had the highest expression levels in bud, while PbIDD6, 15 had the highest expression
levels in fruit. PbIDDS, 12, 16 were detected in multiple tissues. The main difference was the expression levels in the leaves:
PbIDD12 was highly expressed in leaves, while the expression level of PhIDDS in leaves was the lowest among its 5 expressed
tissues. PbIDD16 had almost no expression in the leaves. PhIDD3, 7, 13 were mainly expressed in the fruit of Chinese white pear,

and PbIDD3, 7 had almost no expression detected in other tissues. We speculate that PbIDD3, 7 are specifically expressed in

fruits. However, PbIDD13 was detected to a certain degree in bud.

e. The expression level of PbIDDI peaked at 39 DAF and was low during the other six
fruit developmental stages. The peak of PbIDD2, 7, 8, 11, 13, 16 expression also appeared at 39 DAF, but high expression was
also detected in the early developmental stages (15, 47 DAF). In the late developmental stages of fruit (79, 145 DAF), these
genes were expressed at a medium level. PhIDD6, 15 had a similar expression pattern to the above genes, except that PbIDD6,
15 were detected in the early developmental stages of fruit but were expressed at extremely low levels in the late developmental
stages of fruit. Ti;?:tjpression pattern of PhIDD9 was special: no expression was detected in the early developmental stages of
fruit, and higher expression was detected in the late developmental stages. However, PbIDD9 had a lower expression level at 79
DAF. In contrast, PhIDDI2 showed the highest amounts of transcriptional accumulation only at 79 DAF, while in the other 6
developmental stages PhIDD12 maintained at a low expression level. PbIDDI10 had two expression peaks, at 39 and 55 DAF.
PbIDD3, 5 had the same expression pattern: high expression early with a peak at 15 DAF, a gradual decline, and a trough of

expression at 47, 55, 63 DAF. Finally, the expression of PbIDD3, 5 increased at maturity.

DISCUSSION

The INDETERMINATE DOMAIN (IDD) gene family encode hybrid transcription factors that have four zinc finger
structures and one nuclear positioning signal. IDD proteins play important roles in regulating plant flowering, development,
stress resistance, secondary metabolism, and other processes (Wong & Colasanti, 2007; Matsubara et al., 2008). The plant IDD
gene can also regulate the expression of the key enzyme genes of lignin synthesis, which affects the biosynthesis of lignin and

regulates the biosynthesis of SCW formation (Huang et al., 2018).

In this study, we identified 16 IDD genes in Chinese white pears, which is more than the number of IDD genes we identified

Peer] reviewing PDF | (2018:09:31623:0:0:NEW 30 Sep 2018)


Administrator
删划线

Administrator
删划线

Administrator
删划线

Administrator
删划线

Administrator
下划线

Administrator
下划线

Administrator
附注
This should be described in the above paragraph at first. 

Administrator
删划线

Administrator
下划线

Administrator
下划线

Administrator
附注
Improve the English to be short and clear. 

Administrator
下划线

Administrator
下划线

Administrator
删划线


Peer]

334
335

from strawberry, plum, raspberry and cherry. Among the Rosaceae species, pear had the second-most IDD gene family members
to apple. This may be because in early evolution, a whole-genome duplication occurred in pear that amplified the chromosome

number from 9 to 17 (Velasco et al., 2010; Cao et al, 2017). A total of 68 IDD proteins were identified in five Rosaceae species

here, all with four distinct zinc finger motifs, consistent with Arabidopsis, rice and other species (Colasanti et al., 2006).-Te

- Group4 included members of the pear, strawberry, plum,
raspberry, cherry, Arabidopsis, and rice IDD families, but not of apple, even though the apple IDD gene family is the largest of
the Rosaceae species (Fan et al., 2017). Its absence from group4 may have been due to the different differentiation patterns of
some genes in the IDD gene family after the initial ancestors appeared, resulting in these genes having different evolutionary
trajectories. A similar phenomenon has been found in another gene family in pear. In the pear PRX gene family, the 15th
subfamily includes members of strawberry, peach, and plum, but no PRX gene of Chinese white pear appears (Cao et al., 2016b).
The ZmID1 gene was clustered into its own class in the phylogenetic tree. No homologous genes were found in the Arabidopsis
and 6 Rosaceae species, but the ZmIDI homologue Os/D1 was present i@ (Colasanti et al., 2006), suggesting the ID1 gene
may be unique to gramineous plants. Interestingly, five Rosaceae species (pear, strawberry, plum, raspberry, cherry) had at least
one IDD gene present in each clade and had a strong bootstrap. These results show that the rapid duplication of IDD genes

occurred before these Rosaceae species diverged.

