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Highlights
●●	 Developed toGC, a new tool that corrects errors in gene annotations using RNA-seq data.
●●	 Experimentally validated toGC's accuracy, discovering two novel GPCR genes misannotated as one.
●●	 Demonstrated toGC's broad utility by applying it successfully to multiple oomycete species.

Abstract
The accuracy of genomic annotation is crucial for subsequent functional investigations; however, computational protocols 
used in high-throughput annotation of open reading frames (ORFs) can introduce inconsistencies.  These inconsistencies, 
which lead to non-uniform extension or truncation of sequence ends, pose challenges for downstream analyses.  Existing 
strategies to rectify these inconsistencies are time-consuming and labor-intensive, lacking specific approaches.  To address 
this gap, we developed toGC, a tool that integrates genomic annotation with RNA-seq datasets to rectify annotation 
inconsistencies.  Using toGC, we achieved an accuracy of nearly 100% accuracy in correcting inconsistencies in published 
Phytophthora sojae ORFs.  We applied this innovative pipeline to the GPCR-bigrams gene family, which was predicted 
to have 42 members in the P. sojae genome but lacked experimental validation.  By employing toGC, we identified 32 
GPCR-bigram ORFs with inconsistencies between previous annotations and toGC-corrected sequences.  Notably, among 
these were 5 genes (GPCR-TKL9, GPCR-TKL15, GPCR-PDE3, GPCR-AC3, and GPCR-AC4) showed substantial 
inconsistencies.  Experimental gene annotation confirmed the effectiveness of toGC, as sequences obtained through cloning 
matched those annotated by toGC.  Importantly, we discovered two novel GPCRs (GPCR-AC3 and GPCR-AC4), which 
were previously mispredicted as a single gene.  CRISPR/Cas9-mediated knockout experiments revealed the involvement of 
GPCR-AC4 but not GPCR-AC3 in oospore production, further confirming their status as two separate genes.  In addition to 
P. sojae, the reliability of the toGC pipeline in Phytophthora capsici and Pythium ultimum further emphasizes the robustness 
of this pipeline.  Our findings highlight the utility of toGC for reliable gene model correction, facilitating investigations into 
biological functions and offering potential applications in diverse species analyses.
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1. Introduction
A burgeoning number of  genomes are undergoing 
sequencing, unveiling a novel perspective on the distinct 
attributes of individual organisms and presenting fresh 
opportunities for functional genomic analysis.  Yet, the task 

of genome annotation still poses challenges, particularly 
in eukaryotes, where the goal is to establish precise gene 
models with accurate exon-intron structures for all genes 
(Danchin et  al. 2018).  However, not all species boast 
genome annotations of comparable quality to well-studied 
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organisms such as humans or Arabidopsis, which have 
extensive research and ample experimental evidence for 
numerous genes (Bult et  al. 2019), many sequences in 
non-model organisms are predicted via high-throughput 
computational annotations and may, therefore, be incomplete 
or erroneous.  In reality, even for many model species, such 
as humans, where extensive research has been conducted 
on the human genome, annotation errors still exist (Zerbino 
et al. 2020).  Similar situations were observed in model fungi 
and bacteria (Salzberg 2019; Mohanta and Al-Harrasi 2021).

Frequent errors encountered in gene models encompass 
erroneous exon and gene boundaries (Guigo et al. 2000), 
retention of non-coding nucleotide sequences within coding 
exons (Dragan et al. 2016), missed genes (Denton et al. 
2014), and fragmentation or fusion of gene models (Guigo 
et al. 2006).  These errors can propagate into downstream 
applications, resulting in incongruous or erroneous findings 
(Hadley 2003).  Such errors can significantly affect the study 
of individual proteins, including transcript quantification, 
phylogenetic tree construction, and predictions related to 
protein structure or function (Deutekom et al. 2019).  Thus, 
gene sequence information must be accurate, dependable, 
and presented in a clear and consistent manner.  It is 
imperative to rectify gene models for our target genes before 
embarking on any functional analyses.  However, in many 
cases that focused on only a small subset of genes and 
without the necessity for a comprehensive reannotation of 
the entire genome, a need arises for a swift and convenient 
method to promptly assess the accuracy of annotations for a 
small set of genes.

