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Abstract 22 

Background: Understanding of immune responses and biomarker discovery in 23 

African savanna elephants (Loxodonta africana) has been limited due to the paucity 24 

of transcriptomic resources. Therefore, this study aimed to generate a high-quality 25 

whole blood transcriptome for this species using both short- and long-read sequencing 26 

data and develop a workflow for transcriptome assembly in non-model species. To 27 

determine the highest quality assembly, multiple transcriptome assemblies were 28 

generated and evaluated using combinations of short- and long-read sequencing data, 29 

together with reference-guided (StringTie, StringTie2 and StringTie2 annotation-30 

guided) and de novo (rnaSPAdes, Trinity and RNA-Bloom2) assembly approaches.  31 

Results: Paired-end short-read next-generation sequencing data were generated 32 

using the MGI platform, while long-read sequencing data were produced using the 33 

third-generation Oxford Nanopore Technologies platform. From the assembly tools 34 

compared in this study, StringTie2 with annotation-guided assembly produced the 35 

highest-quality transcriptome. This assembly exhibited high transcript continuity, low 36 

levels of unannotated transcripts, extensive functional annotation, and a BUSCO 37 

completeness score of 98.4%. Functional characterisation represented diverse 38 

biological processes, molecular functions, cellular components, and pathways 39 

relevant to immune and cellular regulation.  40 

Conclusion: These findings support the use of this whole blood transcriptome as a 41 

reference resource for future studies related to disease in African savanna elephants. 42 

The transcriptome and associated annotations provide a foundation for future gene 43 

expression, functional genomics, and genome annotation research in this endangered 44 

species. 45 
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 50 

Background 51 

Infectious diseases, including tuberculosis (TB) and elephant endotheliotropic 52 

herpesvirus (EEHV) haemorrhagic disease (HD), represent significant threats to 53 

endangered African savannah elephant (Loxodonta africana) populations [1–3]. 54 

Despite the conservation importance of these diseases, little is known about the 55 

immune responses of African savanna elephants to infection.  56 

Transcriptomic studies have substantially advanced our understanding of host 57 

immune responses in both human and veterinary medicine and facilitated the 58 

discovery of novel diagnostic biomarkers [4, 5]. Transcriptomic profiling identifies 59 

patterns of gene expression and provides insight into the molecular mechanisms 60 

underlying biological responses. Advances in both short-read and, more recently, long-61 

read sequencing technologies have expanded opportunities for transcriptome 62 

assembly and characterisation [6–8]. Numerous guidelines are available to support 63 

transcriptome assembly and annotation, including recommendations for selecting 64 

appropriate analytical tools and workflows [9–12]. Transcriptome assembly strategies 65 

generally fall into two categories: reference-guided and de novo approaches. 66 

Reference-guided assemblers require a reference genome from the target species or 67 

a closely related organism, whereas de novo assemblers reconstruct transcripts 68 

without prior genomic information [11].  69 
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Reference guided assemblers, such as StringTie, reconstruct transcripts by clustering 70 

aligned sequencing reads, constructing splice graphs to identify transcript structures, 71 

and estimating transcript abundance using maximum flow algorithms [13]. Building 72 

upon the original StringTie framework, StringTie2 provides improved handling of error-73 

prone long-reads while reducing computational runtime and memory usage [14]. 74 

Reference guided approaches have been successfully applied in a range of species, 75 

including mouse-eared bats (Myotis myotis) [15] and the avian malaria parasite 76 

Plasmodium relictum [16].  77 

In contrast, de novo assembly methods reconstruct transcriptomes directly from 78 

sequencing reads. The rnaSPAdes assembler uses de Bruijn graph-based algorithms 79 

for transcript reconstruction [17]. When both short- and long-read data are available, 80 

rnaSPAdes can employ the hybridSPAdes module, which uses short-reads to 81 

construct the assembly graph and long-reads to improve transcript resolution through 82 

alignment [18]. Similarly, RNA-Bloom2 also uses a de Bruijn graph framework and 83 

initially applies short-reads to correct errors in long-read sequences before assembly 84 

