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Running title (50 characters)
Searching Horticultural Genomic Data

Abstract
Horticultural crops comprising fruit, vegetable, ornamental, beverage, medicinal and aromatic

plants play essential roles in food security and human health, as well as landscaping. With the
advances of sequencing technologies, genomes for hundreds of horticultural crops have been
deciphered in recent years, providing a basis for understanding gene functions and regulatory
networks and for the improvement of horticultural crops. However, these valuable genomic data
are scattered in warehouses with various complex searching and displaying strategies, which
increases learning and usage costs and makes comparative and functional genomic analyses
across different horticultural crops very challenging. To this end, we have developed a

lightweight universal search engine, HortGenome Search Engine (HSE; http://hort.moilab.net),

which alows querying genes, functional annotations, protein domains, homologs, and other
gene-related functional information of more than 400 horticultural crops. In addition, four
commonly used toals, including ‘BLAST’, ‘Batch Query’, ‘Enrichment analysis’, and ‘ Synteny

Viewer’, have been developed for efficient mining and analysis of these genomic data.
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Introduction

Horticultural crops comprise fruits, vegetables, floricultural and ornamental plants, as well as
beverage, medicinal and aromatic plants, and have played critical roles in food supply, human
health, and beautifying landscapes. With the growing human population, new demands are
placed on the yield, quality, diversity, and nutritional value of horticultural crops. Decoding the
genomes of horticultural crops not only provides an opportunity to investigate gene functions
and regulatory networks™?, but also serves as the cornerstone for functional and comparative
genomics studies** and paves a path to resolve complex QTLs of important horticultural traits’.
Advanced genome editing technologies have been demonstrated in recent years to have a great
potential for improving the quality and yield of horticultural crops®, and reference genomes
provide precise sequences for the application of genome editing technologies. Thus, genome
sequencing plays a crucia role in horticultural crop improvement, and serves as an important
foundation for understanding the history of crop domestication and evolution.

With the rapid advances of sequencing technologies, especially the PacBio HiF long-read
sequencing technology, various horticultural crop genomes have been deciphered, including
those with high heterozygosity and polyploidy levels. To store, mine, and analyze the large-scale
genomics data of horticultural crops, numerous databases have been developed, such as Sol
Genomics Network (SGN), Genome Database for Rosaceae (GDR), Cucurbit Genomics
Database (CuGenDB), among others™®. Most of these databases manage genomic data for
plants from a single-family or species'. Therefore, the genomic resources of horticultural crops
are scattered in different databases, and these databases exhibit different ways of presenting and
utilizing results, resulting in certain difficulties for users, especialy in terms of searching tools
that differ in complexity and functionality. This creates a learning curve for users seeking to
search, browse, and conduct comparative analysis of genomic data across a broader range of
plant species.

In recent years, there has been an increasing focus on using search engines to explore the

genetic makeup of plants’. This has proven to be an invaluable tool for researchers who are
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87 interested in studying plant genomics, functional genomics, and molecular assisted breeding. To
88 this end, we have developed the HortGenome Search Engine (HSE; http://hort.moilab.net), a
89 lightweight universal search engine for the genomic data of horticultural crops. Compared to
90 other genomic databases, it stands out for its search engine-like interface that allows users to
91  eadly search genomic data without requiring prior knowledge. Currently, the searchable genomic
92 data includes species information, gene sequences, comprehensive functional annotations, and
93 homologous gene pairs. The HortGenome Search Engine contains data of 434 genome
94  assemblies for horticultural crops covering fruit trees, vegetables, ornaments, and beverage
95 plants, aswell as mode plant species, Arabidopsis and rice. In addition to the searching function,
96 several commonly used genomic data mining and analysis tools have been implemented in HSE,
97 including ‘BLAST’, ‘Batch Query’, ‘ Enrichment analysis’, and ‘ Synteny Viewer’.

98

99 DATABASE CONTENTSAND FEATURES

100  Preparation of genomic data

101 More than 1000 genome assemblies of nearly 800 plant species have been sequenced and
102 published by the end of 2021***. Genomic data of horticultural crops, including the genome
103  sequences, gene structure annotations in general feature format (GFF), and mRNA, coding (CDS)
104  and protein sequences of protein-coding genes, were collected from plant genomics, comparative
105  genomics, and plant family-specific databases, such as Phytozyme™, Ensembl Plants'®, Genome
106  Warehouse in National Genomics Data Center'’, SGN’, GDR® and others. For some genome
107  assemblies, only the genome sequences and GFF files are available; therefore, the corresponding
108 mRNA, CDS and protein sequences were extracted using the gffread program™. We further
109  performed quality control on the collected genomic data to ensure the accuracy of the data to be
110  included in the database. For example, genome assemblies that lack a GFF file or have an
111 inaccurate GFF file in which the numbers of genes or gene IDs were inconsistent with the
112 corresponding mRNA, CDS and protein sequence files, were excluded. Finally, a total of 434