In this study, we introduce a comprehensive pipeline, toGC 
(Transcriptome-based Gene Model Correction), designed to 
rectify gene models by integrating genomic annotation with 
a diverse range of RNA-seq datasets.  An illustrative case 
study in Phytophthora sojae underscores the efficacy of this 
approach.  The concept we propose, utilizing consensus 
sequences of transcripts for gene model correction, can be 
extended to various analyses of non-model organisms.

2. Materials and methods
2.1. Simplified instructions for toGC workflow
Firstly, we acquired transcriptomic raw data from public 
databases and conver ted them in to  FASTQ f i les .  
Subsequently, Cutadapt and FastQC were employed to 
filter and eliminate Illumina sequencing data adapters.  The 
resultant quality-controlled FASTQ files were aligned to a 
reference genome using read mappers such as Bowtie2, 
BWA, or HISAT2, generating SAM files.  These SAM files 
were then converted to BAM files and sorted.  Further, 
the sorted BAM files were merged using samtools.  These 
merged BAM files include index information of the reference 
genome and are ready for importation into visual exploration 
software, such as IGV, along with the reference genome 
and annotated GFF files.  The subsequent step involves 
visually assessing the target genes and their gene models 
by comparison with transcriptome information.  For more 
detailed instructions on toGC, please refer to Appendix A.

2.2. Extraction of gDNA and cDNA of P. sojae
Genomic DNA was extracted from fresh P. sojae mycelial 
samples.  Total RNAs were extracted from fresh P. sojae 
myce l ia l  samples us ing Tr izo l  ex t rac t ion method.  
Complementary DNA (cDNA) was synthesized from the 
extracted total RNA.  The synthesis of cDNA was performed 
using HiScript reverse transcriptase (R101-02, Vazyma, 
Nanjing, China), followed by the addition of gDNA eraser 
enzyme (Vazyme, Nanjing, China) to eliminate any genomic 
DNA.  

2.3. Targeted gene deletion and screening of knockout 
mutants
Gene deletion mutants were generated using the CRISPR-
mediated gene replacement strategy (Fang and Tyler 2016).  
The hygromycin gene, ligated with two 1.0-kb fragments 
flanking the target gene, was used as donor DNA in homology-
directed repair (HDR) (Appendix B-a).  We transformed 
P. sojae using PEG-mediated protoplast transformation (Hua 
et al. 2008).  Putative resistant transformants were selected 
by growth on 10% (v/v) V8 medium containing 50 μg mL–1 
geneticin and screened by PCR using the primer combinations 
as shown in Appendix B-a.  

The primer set F1/R1 (Appendix C), located within the 
GPCR-AC3 or GPCR-AC4 ORF, was used to screen for 
the deletion of GPCR-AC3 or GPCR-AC4 in the genome of 
resistant transformants (Appendix B-b).  The primer sets F2/
R2 and F3/R3 (Appendix C) were used to detect homologous 
recombination events (Appendix B-b).  Moreover, Sanger 
sequencing across the junctions of the flanking sequences 
consistently supported the replacement of the GPCR-AC3 or 
GPCR-AC4 with the hygromycin gene (Appendix B-c and d).

2.4. Growth and oospore production
To determine growth rate, all strains were grown on V8 
medium at 25°C in the dark.  Colony diameters on V8 
medium during 4 days and the relative growth rates were 
calculated.

To monitor and quantify oospore production, strains were 
grown on lima bean agar (LBA) medium at 25°C in the dark.  
After 10 days, the cultures were examined microscopically.  
Three blocks of 1 cm² were excised from the medium, and 
within each block, three random fields at 40× magnification 
were selected for counting the number of oospores.  All 
assays were repeated at least three times.