[19]. Another widely used de novo assembler, Trinity, integrates three software 85 

modules - Inchworm, Chrysalis and Butterfly to reconstruct transcript sequences [20]. 86 

De novo assembly approaches have been successfully used to characterise 87 

transcriptomes in diverse species, including the fat-tailed dunnart (Sminthopsis 88 

crassicaudata) [21], fire salamander (Salamandra salamandra) [22], semi-wild gayal 89 

(Bos frontalis) [23], and spiny mouse (Acomys cahirinus) [24].  90 

The quality of a transcriptome assembly is strongly influenced by the sequencing data 91 

used. Short-read next-generation sequencing (NGS) is generally more cost-effective 92 

and produces highly accurate reads [10]; however, its limited read length often 93 

prevents sequencing across multiple splice junctions, making the reconstruction of full-94 
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length transcripts challenging [9, 10]. Conversely, long-read third-generation 95 

sequencing (TGS) can span complete transcript isoforms, reducing assembly 96 

complexity, improving transcript contiguity, and decreasing chimeric assemblies [9]. 97 

However, long-read platforms typically exhibit higher sequencing error rates than 98 

short-read sequencing technologies [10]. To leverage the strengths of both 99 

approaches, hybrid transcriptome assembly strategies that combine short- and long-100 

read data have become increasingly popular [10]. Hybrid assemblies have been 101 

successfully generated for several species, including poinsettia (Euphorbia 102 

pulcherrima) [25], cultivated cardoon (Cynara cardunculus var. altilis (DC)) [6] and 103 

semi-wild gayal (Bos frontalis) [23].  104 

A publicly available, high-quality African savanna elephant transcriptome would 105 

provide a valuable resource for investigating immune responses and disease 106 

pathogenesis in this species. However, the only published transcriptomic dataset 107 

currently available for African savanna elephants was generated from placental tissue 108 

[26], limiting its utility for studies of systemic immune responses and infectious 109 

diseases like TB and EEHV HD. In contrast, whole blood transcriptomes capture the 110 

dynamic activity of circulating immune cells and provide a comprehensive snapshot of 111 

immune and regulatory processes occurring throughout the body. Therefore, the aim 112 

of this study was to generate a high-quality whole blood transcriptome for the African 113 

savanna elephant using both short- and long-read sequencing data. Given the recent 114 

improvement of the African savanna elephant reference genome [27], both reference-115 

guided and de novo assembly strategies were evaluated to produce a functionally 116 

annotated reference transcriptome. Furthermore, given that assessing transcriptome 117 

assembly quality remains challenging, particularly for de novo assemblies [28], a 118 
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comprehensive suite of biological and statistical metrics was used to evaluate and 119 

compare assembly performance.  120 

Methods 121 

RNA samples 122 

Whole blood RNA, used for transcriptome assembly, was obtained from four free-123 

ranging adult (> 25 years old), bull African savanna elephants in the Kruger National 124 

Park (KNP), South Africa, as part of a registered disease surveillance project. Blood 125 

collection, total RNA extraction, RNA enrichment using depletion-based methods, and 126 

RNA quality assessment prior to library preparation were performed as previously 127 

described [29]. An overview of the experimental workflow is summarized in Figure 1. 128 

The enriched RNA of each elephant was used to prepare two sequencing libraries: 129 

one for short-read NGS and one for long-read TGS. 130 

 131 

Figure 1. Experimental workflow for RNA extraction and processing in preparation for NGS 132 

and TGS sequencing. Whole blood from African savanna elephants were collected in 133 

PAXgene blood tubes. The extracted total RNA was subjected to globin messenger RNA 134 

(mRNA) and ribosomal RNA (rRNA) depletion prior to library preparation and sequencing. 135 

Sequencing was performed using both short-read, next-generation sequencing (NGS, i.e. MGI 136 



7 

 