113  genome assemblies for horticultural crops, as well as the model plant species Arabidopsis and
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114 rice, were collected and included in the database (Table S1). Besides the genomic data, the
115  taxonomy information, statistics of genome assemblies, associated publications, and images of
116 the plant species, have also been collected from the PlaBiPD database (https.//www.plabipd.de/),
117 published manuscripts, and other data sources, and included in the database.

118

119  Genefunctional annotation

120  We used the pipeline described in our previous studies™*

to generate comprehensive functional
121 annotations for all protein-coding genes of the collected genome assemblies of horticulture plants.
122 Briefly, protein sequences of the predicted genes were blasted against the GenBank
123 non-redundant (nr), UniProt (TrEMBL and SwissProt), and Arabidopsis protein databases using
124  DIAMOND?® with an E-value cutoff of 1e-4. Based on the identified homologs from the UniProt
125 and Arabidopsis protein databases, concise and informative functional descriptions were

126  assigned to each gene using the AHRD program (https://github.com/groupschoof/AHRD).

127  Protein sequences were further compared against the InterPro database using InterProScan® to
128  identify functional protein domains. Transcription factors (TFs), transcriptional regulators (TRS),
129  and protein kinases (PKs) were identified using the i TAK pipeline®.

130 To generate GO and KEGG pathway annotations for functional enrichment analyses, protein
131 sequences were compared against the EggNOG database using eggnog-mapper?. The assigned
132 GO terms of genes/transcripts retrieved from the eggnog-mapper results were converted to the
133 GO Annotation File (GAF) format. In the eggnog-mapper results, some non-plant KEGG
134 pathways were assigned to plant genes/transcripts. For example, the tomato gene
135  Solyc09g008400, which encodes a serine/threonine protein phosphatase 2A regulatory subunit
136  protein, was assigned to map05165, the human papillomavirus infection pathway. These
137 non-plant pathways were manually identified and removed from the eggnog-mapper results.

138

139  Synteny blocks and homologous gene pairs

140  Identifying synteny blocks and homologous gene pairs within or across genomes lays the
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141 groundwork for discovering and dating ancient genomic evolution events, as well as for inferring
142 genefunctions®. Detection of synteny blocks among all the 434 genomes would yield more than
143 90,000 pairwise genome comparisons, which is time-consuming and computationally not
144  feasible. Therefore, in our study syntenic blocks and homologous gene pairs were identified only
145  between any two genome assemblies from species within the same family, and within each
146  genome assembly. In addition, synteny blocks and gene pairs were also identified between any
147  genome assemblies and their corresponding model plants, i.e., Arabidopsis for eudicot plants and
148  rice for monocot plants. Briefly, the CDS of each genome were arranged in the order based on
149  the GFF file, and then the CDS from different chromosomes, linkage groups, or scaffolds of the
150 two compared genomes were aligned using the LASTZ program with default parameters.
151 Syntenic blocks and homologous gene pairs were then identified using the python version of
152 MCScanX?®, which implements a new BLAST filter to remove weak syntenic regions and
153 tandem duplications®. In the end, a total of 1,832,351 syntenic blocks and 413 million
154  homologous gene pairs were identified from 6,994 pairwise genome comparisons and imported
155  into the back-end database.

156

157  Dataintegration and indexing

158  Genome sequences, gene structures, and functional descriptions are imported into MongoDB, a
159  popular NoSQL document database (https.//www.mongodb.com/). Currently the database
160  contains more than 34 million records of genes and transcripts from 434 genome assemblies. The
161  top BLAST hits (homologs), GO terms, and InterPro domains assigned to each protein-coding
162  gene have been imported into MongoDB, resulting in more than 126 million records in the
163  database for searching. Indexing of gene/transcript IDs, functional descriptions, GO and Interpro
164  terms, and TH/TR and protein kinase family names has been performed in the database, allowing
165  for efficient search of large amounts of data. The interactive web interfaces have been devel oped
166  using the Flask web framework and HTML.