The gene structure and conserved motif composition may be closely related to the diversity of gene functions (Swarbreck et

al., 2008),

interest. Genes in the same subfamily tended to have very similar gene structures, reflecting that these genes may have similar
functions. For example, PbIDD12 and PmIDDI10 in group2 had the same gene structure (3 exons, 2 introns), and their exon
lengths are also basically the same. Furthermore, based on MEME analysis, we found that members of the same subfamily had
roughly the same conserved protein motifs, but there were differences in motif composition between different subfamilies. The
68 IDD genes we identified all had motifs 1-4, which encoded the conserved ID domain, consisting of four zinc fingers (Z1, Z2,
Z3 and Z4). Through sequence alignment, we found that the five Rosaceae species’ ID domains were highly conserved,
particularly the cysteine (C) and histidine (H) in each zinc finger domain. However, we found that multiple of the 68 IDD genes
lacked the nuclear localization sequence at the N-terminal border (composed of lysine (K) and arginine (R) residues), such as
PbIDD13, 14, FvIDDI10, 11, PmIDDI11, RoIDDS8, 9, PalIDD6, 10. We also found many IDD gene family members in apple
lacked the nuclear localization sequence, but IDD genes in Arabidopsis, maize, and rice all had nuclear localization sequences.
Perhaps this lack of a nuclear localization sequence is unique to the Rosaceae IDD genes. In addition to the highly conserved ID
domain, we found two small domains in the C-terminal region based on previ%udies. The conservation of these two small

domains was much lower than that of the ID domain (Colasanti et al., 2006). The first was a TRDFLG domain, which existed

only in the IDD of highe ts, i if di isti ; for instance, group4 did not contain this
motif. This condiﬁ%jxisted in rice (OsIDDY), maize (ZmIDD6, ZmIDDS), and Arabidopsis (At/IDD15). The MSATALLQKAA
motif was present in most IDD genes, but similar to the TRDFLG motif, we did not identify this motif in the members of group4.
The lack of these two conserved sequences at the C-terminus may be the reason why group4 members clustered into a single
subfamily, and it may also result in differences in the function of these proteins. These sequences show similarities and major
differences in IDD genes beyond the ID domain, suggesting that these genes differentiated early in the evolution of Rosaceae

plants and produced some independent and different functions.

Chromosome localization results showed that the chromosomal distribution of IDD genes of the five Rosaceae species was