Tech) and long-read, third-generation sequencing (TGS, i.e. Oxford Nanopore Technology). 137 

Created in https://BioRender.com. 138 

 139 

Library preparation and sequencing 140 

Short-read, next-generation sequencing (NGS) 141 

For short-read NGS, aliquots of approximately 230 ng of enriched RNA were used for 142 

library preparation using the MGIEasy RNA Library Prep Set (MGI Tech, Shenzhen, 143 

518000, China) according to Manual Version A4. Briefly, RNA was fragmented at 87°C 144 

for 6 minutes, reverse-transcribed into cDNA, and subjected to a series of enzymatic 145 

reactions, including end repair and A-tailing, adapter ligation, and PCR amplification. 146 

Following fragment size assessment and library quantification, PCR products from the 147 

four elephant whole blood samples were pooled in equimolar concentrations and 148 

converted into a single-stranded circular DNA library. The resulting library (40 fmol) 149 

was sequenced across four lanes on the DNBSEQ-G400RS platform (MGI Tech) at 150 

the South African Medical Research Council (SAMRC) Genomics Platform 151 

(Tygerberg, South Africa), generating 100-bp paired-end (PE100) reads.  152 

Long-read, third generation sequencing (TGS) 153 

For long-read sequencing, approximately 50 ng of enriched RNA was used for library 154 

preparation with the cDNA-PCR Sequencing V14 Barcoding Kit (SQK-PCB114-24, 155 

Oxford Nanopore Technology (ONT), Oxford, OX4 4DQ, UK) and recommended third-156 

party reagents. Libraries were prepared using an in-house modified version of the 157 

manufacturer’s protocol (Version PCB_9201_v114_revE_11Dec2024). Two 158 

modifications were introduced. First, during full-length transcript amplification (step 4), 159 

four separate PCR reactions were performed per sample to generate sufficient PCR 160 
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product yield. Second, PCR cycling conditions were modified to include an extension 161 

step at 65°C for 45 seconds, followed by 16 cycles of denaturation, annealing and 162 

extension.  163 

Individual elephant samples were barcoded, and 10-20 fmol of amplified library from 164 

each sample was pooled to generate a single sequencing library. The pooled library, 165 

containing approximately 60 fmol DNA (mean fragment size ~320 bp), was sequenced 166 

on a PromethION 2 Solo instrument at the SAMRC Genomics Platform using a 167 

PromethION R10.4.1 flow cell (FLO-PRO114M, ONT). Reads of all lengths were 168 

retained, and FASTQ files were generated at 10-minute intervals throughout the 169 

sequencing run.  170 

Raw sequence data processing  171 

All sequence data processing, transcriptome assembly, and quality-control analyses 172 

were performed using the computational infrastructure of the Centre for High 173 

Performance Computing (CHPC), South Africa. All software packages and Bash 174 

scripts used in the analyses are listed in Additional File 1: Table S1. An overview of the 175 

bioinformatics workflow is provided in Additional File 2: Figure S1. 176 

Short-read, next generation sequencing (NGS) 177 

The quality of the raw sequencing data was assessed using FastQC (v 0.12.1) [30], 178 

and results were summarised using MultiQC (v 1.23) [31]. Reads were subsequently 179 

trimmed using Trimmomatic (v 0.36) [32] to remove adapter sequences, bases with a 180 

Phred quality score below Q20, and reads shorter than 20 bp. Quality of trimmed reads 181 

were re-evaluated to confirm successful trimming.  182 

Processed reads were mapped to the African savanna elephant reference genome 183 

(mLoxAfr1.hap2; GCF_030014295.1) using STAR (v 2.7.7a) [33]. The resulting BAM 184 
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files were merged and sorted using SAMtools (v 1.20) [34]. Read and alignment 185 

statistics, including alignment error rates, were generated using QualiMap (v 2.2.1) 186 

[35]. 187 

Long-read, third generation sequencing (TGS) 188 

Base calling and demultiplexing were initially performed during sequencing using the 189 

