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Abstract

RNA-seq data is currently generated in numerous non-model organisms that lack a ref-
erence genome. Nevertheless, the confirmation of gene expression levels using RT-
gPCR remains necessary, and the existing techniques do not seamlessly interface with
the omics pipeline workflow. Developing primers for many targets by utilising ortholo-
gous genes can be a laborious, imprecise, and subjective process, particularly for plant
species that are not commonly studied and do not have a known genome. We have
developed a primer design tool, named PABLOG, that analyses the alignments gener-
ated from long or short RNA-seq reads and a reference orthologous gene. PABLOG
scans, much like a bee searching several flowers for pollen, and presents a sorted list of
potential exon-exon junction locations, ranked according to their reliability. Through
computational analysis across the whole genomes of several non-model species, we
demonstrate that PABLOG performs more effectively than other methods in identifying
exon-exon junctions since it generates significantly fewer false-positive results. Examina-
tion of candidate regions at the gene level, in conjunction with laboratory studies, shows
that the suggested primers successfully amplified particular targets in non-model plants
without any presence of genomic contamination. Our tool includes a consensus
sequence feature that enables the complete process of primer design, from aligning with
the target gene to determining amplification parameters. The utility can be accessed via
the GitHub repository located at: https://github.com/tools4plant-omics/PABLOG.

Nevertheless, most studies estimate differential expression in differ-
ent tissues or conditions based on RNA-seq transcript abundance and

Plants, being immobile organisms, exhibit plastic responses to environ-
mental changes in order to quickly adjust to new conditions and
reproduce (Nicotra et al., 2010). The fast alterations occur due to the
extensive diversity of genes and isoforms present in plant genomes.
The study of gene expression enables the examination of how genes
are transcribed in plants during their responses. However, our com-
prehension of this mechanism mostly relies on a limited number of
species, resulting in the neglect of this regulatory level in non-model
plants. Recently, the development of next- and third-generation
sequencing technology has allowed researchers to study gene regula-

tion in both model and non-model species (Unamba et al.,, 2015).

rarely engage in an appropriate investigation of the gene expression
of relevant genes (Tognacca et al., 2023). This could lead to the muilti-
plication of transcriptomic studies aimed at studying only a few target
genes instead of exploiting the available datasets. As a part of the vali-
dation process, a RT-qPCR of identified mRNAs should be performed
to ascertain their presence in the translatable pool and precisely
determine the relative concentration (Tognacca et al., 2023). Unfortu-
nately, the design of primers for amplifying a specific mRNA in both
model and non-model species is still a time-consuming step, and the
present tools do not fully exploit the available information from RNA-

seq data. This is particularly true for non-model plants that lack an
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accurate reference genome. Poor primer design can result in reduced
technical precision and false positive or negative detection of amplifica-
tion targets. Reliable primers should have absolute specificity, the
absence of hairpin structures or cross-dimerization potential, and tem-
perature tolerance (Bustin & Hugget, 2017). These requirements could
be addressed with the many primer-designing tools available online
(Markham & Zuker, 2005; Untergasser et al., 2012). Recent resources
have been developed for improving oligo specificity, taking advantage
of publicly available transcriptome (Arvidsson et al., 2008) or genome
(Kim et al., 2017; Bae et al., 2021) datasets. However, these tools are
intended to be used for organisms with well-annotated genomes, and
their application to non-model species makes target sequence identifi-
cation very cumbersome. In this case, annotated orthologous genes are
commonly used for target sequence identification, but this practice
requires substantial manual intervention and does not integrate with
user-defined elaboration pipelines. Few other tools nowadays make
use of orthologous genes, but for different applications, such as assem-
bly quality assessment (Simao et al., 2015) or phylogenomic reconstruc-
tion (Manni et al., 2021). Moreover, amplification should always be
RNA-specific, as some genomic DNA can be present in RNA prepara-
tion even after digestion with DNAse |. This can be achieved by placing
the primer binding sites spanning an exon-exon junction, and this fea-
ture can be used for isoform-specific amplification as well. Such
primers will successfully distinguish between cDNA, genomic DNA,
and isoforms. This step can be particularly delicate for non-model spe-
cies and in de-novo transcriptome assembly, as the lack of a genome
reference can make this process arbitrary, inaccurate, and hard to repli-
cate. At present, a few tools, such as SAMtools (Li et al., 2009) and
RegTools (Cotto et al., 2023), can identify exon junction regions with
different approaches. However, these tools were designed for other
purposes, and their performance for primer design over candidate
regions has not been assessed. In the present study, we present a novel
tool, PABLOG (a Primer Analysis tool using a Bee-Like approach on
Orthologous Genes), which has been specifically conceived for select-
ing candidate regions using orthologous gene alignments at the exon-
exon junction and returning high-quality primers for gene expression
studies. The proposed tool provides tunable parameters and a ranking

score for identified regions in which primers have been designed.