irregular. In Chinese white pear, IDD genes were distributed on 10 chromosomes and Chr16 had the most members (3), while
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Chr8, 12, 14, 17 had only one member. A similar distribution has been found in apple. Strawberry, plum, raspberry and cherry
IDD genes were also spread across the chromosomes. Functional divergence of genes often occurs after gene duplication,
accompanied by the introduction of new functions or losses of original functions (Chao et al., 2017). At the same time, gene
duplication events are the main driving force for gene family expansion, which is an important way plants adapt to changing
climates and environments (Tang et al., 2016). Gene duplication events have been identified in multiple gene families, such as
the PKS gene family in Gossypium hirsutum (Su et al., 2017), the HSF gene family in Sesamum indicum (Dossa et al., 2016), the
WRKY gene family in Musa acuminate (Goel et al., 2016). A total of 4 PbIDD gene pairs were identified as duplications in this
study and these duplicated gene pairs all were created by segmental duplication. Four pairs of segmentally duplicated genes were
also identified in apple, verifying the reliability of our results. However, we did not identify gene duplication events in strawberry,
plum, raspberry or cherry. This may be because strawberry, plum, raspberry and cherry have only undergone one (old) whole-
genome duplication (WGD), but the pear has had a recent WGD in addition to an old WGD (Zhang et al., 2012; Wu et al., 2013).
The four pairs of duplicated genes that appeared in pears had a very positive effect on the expansion of the IDD gene family and
contributed to the diversification of the function of the IDD gene. We then performed a sliding window analysis of the four pairs
of segmentally duplicated genes in Chinese white pear. The results showed that these genes have experienced intense purifying
selection. IDD gene involved in hormone pathways simultaneously regulate multiple processes in plant growth and development.
For example, AtIDD3 can be combined with SRDX (a plant-specific repression domain) and interact with DELLA proteins to
regulate GA signalling (Yoshida et al., 2014). A«/[DDI14, 15, 16 regulate lateral organ morphogenesis and gravitropism by
promoting the biosynthesis of auxin (Cui et al., 2013). The IDD family genes have a large number of responsive hormone-related
cis-acting elements (Fan et al., 2017), so we analysed the cis-acting elements of all 16 IDD gene promoters in pear. Salicylic acid
is an endogenous signalling molecule necessary for plant resistance to systemic stresses (Klessig & Malamy, 1994) and MeJA
can be used as a signalling molecule to induce plant defence gene expression (Titarenko et al., 1997). Many MeJA response
elements and SA response elements were found in pear, such as PhIDDI, 5, 6 which all contained both kinds of cis-acting
elements. From this we infer that members of the pear ID e have resistance mechanisms that rely on MeJA and SA. GA
plays an important role in the process of plant flower induction (Porri et al., 2012; Zhang et al., 2016), as GA response elements

were found in 12 members. This suggests that pear IDD genes may be closely involved in flower induction.

. Previous research has shown that IDD genes are most highly
expressed in the leaf and bud (Fan et al., 2017), but we found the highest pear IDD gene expression in fruit, flower and bud. Only
PbIDD12 had high expression in leaf. Interestingly, we found that PbIDD?2, 5, 6, 8, 9, 12, 16 showed higher transcription levels
in both flower and bud, the expression in bud was higher than flowers. In Arabidopsis, rice and maize, IDD genes are involved in
plant flower induction and are regulated by hormones and sugars (Matsubara et al., 2008; Wu et al., 2008; Jeong et al., 2015). GA
can regulate plant flowering by inhibiting flowering genes. The promoter regions of PbIDD?2, 6, 8, 12, 16 have the GA-response
cis-acting element, but PhIDD6, 16 were mainly expressed in fruit and PbIDDI2 mainly in leaf. Based on our above findings, we
speculate that PhIDD2, 8§ may be involved in the regulation of plant flowering induction in Chinese white pears. PhIDD1, 10
were mainly expressed in the flowers of Chinese white pears, probably because these two genes are involved in the synthesis of

bioactive substances in flowers.

The stone cells and lignin in 'Dangshan Su' pear fruit are mainly formed during the period of 15 to 63 DAF and reach their
peak levels at 55 DAF (Zhang et al., 2017). The expression analysis of these 16 PbIDDs at seven developmental stages of fruit

showed that the expression pattern of any ne was consistent with the developmental law of 'Dangshan Su' pear fruit stone
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cells and lignin. However, there were two more specific genes, PbIDD3 and PbIDDS5. The expression patterns of these two genes
showed a completely opposite rule to the accumulation of 'Dangshan Su' pear stone cells and lignin. PbIDD3 and PbIDDS5
showed extremely high expression levels at 15 DAF. At 15 to 47 DAF, a stage of massive accumulation of lignin and stone cells,
the expression of these two genes showed a gradually decreasing trend. At the peak of lignin accumulation (47, 55, 63 DAF),
PbIDD3 and PbIDD5 showed very low levels of transcription. In the late stage of fruit development (79, 145 DAF), the
expression level increased slightly. According to the phylogenetic tree, PbIDD3, PbIDD5 and OsIDDZ2 were most closely related.
In rice, OsIDD?2 regulates SCW formation while negatively regulating the expression of key enzyme genes in lignin synthesis to
inhibit lignin biosynthesis, such as cinnamyl alcohol dehydrogenase (CAD) (Huang et al., 2018). In Chinese white pear, CAD-is