High Accuracy (HAC, v 4.3.0, 400bps) model in MinKNOW software (v 24.11.8). 190 

Subsequently, base calling was repeated using the Super Accuracy (SUP, v 4.3.0) 191 

model.  192 

FASTQ files generated for each barcode were concatenated into a single FASTQ file 193 

for individual elephants using SAMtools. Read quality was assessed using FastQC (v 194 

0.12.1) and MultiQC (v 1.23). The ONT adapter sequences were removed using 195 

Porechop (v0.2.4) [36], and reads shorter than 20 bp were discarded using NanoFilt 196 

(v2.8.0) [37]. The quality of the filtered reads was subsequently assessed using 197 

NanoPlot (v 1.43) [38], FastQC (v 0.12.1), and MultiQC (v 1.23).  198 

Trimmed reads were aligned to the African savanna elephant genome 199 

(mLoxAfr1.hap2; GCF_030014295.1) using Minimap2 (v 2.24) [39]. The resulting BAM 200 

files were merged and sorted using SAMtools. Read and alignment statistics, including 201 

error rates were calculated using QualiMap (v 2.2.1).  202 

Transcriptome assembly 203 

Reference-guided assemblies  204 

StringTie (v2.2.1) [13] and StringTie2 (v 2.2.0) [14] were used to generate reference-205 

guided transcriptome assemblies (Additional File 3: Figure S2). Merged and sorted 206 

BAM files from both the short- and long-read datasets were provided as input to 207 

StringTie using the ‘-mix’ parameter. In addition, StringTie2 was used to generate 208 
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separate transcriptome assemblies from the short-read and long-read alignments 209 

using the ‘-L’ parameter. These assemblies were subsequently merged using the ‘--210 

merge’ parameter. An annotation-guided assembly was generated using the same 211 

workflow, with the exception of transcript merging being guided by the reference 212 

annotation file using the ‘-G’ parameter in StringTie2.  213 

The resulting files, generated using the StringTie, StringTie2 and StringTie2 214 

annotation-guided approaches, were converted to a FASTA format using GffRead [40]. 215 

Transcript sequences were extracted using the ‘-w’ parameter, while the African 216 

elephant reference genome was provided using the ‘-g’ parameter. The resulting 217 

FASTA files were used downstream for quality assessment.  218 

De novo assemblies 219 

To generate de novo transcriptome assemblies, rnaSPAdes (v 3.15.3) [17], RNA-220 

Bloom2 (v 2.0.1) [19], and Trinity (v 2.15.0) [41] were used (Additional File 3: Figure 221 

S2). These assemblers use trimmed sequencing reads directly as input, without 222 

reference-genome alignment.  223 

For rnaSPAdes, assemblies generated using the default k-mer sizes of 29 and 43, 224 

automatically selected according to the input data, were compared, and the assembly 225 

generated with k-mer 29 was selected for subsequent analyses. Paired-end short-read 226 

(NGS) data generated on the MGI platform were first subjected to error correction 227 

using the rnaSPAdes ‘--only-error-correction’ parameter. Corrected short-read (NGS) 228 

and long-read (TGS) datasets were specified in a YAML input file and assembled using 229 

the ‘-rna’ mode (rnaSPAdes hybrid). In this hybrid assembly, long reads were used to 230 

improve assembly contiguity through gap closure and repeat resolution. To evaluate 231 

the contribution of long-read TGS data to assembly performance, an additional 232 
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assembly was generated using only the error-corrected short-reads as input 233 

(rnaSPAdes short-read). The resulting transcripts.fasta files were used for 234 

downstream quality assessment.  235 

RNA-Bloom2 (v 2.0.1) [19] was also used to generate a de novo transcriptome 236 

assembly from the short-read and error-corrected long-read datasets. RNA-Bloom2 237 

was run with its required dependencies, including Java (v 17.0.2), ntCard [42], 238 