3. Results
3.1. Computed gene model may not in line with cloned 
authentic sequences
Oomycetes are a widespread group of f i lamentous 
microorganisms that pose a significant threat to global food 
security and natural ecosystems (Thines 2018).  Genomic 
sequences of oomycetes are sprouting in recent years, 
providing valuable insights into oomycete research field 
(McGowan and Fitzpatrick 2020).  We are wondering whether 
the released gene models are correct, so we have collected 
20 published genes with available sequences by cloning in 
P. sojae (Appendix D).  Due to the genome of P. sojae had 
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been annotated in two versions, the initial P. sojae V1.1 
(GenBank assembly accession: GCA_000149755.1) and 
the latest P. sojae V3.0 (GenBank assembly accession: 
GCA_000149755.2) (Tyler et al. 2006), we conducted a 
multiple alignment of published genes among V1.1, V3.0, 
and authentic cloned sequences.  We found that, in P. sojae, 
approximately 40% of the ORFs of published genes were 
initially annotated incorrectly, leading to the sequence 
differences in coding length or even completely incorrect 
reading frames (Fig. 1-A and B).  For example, in Fig. 1-C, 
PsHint1, the histidine triad nucleotide-binding protein 1, was 
predicted the same start codon in both genomic versions, 
whereas the cloned sequence inferred that the coding 
actually starts with an earlier start codon (Zhang et al. 2016).  
PsABCF1, a putative ATP-binding cassette protein, also has 
an error in the start codon in the V3.0 annotation (Liu 2014), 
while the protein phosphatase PsPP2C has errors in intron 
prediction in V1.1 and the start codon in V3.0, respectively 
(Qiu et  al. 2023).  Another example is the SET domain 
protein PsKAMT3 regulating histone H3K36 trimethylation, 
which should have been coded by a shorter sequence due 
to an early occurrence of stop codon relative to the V3.0 
genome (Chen et al. 2023).  In addition, PsMPK7 has errors 
in start codon and intron in V1.1 and the start codon in V3.0 
separately (Gao et al. 2015).  Notably, the P. sojae genome 
encodes three 6mA methyltransferases as core regulators 
involved in epigenetic modification, but all three have 
respective errors in their predicted ORFs, with PsDMAT1 
had an error in start codon that resulting in extending length, 
PsDMAT2 having an error in intron that results in wrong 
stop codon, and PsDMAT3 having a wrong start codon in 
both genomic versions (Chen et al. 2018).  These errors 
underscore the importance of manual curation to ensure 
accuracy of gene model, thereby enhancing the success in 
downstream functional studies.

3.2. toGC: Correction of gene models through consen-
sus transcribed sequences
The lack of congruency between predicted gene models 
and authentic ones infers the necessity to reanalyze gene 
models of interest prior to conducting any phylogenetic 
analysis or experiments.  Although amplifying DNA products 
from cDNA and using Sanger sequencing to confirm 
sequence authenticity is a practical strategy for a handful 
of genes, it becomes time-consuming and expensive when 
dealing with dozens or hundreds of genes.  As well known 
transcriptomic sequencing reveals transcripts’ abundance, 
which generally draws more attention.  However, it is also 
good at qualitatively uncovering the information of transcribed 
sequences, particularly displaying full profile of an authentic 
model, such as correct start and stop codon sites, no intron 
disturbance, even displaying alternatively spliced transcripts 
in different samples.  By means of this context, we developed 
a user-friendly workflow, toGC, which incorporates multiple 
transcriptome data together (Ye et al. 2011; Wang et al. 
2018; Qiu et al. 2020) to capture consensus transcribed 
sequences, and combine with visual tool (i.e.,  IGV) to vividly 
correct gene models (Fig. 1-D).  Briefly, transcriptomic raw 

data from multiple stages of P. sojae were gathered, as gene 
expression may vary at different stages.  After a standard 
RNA-seq data analysis workflow, including quality control, 
mapping, alignment along with conversion of SAM files 
into BAM files, these data were cataloged and merged into 
specific BAM files according to the developmental stages, 
such as mycelia, sporangia, zoospore, germinated cysts 
and infection.  These combined BAM files contain index 
information of P. sojae genome V3.0 and ready for next 
importing to visual exploration software, such as IGV, along 
with P. sojae genome V3.0 file and annotated GFF files 
(Fig. 1-D), the details of toGC are available in Appendix A.

To assess the effectiveness of the toGC pipeline in 
correcting gene models, we applied it to the published genes 
mentioned in Fig. 1-C.  We identified two types of errors 
in predicted gene models, including errors in start codons 
(e.g., PsHint1, PsABCF1, PsPP2C, PsMPK7, PsDMAT1 and 
PsDMAT3), and introns within genes (e.g., PsMPK7, PsPP2C, 
PsKAMT3, PsDMAT2, and PsDMAT3).  We observed that all 
errors related to reading frames (start codon and intron) got 
corrected (Fig. 1-C; Appendix D).  It is noteworthy that the 
toGC pipeline employs the genomic information as a blueprint 
and incorporates transcriptome data; hence, it cannot correct 
errors resulted from genome sequence or genes with no 
transcription.  Overall, the toGC pipeline surprisingly yielded an 
accuracy of nearly 100% in ORF prediction for the published 
genes (Fig. 1-C; Appendix D).  