predicted-to-regulate-the-biosynthesis-of fruit lignin.—The expression pattern of PbCAD is exactly the same as the accumulation
pattern of stone cells and lignin (Cheng et al., 2017). The expression patterns of PhIDD3 and PbIDD5 were opposite to those of

od—of- PbCAD and hicher durine the low

uits: We speculate that
PbIDD3 and PbIDIS ¢ mainly expressed in fruits and have similar functions to Os/IDD2, regulating SCW formation in pear
fruit cells and inhibiting lignin biosynthesis by inhibiting the expression of lignin synthesis key enzyme genes. PbIDD6 and
OsIDD?2 also had a close relationship, but their expression patterns in fruits was not related to the accumulation of lignin.
PbIDD6 may not be involved in the biosynthesis of lignin, but it might participate in the synthesis of SCW formation or regulate

the biosynthesis of lignin in other tissues of pear.

CONCLUSION

We identified 68 IDD genes in five Rosaceae species (pear, strawberry, plum, raspberry, and cherry), which we
systematically assessed by bioinformatic analysis. According to the phylogenetic tree, the 68 IDD genes were divided into 4
groups. In each class, we found that the structures of the genes and the compositions of the conserved motifs were very similar.
Through chromosomal localization, conserved microsynteny, and gene duplication analysis, we revealed the evolution and family
expansion of the IDD genes of these five Rosaceae species. According to qRT-PCR, pear IDD genes have high expression levels
in fruit, flower and bud. Further, we believe that PbIDD2, 8 are involved in the regulation of plant flowering induction in pear
and that PhIDD3, 5 are involved in the regulation of SCW formation and lignin biosynthesis in pear fruit. All in all, this study
reveal the basic information of the five Rosaceae species’ IDD genes and predicts the potential functions of some pear IDD

proteins. These results will provide an important theoretical basis for improving the quality of 'Dangshan Su' pear.
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Table 1. The IDD genes of pear identified in this study are listed.

Figure 1. Phylogenetic relationships and subfamily designations in IDD proteins from pear, strawberry, plum, raspberry, cherry,

apple, Arabidopsis, rice and maize. Groups1-4 are represented by shades of red, green, blue and cyan, respectively.

Figure 2. Predicted pear, strawberry, plum, raspberry and cherry IDD protein conserved motifs and exon-intron structures. (A)
Gene structures of the IDD genes. Black wedge indicates exon, black line indicates intron and red wedge indicates UTR. (B)

Distribution of MEME motifs in IDD genes. (C) The colour and corresponding number of each motif box.

Figure 3. Conserved ID domain composition. All 68 IDD genes had a characteristic ID domain. The ID domain consists of four
zinc fingers (Z1, Z2, Z3 and Z4). Alignment analysis of the 68 IDD gene sequences using the ClustalW tool in MEGA 7.0

software. These domain diagrams were plotted using the online WebLogo tool.

Figure 4. Chromosomal locations of IDD genes in pear (A), strawberry (B), raspberry (C), plum (D), and cherry (E). Duplicated
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gene pairs are connected with coloured lines.

Figure 5. Microsynteny of regions among pear, strawberry, plum, raspberry, cherry and apple. The chromosome numbers are
indicated by differently coloured boxes and are labelled by Pb, Fv, Pm, Ro, Pa, and Md. The differently coloured boxes also
represent the sequence lengths of chromosomes in megabases. The black line indicates the syntenic relationship among the IDD

regions.

Figure 6. Potential cis-elements in the 5’ regulatory sequences of the 16 PbIDD genes.

Figure 7. Expression patterns of IDD genes of Chinese white pear in different tissues and in fruit at different developmental
stages. (a-o0) Expression patterns of IDD genes in Chinese white pear in different tissues. (A-O) Expression patterns of IDD genes

in Chinese white pear at different developmental stages.