Minimap2 (v 2.30) and Racon (v 1.5.0) [43]. Trimmed and filtered TGS (ONT) long-239 

reads were provided using the ‘-long’ parameter, whereas paired-end short-reads were 240 

provided using the ‘-left’ and ‘right’ parameters. Default long-read assembly settings 241 

were used, including a k-mer size of 25, a minimum k-mer coverage threshold of 2, 242 

and a minimum transcript length of 200 bp. The resulting transcripts.fasta file was used 243 

for assembly quality assessment.  244 

Finally, Trinity (v 2.15.0) was used to generate a de novo transcriptome assembly 245 

using the short-read dataset only. Forward and reverse FASTQ files were provided as 246 

input using the ‘--seqType fq’ parameter. The resulting transcriptome FASTA file was 247 

used for downstream quality assessment.  248 

Assembly quality control 249 

The assembled transcriptomes were evaluated using multiple quality control metrics, 250 

as summarized in Additional File 4: Figure S3. General assembly statistics were 251 

generated using rnaQUAST (v 2.3.1) [44]. For each assembly, the transcriptome 252 

FASTA file was provided as input using the ‘--transcripts’ parameter, together with the 253 

African elephant reference genome (--reference) and corresponding GTF annotation 254 

file (--gtf). The resulting output was used to generate assembly quality metrics.  255 
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Transcriptome completeness was assessed using BUSCO (Benchmarking Universal 256 

Single-Copy Orthologs) (v 5.8.0) [45–47], with hmmsearch (v 3.4) and metaeuk (v 257 

7.bba0d80) as dependencies. Completeness was evaluated against the 258 

mammalia_odb12 lineage datasets using the ‘-m transcriptome’ mode. All data 259 

visualisations were performed using the ggplot2 package (v4.0.3) [48] in R [49] (v 260 

4.5.2) within in the RStudio environment (v 2026.1.0.392) [50]. 261 

To assess read representation, the processed short- and long-read datasets were 262 

aligned back to each assembled transcriptome using Minimap2 (v 2.30). Long reads 263 

were aligned using the ‘-ax splice’ parameter, whereas the paired-end short reads 264 

were aligned using the ‘-ax splice:sr’ parameter. Alignment statistics were 265 

subsequently extracted from the resulting mapping files.  266 

Predicted protein sequences and functional annotations were generated for each 267 

assembled transcriptome. Transcripts with read lengths <200 bp were removed from 268 

downstream analyses. Thereafter, long open reading frames (ORFs) were first 269 

identified using TransDecoder (v 5.2.0) (Haas, BJ. 270 

https://github.com/TransDecoder/TransDecoder) with the ‘TransDecoder.LongOrfs’ 271 

module. Putative coding sequences were then predicted using ‘TransDecoder.Predict’. 272 

Predicted protein sequences and their corresponding lengths were extracted from the 273 

resulting .pep files using SeqKit [51] (v 0.15.0). Functional annotations of the predicted 274 

proteins were subsequently performed using eggNOG-mapper (v 2.1.13) [52], with the 275 

‘--itype protein’ parameter. Annotations were assigned based on eggNOG orthology 276 

relationships [53] and DIAMOND sequence similarity searches [54]. Functional 277 

redundancy within each assembled transcriptome was assessed using CD-HIT (v 4.7) 278 

at a sequence identity threshold of 95% (‘-c 0.95’) and a word size of 5 (‘-n 5’) [55–279 

59].  280 
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Ontology annotation of assembled transcriptome  281 

The eggnog.emapper.annotations file was used to evaluate the Gene Ontology (GO) 282 

terms and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway annotations 283 

for each assembled transcriptome. Annotations were filtered to retain only those with 284 

an E-value  1 x10-10 and a score  100. The GO term analyses were performed in R 285 

(v 4.5.2) [49] using the GO.db (v 3.22.0) package, whereas KEGG pathways analyses 286 

were conducted using the KEGGREST package (v 1.50.0). The GO annotations that 287 

could not be assigned to a specific ontology category were excluded from further 288 

analysis.  289 

To identify potentially novel genes and transcripts, each assembled transcriptome was 290 

compared with the African elephant reference genome annotation (mLoxAfr1.hap2; 291 