3.3. Practical performance of toGC in correcting pre-
dicted gene models in GPCR family
To double confirm the effectiveness of the toGC pipeline, we 
turned our attention to genes within a large family, GPCR-
bigrams (G-protein coupled receptor domain and a catalytic 
accessory domain).  G protein-coupled receptors (GPCRs), 
commonly referred to as seven transmembrane receptors 
or 7TM receptors, constitute a substantial group of proteins 
functioning as cell surface receptors.  They are responsible 
for detecting molecules external to the cell and triggering 
cellular responses (Weis and Kobilka 2018).  Notably, 
oomycetes feature a distinctive class of GPCRs known 
as GPCR-bigrams, characterized by the presence of an 
accessory catalytic domain alongside the GPCR domain 
(Van den Hoogen et al. 2018).  It has been reported that the 
P. sojae genome contains 42 GPCR-bigrams, which can 
be further classified into 1 AP-GPCR (aspartic protease-
GPCR), 7 GPCR-ACs (GPCR-adenylyl cyclase), 5 GPCR-
INPPs (GPCR-inositol polyphosphate phosphatase), 2 
GPCR-PDEs (GPCR-phosphodiesterase), 12 GPCR-PIPKs 
(GPCR-phosphatidylinositol-4-phosphate 5-kinase) and 15 
GPCR-TKLs (GPCR-tyrosine kinase-like), however, whose 
models were not certificated yet by cloning (Van den Hoogen 
et al. 2018).  Using the toGC pipeline, we corrected all the 
ORFs associated with the GPCR-bigrams.  We compared 
toGC-corrected gene sequences with the original gene 
models and found that 32 ORFs of GPCR-bigrams contained 
inconsistencies among V1.1, V3.0 and toGC-corrected 
sequences (Appendix E).  Specifically, when comparing with 
corrected sequences, 24 genes had inconsistencies in the 
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The V1 seq and V3 seq represent that the predicted sequences of genes from two versions of annotated genomes, the initial V1.1 
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in Appendix D.  B, accuracy of the published 20 gene sequences by predicted method (before) or by toGC pipeline (after).  C, gene 
models of published 20 genes from predicted database or cloned actual sequences.  The cloned sequences, the predicted sequences 
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significant difference at P<0.01 (**).  
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V3.0 annotation, while 14 genes exhibited inconsistencies 
in V1.1 (Appendix E).  Among these inconsistences, five of 
them displayed huge variations among V1.1, V3.0 and toGC-
corrected sequences (GPCR-TKL9, GPCR-TKL15, GPCR-
PDE3, GPCR-AC3, GPCR-AC4) (Fig. 1-E), we further cloned 
these 5 genes individually for verification.

GPCR-TKL9 was found to have particularly different ORFs 
in P. sojae V3.0 (Ps313892 without introns, 1,677 bp) and V1.1 
(Ps129200 with four introns, 2,577 bp) (Fig. 1-E).  However, 
GPCR-TKL9 has a very low transcriptional abundance in 
all transcriptome files (mycelia, sporangia, germinated cyst, 
zoospore and infection).  Thus, we were unable to reanalyze 
this gene by incorporating transcriptome data.  To address this 
issue, we cloned the GPCR-TKL9 sequence from genomic 
DNA (gDNA) and complementary DNA (cDNA) of P. sojae.  
Through gel electrophoresis and Sanger sequencing, we 
confirmed that real sequence of GPCR-TKL9 is 2,577 bp 
without introns (Fig. 1-F; Appendix F).  

GPCR-TKL15 and GPCR-PDE3 were predicted from 
P. sojae V3.0 genome, but GPCR-TKL15 was not annotated 
in P. sojae V1.1 genome, and GPCR-PDE3 was entirely 
absent from P. sojae V1.1 genome (Fig. 1-E).  To verify the 
existence of the two genes, we cloned their real sequences 
from gDNA and cDNA of P. sojae.  The experimental gene 
annotation further confirmed the correctness of this tool, as 
evidenced by the congruence of sequences between practical 
cloning and toGC annotation (Fig. 1-F; Appendix F).  