167
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168 DATABASE FUNCTIONS

169  Search interface

170  To enhance user convenience in searching large-scale genomic data of horticultural crops, we
171 have designed the search page to resemble popular search engines such as Google and Microsoft
172 Bing. Multiple search methods have been streamlined into a single search box, thereby alowing
173  users to search for genes of interest by entering various types of keywords and other related
174  information, without requiring any prior experience or specialized training (Figure 1A).
175  Currently, the keywords could be the name of the species and gene, gene ID, the functional
176  description of the gene, the family name of the transcription factor or protein kinase, or the GO
177  or IPRID. It is acknowledged that scientific names of crop species may be challenging to enter
178  accurately than common names. Additionally, it is often difficult for users to remember precise
179  information, such as IDs for genes, GO and IPR terms. To address this issue, we have
180  implemented an auto-completion function for entering keywords. This feature prompts users
181  with suggestions based on the information stored in the backend database after entering 2-3
182  characters, aiding in the accurate entry of information mentioned above. For example, when
183  users search for tomato genetic information, they can use the common name ‘tomato’ or the
184  Latin name ‘Solanum lycopersicum’ for the query. When entering the first few characters, the
185  HSE will automatically prompt and complete the corresponding name for users to choose (Figure
186  1B). After selecting species keywords, users can enter other keywords such as gene ID, gene
187  name, gene functional description, etc (Figure 1C-E).

188 The search returns a gene list with the corresponding species name, gene/transcript IDs,
189 gene locations, and gene functional descriptions (Figure 1F). The species name and
190 geneltranscript IDs are linked to the corresponding genome page of the species and
191  geneltranscript pages, respectively. In addition, if user enters a keyword that combines the name
192  of a species and the name of a specific TFH/TR/PK family (Figure 1E), the results will directly
193  return to the corresponding gene family page of the species (Figure 3).

194
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Figure 1. Search interface and result pages in HortGenome Search Engine. (A-E)
Screenshots of the search interfaces. (F) Gene list of search results, including plant name,

geneltranscript 1D, genomic location and functional description.
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199  Genome page display

200  The genome page displays basic information about the plant species and the genome assembly,
201 andiscomprised of three sections. taxonomy, genome assembly and annotation, and publication.
202  The taxonomy section provides the scientific name, common name, and taxonomy information
203  of the plant species, and the taxonomy ID is linked to the GenBank taxonomy database. The
204  ‘genome assembly and annotation’ section shows the information about genome assembly size,
205 the numbers of genome sequences, genes, MRNAS, CDS, and proteins, as well as the ploidy level
206  information and the download link of the genome assembly. For the publication section, the title,
207 authors, abstract, and publication date of the corresponding genome paper, which were
208 automatically retrieved from PubMed according to the PubMed Identifier (PMID), are displayed
209 (Figure2A).

(B)

210
211 Figure 2. Genome page in HortGenome Search Engine. (A) Screenshot of the genome page

212 containing the genome information and picture of the plant. (B) Screenshot of the genome page
213  containing transcription factors, transcriptional regulators, and protein kinases identified from the
214  genome.

215

216  On the genome page, an additional pagination is available to display the names and numbers of
217  transcription factors, transcriptional regulators, and protein kinases identified for the selected

218  genome (Figure 2B). Clicking on a family name directs to the corresponding gene family page.
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219

220  Genefamily page display
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221
222  Figure 3. Gene family page in HortGenome Search Engine. Screenshots of the list and
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223  download links (A), locations on chromosomes (B), structure (C) and functional domains (D) of
224  thetomato bZIPfamily genes.

225

226  The gene family page displays homol ogous genes belonging to the same family, as well as gene
227  location, structure, and functional domains. At present, only genes from the transcription factor,
228 transcriptional regulator, and protein kinase families identified by iTAK# can be searched and
229  displayed. For example, searching for the bZIP transcription factor of tomato will display all 60
230 bZIP genes identified in the genome. The page provides download links to retrieve gene list,
231  CDS, protein, and promoter sequences of these bZIP genes (Figure 3A). The location of genes on
232  chromosomes, gene structure, and protein functional domains are valuable information to study
233  gene families. Therefore, the gene family page of HSE diaplays the images of gene location,
234  structure, and protein functional domains for these homologous genes (Figure 3B-D), which
235  provide convenience for studying the function and evolution of the corresponding gene families.
236