Supplemental Figure S1. Pear IDD protein sequence alignment. Black underline indicates zinc finger domain (Z1, Z2, Z3 and
Z4). Red triangle indicates a conserved C residue, and blue triangle indicates a conserved H residue. The yellow underline
indicates the NLS sequence in the N-terminal region of the IDD gene. Green box means the MSATALLQKAA domain, and
purple box indicates the TRDFLG domain.

Supplemental Figure S2. Strawberry IDD protein sequence alignment. Black underline indicates zinc finger domain (Z1, Z2, Z3
and Z4). Red triangle indicates a conserved C residue, and blue triangle indicates a conserved H residue. The yellow underline
indicates the NLS sequence in the N-terminal region of the IDD gene. Green box means the MSATALLQKAA domain, and
purple box indicates the TRDFLG domain.

Supplemental Figure S3. Plum IDD protein sequence alignment. Black underline indicates zinc finger domain (Z1, Z2, Z3 and
Z4). Red triangle indicates a conserved C residue, and blue triangle indicates a conserved H residue. The yellow underline
indicates the NLS sequence in the N-terminal region of the IDD gene. Green box means the MSATALLQKAA domain, and
purple box indicates the TRDFLG domain.

Supplemental Figure S4. Raspberry IDD protein sequence alignment. Black underline indicates zinc finger domain (21, Z2, Z3
and Z4). Red triangle indicates a conserved C residue, and blue triangle indicates a conserved H residue. The yellow underline
indicates the NLS sequence in the N-terminal region of the IDD gene. Green box means the MSATALLQKAA domain, and
purple box indicates the TRDFLG domain.

Supplemental Figure S5. Cherry IDD protein sequence alignment. Black underline indicates zinc finger domain (Z1, Z2, Z3 and
Z4). Red triangle indicates a conserved C residue, and blue triangle indicates a conserved H residue. The yellow underline
indicates the NLS sequence in the N-terminal region of the IDD gene. Green box means the MSATALLQKAA domain, and
purple box indicates the TRDFLG domain.

Supplemental Figure S6. Sliding window plots of duplicated IDD genes in Chinese white pear. The grey shaded portion

indicates conserved ID domain. The X-axis indicates the synonymous distance within each gene.

Supplementary Table S1. Gene sequence involved in the article.
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Supplemental Table S2. The IDD genes of strawberry, plum, raspberry and cherry identified in this study are listed.

Supplementary Table S3. Detailed information of the 20 motifs in the 68 IDD proteins.

Supplementary Table S4. Ka/Ks analysis of the duplicated IDD paralogues from Chinese white pear.

Supplemental Table S5. Synteny data in pear, strawberry, plum, raspberry, cherry, apple.

Supplementary Table S6. Promoter sequence of 16 IDD genes in pear.

Supplementary Table S7. Complete information on Cis-acting elements of the 16 PbIDD genes.

Supplementary Table S8. Primers used in qRT-PCR.
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Table 1(on next page)

The IDD genes of pear identified in this study are listed.

The IDD genes of pear identified in this study are listed.
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1 Table 1. The IDD genes of pear identified in this study are listed.

Preditced

Gene name Gene ID AA KD pl GRAVY  subcellular

localization
PbIDD1 Pbr029706.1 489 51.5 8.17 -0.460 nucl
PbIDD?2 Pbr006167.1 535 55.7 8.98 -0.427 nucl
PbIDD3 Pbr032492.1 533 58.0 8.98 -0.659 nucl
PbIDD4 Pbr021137.1 553 60.4 9.31 -0.634 nucl
PbIDDS Pbr028264.1 526 57.4 8.89 -0.693 nucl
PbIDD6 Pbr019853.1 537 59.1 8.67 -0.807 nucl
PbIDD7 Pbr012193.2 567 61.7 8.92 -0.772 nucl
PbIDDS Pbr020403.1 524 57.3 9.07 -0.740 nucl
PbIDD9 Pbr009954.1 465 50.9 9.19 -0.664 nucl
PbIDDI10 Pbr012907.1 465 51.1 8.99 -0.629 nucl
PbIDD11 Pbr008330.1 464 51.0 9.35 -0.727 nucl
PbIDDI2 Pbr012192.1 607 64.7 9.13 -0.723 nucl
PbIDD13 Pbr025606.1 426 472 9.25 -0.646 nucl
PbIDD14 Pbr029012.1 381 42.7 9.36 -0.655 nucl
PbIDDI15 Pbr038802.1 502 56.4 9.02 -0.914 nucl
PbIDDI16 Pbr012170.1 492 54.4 8.93 -0.805 nucl
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Figure 1