2 | MATERIALS AND METHODS

21 | Insilico benchmarking

We compared the capability of PABLOG and find_introns, a utility from
the SAMtools suite (Li et al., 2009), to identify correct exon-exon junc-
tions by running both programmes on homologous alignment at
genome-scale with an increasing gradient of phylogenetic distance and
comparing the obtained intronic regions with the reference General
Feature Format - GFF file (Figure 1). To perform this benchmarking,
using the STAR programme (Dobin et al., 2013), we aligned with the
default parameters a reference RNA-seq dataset from Arabidopsis thali-
ana (Zuther et al., 2019; Schaarschmidt et al., 2020; http://www.ncbi.

nlm.nih.gov/geo, accession number GSE112225) against the genomes
of A. thaliana, Camelina sativa, Euthrema salsugineum, Brassica oleracea,
Dacus carota, and Solanum tuberosum. The first four genomes fall within
the Brassicaceae plant family, while the other two species are in the
Apiaceae and Solanaceae families, respectively. The obtained Binary
Alignment Map (BAM) files were used as input for PABLOG and fin-
d_introns, and the obtained intronic regions were compared with the
GFF file of each species retrieved from the Ensembl Plants database
(https://plants.ensembl.org/index.html). The percentage accuracy value
was calculated by dividing the number of introns validated by GFF by
the introns detected using the PABLOG or find_introns tools.

2.2 | Laboratory validation

To test the effectiveness of primers designed by the PABLOG tool, we
performed gene-scale benchmarking by simulating a primer design
workflow in a non-model plant species. To this end, we used the
raw transcriptome data available in the NCBI SRA repository
PRIJNA897116 from the non-model plant species Lonicera japonica
Thunb. (Caprifoliaceae), which is phylogenetically distant from species
with annotated genomes, to design primers for two distinct genes:
DOF AFFECTING GERMINATION1 (DAG1) and TOPLESS (TPL). We used
the NCBI accession number LOC108211016 from Daucus carota L. for
DAG1 and LOC105158348 for TPL from Sesamum indicum L. as refer-
ence orthologous genes to align L. japonica RNA-seq reads. We ran the
PABLOG tool with default parameters for DAGI1, and set the size
parameter to 50 for TPL. The resulting primers are provided in
Table S1. The effectiveness of targeting the exon-exon junction was
ascertained by amplifying cDNA prepared from L. japonica leaves using
the designed primers. The reactions were performed on an Eppendorf
Mastercycler Nexus gradient using the DreamTaq DNA Polymerase
protocol (Thermo Scientific™) with 0.8 uL of 10 mM for each primer
and 0.1 pg of cDNA template. The programme run was composed of a
first step at 95°C for 3 min and afterwards 30 cycles consisting of 30 s
at 95°C, 30 s at a specific T, (DAG1 57°C; TPL 59°C) for each pair of
primers, and 1 min at 72°C. These cycles were followed by a final
extension at 72°C for 5 minutes. For all primers, the fragments
obtained were observed on a 2% agarose gel. We purified the PCR
products using the MinElute PCR purification kit (Qiagen) and then
sequenced them using the corresponding primers with Sanger technol-
ogy through a sequencing company (Eurofins GmbH). We analysed the
obtained DNA sequences using BLASTN, the Basic Local Alignment
Search Tool (Camacho et al., 2009), searching in the nucleotide collec-
tion set using the BLASTN algorithm to verify their correspondence to

target genes.

3 | RESOURCE OVERVIEW

We present PABLOG, a script tool developed in the Python program-
ming language that implements an analysis pipeline for primer design.

The PABLOG workflow consists of four main steps (Figure 2):
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(1) alignment analysis; (2) coverage analysis; (3) generation of consen-
sus sequence; and (4) primer design.

The pipeline starts by analysing the reference orthologous gene
Fasta file (containing both introns and exons) and the BAM file
obtained by aligning RNA-seq reads to the reference Fasta. At this
step, the tool uses the HTSeq Python module (Putri et al., 2022) to
parse alignment files and relative data. The goal of this step is
to extract exon-exon junctions as candidate regions for priming sites.
This is achieved by scanning the Concise ldiosyncratic Gapped Align-
ment Report (CIGAR) strings and searching for a skip or clip operation
(N, H, or S cigar codes) between two matches (M). Every time this pat-
tern occurs, the corresponding region is noted as a candidate region.
The list of candidate regions proceeds into the coverage analysis step,
in which the Average Coverage and the Goodness Score are com-

puted from the coverage variation in that region as follows:

COVistart + COVend

AverageCoverage — 5

AverageCoverage — COVax
AverageCoverage

GoodnessScore = %100

, where covegng and covg,,r are the alignment coverage values at
the end and start positions of exon 1 and 2, respectively, and covay is
the highest coverage value observed within the intronic region
(Figure 3). Such value quantifies the variation of the coverage in the
region with respect to start and end: if the region in between shows
coverage values close to start and end values, Goodness Score will be
low, suggesting the region is not very good to be used as a candidate

site to develop primers. On the contrary, an optimal case would show

PABLOG

N
| | | |

E. salsugineum B. oleracea D. carota  S. tuberosum

identification of intronic regions

find_introns

COVmax to be close to zero, resulting in a 100% Goodness Score region.
In addition, this computation is influenced by the alignment and read-
calling quality. For instance, in an area with a high degree of mismatch,
the COVend, COVstart, and covpmax Values will be similar to each other,
resulting in a very low Goodness Score.