237  Geneand transcript page display

238  Each gene or transcript has a detailed feature page that contains all the related sequences and
239  annotation information. The gene feature page forms different paginations based on the content
240  types (Figure4). The overview pagination contains information about plant species, gene ID,
241 location, strand, and functional description, as well as transcripts belonging to this gene. The
242  gene structure is represented by its primary transcript and displayed using FeatureViewer %
243  (Figure 4A). The sequence pagination contains gene, mMRNA (primary transcript), CDS, and
244  protein sequences (Figure 4B). In the BLAST pagination, it shows the top 5 homologs identified
245  from the GenBank, UniProt, and TAIR databases, respectively. The BLAST hit accession IDs are
246  linked to the corresponding databases, which allow users to access the expression, interaction,
247  protein structure, and other information of the homologous genes from other databases. The
248  detailed sequence alignment of the BLAST result is shown in a popup page when clicking the
249  ‘Show’ link (Figure 4C). The domain pagination lists the functional domains identified from the
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250 protein sequence of this gene (Figure 4D). The gene ontology pagination lists the GO terms

251  assigned to this gene and
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Figure 4. Gene feature page in HortGenome Search Engine. (A) Screenshot of the gene page
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254  containing basic information and gene structure. (B) Screenshot of the gene page containing gene,
255 mRNA, CDS, and protein sequences. (C) Screenshot of the homolog genes and sequence
256  alignments from the BLAST results. (D) Screenshot of the functional domains predicted from the
257  protein sequence of the gene. (E) Screenshot of the GO terms assigned to the gene. (F)
258  Screenshot of the gene page containing collinear gene pairs.

259

260 the GO IDs are linked to the AmiGO database which provides details of the GO terms (Figure
261  4E). The TH/TR/PK pagination shows the family name if the gene isidentified as belonging to a
262  specific TF/TR/PK family, which is linked to the corresponding gene family page. The syntelog
263  pagination containsthe collinear gene pairs and syntenic blocks related to this gene (Figure 4F).
264

265 BLAST

266  We implemented the online BLAST tool, one of the most widdly used tools in genome databases,
267  using the SequenceServer”’. In the query interface, the indexed genomes are organized in a

268  hierarchical taxonomy display using jsTree (https.//www.jstree.com/). The BLAST indexed

269  databases are categorized into nucleotide and protein databases. The nucleotide databases include
270  the BLAST indexes for genome and mRNA/CDS sequences, and protein databases contain all
271 indexes of protein sequences. With this interface, the BLAST search can be performed more
272 flexibly (Figure 5A). For example, by providing a DNA or protein sequence, the user can search
273  against the sequences from a single plant species, or across the entire genus and family, or al
274  plant species in the database. This provides a useful tool for studying gene function and
275  evolution.

276

277  Batch Query

278  Genomic and functional genomic studies typically generate large lists of interesting genes, and
279  retrieving nucleotide or protein sequences and functional annotations of these genes for

280 downstream analyses is essential to understand the underlying biological processes. Similar to
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281  the online BLAST tool, a hierarchical taxonomy tree is provided in the ‘Batch Query’ interface
282 for easily selecting the genome to be analyzed. The query options will be changed dynamically
283  according to the selected feature type. By selecting the ‘gene’ feature type, sequences containing
284  exons, introns and the upstream and downstream sequences of a list of genes can be extracted
285 (Figure 5B). By sdlecting ‘mRNA’ or ‘protein’ feature type, in addition to extracting mRNA and
286  protein sequences, the query also allows for retrieving functional descriptions, and family
287  information for TFs, TRs and PKs.

288

289  Enrichment analysis

290  Genomic and functional genomic analyses are capable of producing extensive lists of genes that
291  areof interest. However, it is crucial to translate these lists into biologically relevant information
292  to gain adeeper understanding of the underlying molecular mechanisms of the related biological
293  processes. Enrichment analysis is a potent method that can be employed to identify classes of
294  genes that are overrepresented in a list of genes. This approach enables the identification of
295 highly dynamical biological processes or biochemical pathways under specific experimental
296  conditions or developmental stages. In order to facilitate the enrichment analysis of gene and
297  transcript data for hundreds of genomes, a hierarchical taxonomy tree has been constructed for
298 the ‘GO Enrichment Analysis and ‘KEGG Enrichment Analysis tools, utilizing the same
299  structure asthat used in BLAST and ‘Batch Query’. The ‘GO Enrichment Analysis' tool has been
300 implemented through the use of the Perl module GO::TermFinder, which employs the
301  hypergeometric distribution test to determine enriched GO terms®. Similarly, the ‘KEGG
302 Enrichment Analysis tool has been developed using KEGG pathways assigned to genes via
303  eggnog-mapper, with enrichment significance calculated through the hypergeometric distribution
304 test. The resulting enrichment analysis output page provides a list of enriched GO terms and
305 KEGG pathway names, with links to the relevant GO and KEGG databases™*°. Additionally,
306 genes corresponding to each enriched GO term or KEGG pathway are included with links to

307 relevant gene pages in HSE. Overall, GO and KEGG enrichment analyses are essential tools for
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308 theinterpretation of genomic and functional genomic data, and their use is critical for advancing
309  our understanding of complex biological systems.