Phylogenetic relationships in IDD proteins from pear, strawberry, plum, raspberry,
cherry, apple, Arabidopsis, rice and maize.

Phylogenetic relationships and subfamily designations in IDD proteins from pear, strawberry,
plum, raspberry, cherry, apple, Arabidopsis, rice and maize. Groupsl-4 are represented by

shades of red, green, blue and cyan, respectively.

Pear

© Strawberry
® Plum

® Raspberry
® Cherry

® Apple

¢ Arabidopsis
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¢ Maize
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Figure 2

Predicted pear, strawberry, plum, raspberry and cherry IDD protein conserved motifs
and exon-intron structures.

Predicted pear, strawberry, plum, raspberry and cherry IDD protein conserved motifs and
exon-intron structures. (A) Gene structures of the IDD genes. Black wedge indicates exon,
black line indicates intron and red wedge indicates UTR. (B) Distribution of MEME motifs in

IDD genes. (C) The colour and corresponding number of each motif box.
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Figure 3

Conserved ID domain composition.

Conserved ID domain composition. All 68 IDD genes had a characteristic ID domain. The ID
domain consists of four zinc fingers (Z1, Z2, Z3 and Z4). Alignment analysis of the 68 IDD
gene sequences using the ClustalW tool in MEGA 7.0 software. These domain diagrams were

plotted using the online WebLogo tool.
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Figure 4

Chromosomal locations of IDD genes in pear, strawberry, raspberry, plum, and cherry.

Chromosomal locations of IDD genes in pear (A), strawberry (B), raspberry (C), plum (D), and

cherry (E). Duplicated gene pairs are connected with coloured lines.
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Figure 5

Microsynteny of regions among pear, strawberry, plum, raspberry, cherry and apple.

Microsynteny of regions among pear, strawberry, plum, raspberry, cherry and apple. The
chromosome numbers are indicated by differently coloured boxes and are labelled by Pb, Fv,
Pm, Ro, Pa, and Md. The differently coloured boxes also represent the sequence lengths of

chromosomes in megabases. The black line indicates the syntenic relationship among the

IDD regions.
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Figure 6

Potential cis-elements in the 5’ regulatory sequences of the 16 PbIDD genes.

Potential cis-elements in the 5’ requlatory sequences of the 16 PbIDD genes.
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Figure 7

Expression patterns of IDD genes of Chinese white pear in different tissues and in fruit
at different developmental stages.

Expression patterns of IDD genes of Chinese white pear in different tissues and in fruit at
different developmental stages. (a-0) Expression patterns of IDD genes in Chinese white pear
in different tissues. (A-O) Expression patterns of IDD genes in Chinese white pear at different

developmental stages.
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Review Tips

The English should be improved. As a Chinese writer, the Chinglish in this manuscript is obvious.
The language statement is not refined. There are some repeated sentences can be found both in
Result and Discussion. Most of these kinds of language problems | found have been labeled with
wavy underline or linear underline in the PDF.

Line 44-58: The research progress of IDD gene functions in plants were described in too much
detail and look like a simple list. | suggest you improve this by providing a conclusive evaluation of
IDD gene functions study progress with few sentences.

Line 59-77: In this paragraph, there is a long text about research background of the molecular
mechanism of SCW in pear which seems to be too narrow compared with the title of this
manuscript. | suggest you review abundant researches on roles of IDD in fruit development and
phylogenetic and evolutionary studies of IDD in other plant taxa.

Line 80-89: There are detail descriptions of study results which should be described in the
“Results” section. | suggest you shorten this paragraph and briefly explain the purpose and
significance of the current study based on the previous research background.