Once the candidate regions have been identified, PABLOG gener-
ates a consensus sequence using the pileup engine (pysam.bcftools
utilities), provided in the same Python module of pysam. From this
consensus sequence, the regions found in the previous steps are
removed since they represent introns and we are interested only in
exon-exon junctions for RT-gPCR amplification.

In the last step of the pipeline, the consensus sequence is fed into
the Primer3 integrated tool for primer design using the Python mod-
ule primer3-py, where the consensus sequence is provided as an input
sequence along with the specific position (exon-exon identified site)
where the primers have to be designed. All other Primer3 parameters
are left by default, as the authors intended. The user can change these
by editing the text file “primer3_settings.txt”.

PABLOG results are returned to the user as a single text file that
contains all regions found and, for each of them, the primer designed
with the relative Goodness Score of the identified region. A step-
by-step guide for tool installation and running is provided in the online

repository and as Supplementary Material in this article.

4 | RESULTS AND MINOR DISCUSSION

Figure 4 illustrates the efficacy of the PABLOG and find_introns tools
in detecting potential locations suitable for primer development. In

general, PABLOG demonstrated superior accuracy in identifying
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effective intronic regions compared to find_introns, even when han-
dling phylogenetically distant species. Through genome-wide bench-
marking for PABLOG, we found that as the phylogenetic distance
increased, there was a significant decrease in both the accuracy and
quantity of candidate regions. Within the Brassicaceae family, the
PABLOG average accuracy was 90.63% + 0.05, while for D. carota it
was 29.72% and for S. tuberosum it was 16.66% (Figure 4A). In con-
trast, the find_introns analysis exhibits a far lower accuracy (30.39%
11.98% for D. and 9.70% for

S. tuberosum), mostly because there is limited concordance between

within Brassicaceae, carota,

the candidate regions identified in the study and the corresponding
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FIGURE 5 Electrophoresis gel of the fragments obtained using
the two pairs of primers designed with PABLOG. M: 100 bp ladder;
amplicon of DAG1 (expected length 134 bp) and TPL (expected length
135 bp) target fragments, respectively.

regions that were confirmed using the GFF file. Conversely, the
PABLOG tool detected a smaller number of possible locations, but
nearly all of them were verified in the GFF file (Figure 4B). Notwith-
standing the increased phylogenetic distance, both find_introns and
PABLOG detected a higher amount of introns for C. sativa with
respect to the A. thaliana genome. This is likely due to the bigger
hexaploid genome of C. sativa, which arose from a whole-genome
triplication event.

These findings emphasize the significance of utilissing, where fea-
sible, a reference gene from a phylogenetically proximate species for
precise primer design. Our tool, PABLOG, offers a practical solution

for implementing this technique. It has a low false-positive rate and

great flexibility, enabling users to effortlessly substitute the reference
gene in cases when no candidate areas are detected.

Regarding the laboratory validation, we noticed a distinct amplifi-
cation of each primer pair that was constructed using PABLOG. Addi-
tionally, the L. japonica amplicons displayed the expected length, as
depicted in Figure 5. The BLASTN search with the DNA sequences of
the L. japonica DAG1 and TPL amplicons returned the corresponding
genes as the top results, thus verifying the accuracy of the analysis
(Table S2). The sequencing of the amplicons did not reveal any geno-
mic areas. In comparison to the genome-wide benchmarking analysis,
the laboratory tests demonstrated the ability of PABLOG to design
effective primers for non-model species, specifically using D. carota or
S. indicum for reference orthologous genes and L. japonica for RNA-
seq readings. The selection of understudied genes further demon-
strates that this approach can be used for multiple research areas.

5 | CONCLUSIONS

Our tool regards a crucial step in gene expression studies that is often
overlooked and error-prone, particularly for non-model species.
PABLOG provides unprecedented integrability with RNA-seq pipe-
lines without replacing any well-established tools but combining them
into a rapid and consistent analysis workflow. It takes as input aligned
RNA-seq data and an orthologous gene sequence without the need
for a GFF file. Then PABLOG scans it to identify candidate regions in
which to design primers, and returns oligo sequences when reliable
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regions are found. PABLOG is an open system that can be finely
tuned to any species both at the candidate region identification and in
the primer design step through the change of several intuitive param-
eters. This characteristic could allow PABLOG usage to be expanded

to other organisms than plants.
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