Interestingly, we found two GPCR-ACs (GPCR-AC3 and 
GPCR-AC4) were incorrectly predicted as a single gene 
(Ps341867) in P. sojae V3.0 genome (Fig. 1-E).  As shown in 
Fig. 1-F; the full length of Ps341867 can be amplified in gDNA 
but not in cDNA (F4/R5), indicating that the introns may have 
been wrongly predicted in this sequence.  Furthermore, two 
DNA fragments were separately amplified from cDNA using 
two primer pairs (F4/R4 and F5/R5) (Fig. 1-F; Appendix C), 
confirming that indeed they are two separate genes.  Most 
of the errors found in the GPCR-bigrams resulted in partial 
changes in protein length but they still belong to GPCR-
bigrams.  However, two errors found in introns (Ps477243 
and Ps390167) resulted in a premature termination, causing 
the corrected sequences to be excluded from the GPCR-
bigrams (Appendix E).  Thus in P. sojae, after correction, 
there are a total of 1 AP-GPCR, 9 GPCR-ACs, 3 GPCR-
INPPs, 3 GPCR-PDEs, 12 GPCR-PIPKs and 15 GPCR-TKLs.  
Of particular interest is the discovery of two genes (GPCR-
AC3 and GPCR-AC4) that were erroneously predicted as 
a single gene, potentially relegating one of them to remain 
an untapped dark gene forever.  To further investigate 
the function of these newly discovered genes, CRISPR/
Cas9-mediated technology was utilized to generate three 
independent knockout mutants for each gene (Appendix B).
Results showed that there were no obvious changes in 
oospore production and mycelium growth in the GPCR-AC3 
knockout mutants.  However, in the GPCR-AC4 knockout 
mutants, mycelium growth remained unaffected while a 
significant reduction was observed in oospore production 
(Fig. 1-G and H).  Therefore, the toGC pipeline developed 
herein not only display strength in identifying previously 
overlooked “dark genes” but also demonstrates its potential 

in an applied perspective for functional investigations.  

3.4. toGC pipeline corrects gene models in Phytoph-
thora capsici and Pythium ultimum
To validate the robustness of the toGC pipeline in other 
oomycete species, we gathered transcriptomic raw data 
from P. capsici (Wang et al. 2023).  Merged BAM files were 
generated for gene model correction with toGC, focusing on 
published genes with cloned sequences.  PcPdeH (Pc511692) 
is a putative phosphodiesterase crucial for polarized growth 
and pathogenicity in P. capsici.  The actual PcPdeH sequence 
exhibited an earlier start codon than initially predicted (Li 
et al. 2020).  Employing the same steps as used for P. sojae, 
the toGC pipeline successfully corrected the gene model of 
PcPdeH, aligning with the cloned sequence (Appendix G-a).

To further confirm the robustness of the toGC pipeline, 
we obtained transcriptomic raw data from P. ultimum (Feng 
et  al. 2021) and generated merged BAM files for gene 
model correction.  Our focus shifted to an RNA-binding 
protein (PuM90), essential for oospore production.  Previous 
confirmation indicated its automated gene model incorrectly 
predicted the start codon and introns, with the predicted 
gene model spanning 1,233 bp, while the actual sequence 
is 2,631 bp with an earlier start codon and two introns (Feng 
et al. 2021).  Using the same approach, we observed that the 
toGC pipeline successfully corrected gene model of PuM90, 
aligning with the cloned sequence (Appendix G-b).  These 
results affirm the applicability of the toGC pipeline in multiple 
oomycete pathogens.  

4. Discussion
In this study, we introduce toGC as an innovative method 
aimed at rectifying inaccuracies in gene models resulting from 
erroneous annotations of ORF start and stop sites, as well 
as introns.  We observed these discrepancies in published 
P. sojae genes, where they occurred at a surprisingly high 
frequency of up to 40% (Appendix D).  These discrepancies 
necessitated additional efforts from researchers who had to 
invest considerable time in cloning the true sequences of their 
candidate genes, as documented in previous studies (Zhang 
et al. 2016; Chen et al. 2023).  It is crucial to acknowledge 
that this rate of ORF annotation inconsistencies is likely 
an underestimation.  This is particularly true for genes with 
extremely low transcriptional abundance, as exemplified by 
the case of GPCR-TKL9 in our study.  Furthermore, if draft-
quality genomes were included, the rate would likely be even 
higher.  

Genuine errors in start and stop site predictions can arise 
from several sources, including the inherent imprecision 
of automated computational methods, sequencing errors 
introducing premature stop codons or masking start site 
signals, and draft-quality genome sequencing causing 
truncation of ORFs that span contig edges.  While some 
ORF annotation differences are undoubtedly legitimate, 
distinguishing them from sequencing errors is a daunting task 
without additional validation strategies.  Even state-of-the-art 
eukaryotic gene prediction algorithms can make significant 
errors that have a profound impact on subsequent analyses.  
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A recent study has revealed that gene prediction errors in 
ORFs can affect up to 50% of subsequent coding protein 
sequences (Meyer et al. 2020).