Line 148-152: The number of the IDD identified in different species should be described in a
simple and clear way. | suggest you integrate this paragraph with the following paragraph of
phylogenetic analysis. Besides, this paragraph lacks basic information about the IDD amino acid
sequence and protein. You can refer to the literature ( Fan et al., 2017) in your references list.

Line 160-170: The speculation of different IDD genes based on phylogenetic clustering is
inadequate. You should combine all of the analyses results including the gene structure, motif
(Line 194 and 197) , location to provide a more reliable speculation, and these should be
described in the “Discussion” section. Here, what you can do is just describe the evolutionary
relationship of these IDD genes in terms of species and the number of IDD genes based on what
you can see according to phylogenetic tree.

Line224: | suggest integrate his paragraph with “chromosomal location” and “ phylogenetic
analysis ” to better analyze the findings.

Line 230-239: | suggest you include the Arabidopsi, rice and maize in the Microsyneny Analysis
(you might do an additional analysis for pear and these three species) as you do in the
phylogenetic analysis, which can lead you to draw a complete and clear evolutionary events of all
of IDDS genes (paralogs, ortholog) identified in this study before and after divergence of
Rosaceae species, rather than few examples in the current manuscript. | would like to see a
conclusion of “hypothetical evolutionary mode” of IDDs genes based on the combined results in
the end of this article in the form of a picture.

Line 247-259: Improve the description of the results with clear (e.g. the exact of number of genes)



and concise comparisons among or between different IDD genes. There are a lot of speculations
which should be discussed in the “Discussion” section.

Discussion:
Line 296: The number of IDD genes identified in apple and pear ( both belong to Maloideae) are
different, and the author need to do some explanation.

Line 303-30: The explain is weak, the possible evolutionary processes of gene should be proposed
based on combined results of this study and other related studies.

Line 321-324: The results of nuclear localization prediction are not found in the “Results”, and
the related figures of tables are not shown here. The explain of “Perhaps this lack of a nuclear
localization sequence is unique to the Rosaceae IDD genes” is weak and contradictory to “These
proteins have a highly conserved 1D domain with a nuclear localization signal” (Line 41).

Line 330-331: The same sentence has been described in the Results. And the “explanation” or
speculation of why group 4 lacks these two conserved sequences in is actually not provided.

Line 363-365: You should compare the gene expression pattern of a pair of the most homologous
IDDS genes in apple and pear to get some congruence or contradiction, and provide corresponding
explain.

Line 366-367, Since the IDD gene from Arabidopsis, rice and maize are included in this study,
you should clearly stated which IDD in the three species may have similar function to those
(PbIDD2, 6, 8, 12, 16) found in pear, and provide stronger support from the other evidences
besides the cis element.

Line 374-376: “The expression analysis of these 16 PbIDDs at seven developmental stages of fruit
showed that the expression pattern of any one gene was consistent with the developmental law of
‘Dangshan Su' pear fruit stone cells and lignin.” | can’t see and understand the “consistence” from
the Figure 7.

Line 390-392: PbIDDG is closely related to MdIDD9 and MdIDD18, so you should compare
expression pattern of PbIDD6 with MdIDD9 and MdIDD18 (Fan et al., 2017). And, you will find
contradiction. Since you did not carry out related laboratory work related to lignin in any tissue, it is
too weak to make such a speculation based on a phylogenetic relationship only.

For the Discussion section, you should combing all of the results including expression pattern,
phylogenetic, chromosomal location, microsynteny, gene structure and motif to draw a conclusive
picture of speculated mode of evolution and function diversification of all of the IDD genes
identified in the this study. To do this, my suggestion is divide your Discussion into several
organized topics rather than a similar arrangement to the Results. Since you did not carry out any
laboratory work on either lignin or other interesting compounds, it is strange that you just pick two



genes that are possibly related to lignin based on expression pattern during fruit development to
make some discussions (also in the introduction) . According to the title (topic) of the study, you
should not ignore the other IDD genes that might participate in important pathways of fruit
development. If you are most interested in lignin, you might carry out related work to provide a
reliable evidence.
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