310
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312  Figure 5. Query interfaces of data mining tools in HortGenome Search Engine. (A)
313  Screenshot of the BLAST query page. (B) Search interface of ‘Batch Query’. (C) Search
314  interface of ‘Synteny Viewer’.

315  Synteny Viewer

316 We have previously developed ‘Synteny Viewer’ as an extension module of Tripal to view
317  genome synteny and homologous gene pairs between different cucurbit genomes’. The tool has
318 been adopted by many genome databases, including Genome Database for Rosaceae

319 (https://www.rosaceae.org)®, ZEAMAP (http://zeamap.com)™, etc. In HSE, the ‘ Synteny Viewer’

320 has been re-implemented using Python/FLASK for managing the large amount of comparative
321  genomic data generated from hundreds of plant genomes. To facilitate the search of massive
322  amount of synteny blocks and homologous gene pairs, the genome selection form is designed
323  with genomes well organized through a hierarchical taxonomy tree. The chromosome/scaffold
324  sdlection drop-down list and the compared genome drop-down list will be automatically updated
325 according to the selected genome (Figure 5C). The search result provides a circos plot that
326  displays synteny blocks for query and compared chromosomes/scaffolds. Each synteny block is
327 linked to a complete list of homologous gene pairs within the block, and each gene is linked to
328 thedetalled gene feature page mentioned above.

329

330 CONCLUSIONSAND FUTURE DIRECTIONS

331  We have developed a universal search engine, HSE, that allows querying genes, functional
332  annotations, and homologous gene pairs for hundreds of genomes of horticultural crops. More
333 than 16 million genes with comprehensive functional annotations as well as 1,832,351 synteny
334  blocks and 413 million homologous gene pairs from 434 genome assemblies are stored in
335 NoSQL document-oriented database for searching. It is worth mentioning that multiple indexes
336  have been established on the document-oriented database to facilitate users to search genesin a
337  more flexible way through a simple search box, which sets HSE apart from other plant genomic

338 databases. Furthermore, several popular data mining tools of genomic databases have been
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339 implemented in HSE, including enrichment analysis of GO terms and KEGG pathways, 'Batch
340 Query for retrieving gene sequences and functional annotations, ‘ Synteny Viewer’, and BLAST.
341 We will continue to collect genomic data of horticultural crops for HSE. HSE will be
342 updated every six months or new horticultural genomes are available. In addition, users can
343  submit genomes to HSE by contacting us. In the future, we will expand the scope of data search
344  to cover other omics data such as gene regulatory networks, gene expression, genotype and
345  phenotype. Furthermore, additional online data mining and visualization tools based on the

346  horticultural crop genomeswill be implemented in HSE.
347
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448 FIGURESLEGENDS

449  Figure 1. Search interface and result pages in HortGenome Search Engine. (A-E)
450  Screenshots of the search interfaces. (F) Gene list of search results, including plant name,
451  geneltranscript 1D, genomic location and functional description.

452

453  Figure 2. Genome page in HortGenome Search Engine. (A) Screenshot of the genome page
454  containing the genome information and picture of the plant. (B) Screenshot of the genome page
455  containing transcription factors, transcriptional regulators, and protein kinases identified from the
456  genome.

457

458 Figure 3. Gene family page in HortGenome Search Engine. Screenshots of the list and
459  download links (A), locations on chromosomes (B), structure (C) and functional domains (D) of
460  thetomato bZIP family genes.

461

462  Figure 4. Genefeature page in HortGenome Search Engine. (A) Screenshot of the gene page
463  containing basic information and gene structure. (B) Screenshot of the gene page containing gene,
464 mMRNA, CDS, and protein sequences. (C) Screenshot of the homolog genes and sequence
465  alignmentsfrom the BLAST results. (D) Screenshot of the functional domains predicted from the
466  protein sequence of the gene. (E) Screenshot of the GO terms assigned to the gene. (F)
467  Screenshot of the gene page containing collinear gene pairs.

468

469 Figure 5. Query interfaces of data mining tools in HortGenome Search Engine. (A)
470  Screenshot of the BLAST query page. (B) Search interface of ‘Batch Query’. (C) Search
471  interface of ‘ Synteny Viewer'.

472
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