In our dataset, we observed that inconsistencies in start 
codon annotations were more prevalent than those at stop 
codon ends (Fig. 1-C).  This is likely due to the relative ease 
of identifying the first stop codon along an ORF compared to 
the complexity of discriminating between multiple potential 
start codons at the 5´ sequence end.  Abnormally short 
3´ sequence lengths may be linked to sequencing errors 
introducing premature stop codons in the wrong introns or 
programmed frameshifts within these ORFs.  Additionally, 
inconsistencies in intron annotations were the most frequent 
among all types of annotation errors (Fig. 1-C and E).  This 
could be attributed to limitations in previous gene prediction 
algorithms or insufficient experimental data.

To address these challenges and improve the accuracy 
of gene structure prediction, we integrated 31 transcriptome 
datasets encompassing five developmental or infectious 
stages of P. sojae.  This integration led to the development 
of the toGC workflow, which leverages transcriptome data 
to achieve a 100% accuracy rate in ORF prediction for 
P. sojae genes (Fig. 1-C and E).  The versatility of this tool is 
demonstrated across various gene types, including G protein-
coupled receptors (GPCR-AC3 and GPCR-AC4), mitogen-
activated protein kinase (PsMPK7), methyltransferases 
(PsDAMT1, PsDAMT2, and PsDAMT3), protein phosphatase 
(PsPP2C), ATP-binding cassette protein (PsABCF1), among 
others.  It is notable that GPCR-AC3 and GPCR-AC4 were 
initially mispredicted as a single gene (Fig.  1-E and F), 
potentially leaving one of them undiscovered as a dark gene 
indefinitely.  Importantly, these two genes are closely situated 
in the genome, sharing identical protein domains with nearly 
80% sequence similarity (Appendix F).  This raises the 
question of whether they are the same gene with similar 
biological functions.  Subsequently, functional validation of 
these two genes was conducted, revealing distinct biological 
roles (Fig. 1-G) and confirming their status as two separate 
genes.  

It is essential to highlight that the toGC workflow depends
on gene candidates with adequate transcriptional abundance.  
Therefore, it is advisable to consider multiple stages, 
especially if a candidate gene exhibits low expression in 
a particular stage.  This rationale underlies our decision 
to incorporate data from five distinct stages of P. sojae in 
our study.  If a gene demonstrates low expression across 
all analyzed transcriptional data, this method may not 
effectively correct the gene models for such genes.  Another 
noteworthy limitation of this method is that it cannot rectify 
errors arising from genome sequencing or assembly issues.  
Since the transcriptional data utilized in the workflow are 
derived from alignments to sequenced reference genomes, 
any inaccuracies in the underlying genome sequences may 
persist in the corrected gene models.

Our method was chosen for its time efficiency and 
convenience, enabling the identification of gene sequences 
in species with sufficient RNA-seq data or expressed 
sequence tag (EST) data.  While more accurate strategies 
for verifying gene structure predictions exist, such as higher-

quality genome sequencing or assembly, these methods 
are computationally intensive and not always updated with 
each release of gene databases.  The primary objective 
of our pipeline is to enhance gene sequence quality using 
existing genome sequences with minimal computational 
cost, time consumption, and labor intensity.  For users 
working with P. sojae, P. capsici and P. ultimum, we have 
integrated transcriptome data and provided user-friendly 
software tools (e.g., IGV) for accomplishing the subsequent 
steps.  For users working with other species, we have made 
it straightforward to integrate transcriptome data, providing 
all the necessary scripts in the Appendix files.  This user-
friendly workflow allows for the correction of gene models 
using genomic and transcriptome data, even if they may not 
be of the highest quality.  In the future, we intend to expand 
this method to allow for gene model correction in additional 
species.  

5. Conclusion
In summary, our work has demonstrated a notable 
enhancement in the precision of gene model correction 
through the utilization of the toGC tool.  Furthermore, we 
have showcased its remarkable performance in elucidating 
the intricacies of ‘dark genes’ that have hitherto remained 
unannotated.  Our study serves as a beacon, underscoring 
the efficacy of the integrated transcriptomic methodologies as 
a means to elevate the caliber of oomycete genomes, while 
requiring only modest financial and labor investments.
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