GCF_030014295.1) using gffcompare (v 0.12.9) [40]. The “-R” parameter was used to 292 

exclude reference transcripts that did not overlap with transcripts in the assembled 293 

transcriptome.  294 

The novel transcripts were further investigated using BLASTn [60] (v 2.16.0+) and 295 

BLASTx [61] (v 2.16.0+) to assess its similarity to other known nucleotide sequences 296 

and proteins respectively. BLASTn was performed using the nucleotide collection (nt) 297 

database and BLASTx using the non-redundant UniprotKB/SwissProt sequence 298 

database. Both tools were run using the default parameters and an E-value cut off of 299 

1 x10-5.  300 



14 

 

Results 301 

Sequence data quality control and pre-processing 302 

The short-read sequencing generated a total of 1.31 billion paired-end reads (100 bp) 303 

across the four African savanna elephant samples. Raw read quality was exceptionally 304 

high, with Phred quality scores ranging from Q34 to Q38 [29]. Long-read sequencing 305 

generated 41.71 million reads following high-accuracy base calling. Read lengths 306 

ranged from 59 to 633,337 bp, and FastQC analysis indicated a peak Phred score of 307 

approximately Q27. Re-base calling using the Super Accuracy model improved read 308 

quality, increasing peak Phred scores to Q29 - Q31 (Additional File 5: Figure S4 A and 309 

B). NanoPlot analysis further showed that quality scores ranged from Q6 to Q20, with 310 

more than 88.9% of reads exceeding Q15 (Additional File 6: Table S2).  311 

Following adapter removal and quality filtering, 1.22 billion paired-end short reads and 312 

37.1 million long reads were retained for downstream analyses. The processed short-313 

read dataset had read lengths ranging from 20 to 90 bp (mean = 89.4 bp), Phred 314 

quality scores of Q34 - Q38, and GC contents of 50 - 53% (Additional File 6: Table 315 

S2). Processed long-read data on the other hand ranged from of 20 to 633,226 bp in 316 

length, Phred quality scores of Q34 – Q36 and GC contents of 44 - 45% (Additional 317 

File 5: Figure S4 C and D; Additional File 6: Table S2). Consistent with the 318 

characteristics of TGS (ONT) sequencing, per-base quality scores showed greater 319 

variability in the long-read dataset (Q2.59 - Q35) compared to the short-read NGS 320 

(MGI) dataset.  321 

Alignment of the processed datasets to the African elephant reference genome using 322 

STAR and Minimap2 resulted in unique mapping rates of 86.7 to 90.4% for short reads 323 

and from 86.4 to 88.6% for long reads (Additional File 6: Table S2). QualiMap analysis 324 
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indicated post-processing alignment error rates of less than 0.3% across all datasets 325 

(Additional File 6: Table S2), confirming the high quality of the sequencing data for 326 

downstream transcriptome assembly.  327 

Transcriptome assembly basic quality  328 

To identify the optimal transcriptome assembly, assembly statistics generated using 329 

rnaQUAST were compared across assemblies, including transcriptome length, 330 

transcript number, duplication ratio, transcript continuity metrics, isoform coverage, 331 

and the proportion of unannotated transcripts (Figure 2, Table 1). The African savanna 332 

elephant reference genome and annotation (mLoxAfr1.hap2; GCF_030014295.1) 333 

comprising 32,081 genes and 755,401 exons, were used as the reference for all 334 

rnaQUAST analyses.  335 

Trinity generated the largest transcriptome assembly (1.14 Gbp), with the greatest 336 

number of transcripts (Figure 2, Table 1). Overall, the de novo assemblers, Trinity and 337 

rnaSPAdes, produced substantially larger assemblies with more transcripts than the 338 

reference-guided assemblers, although their mean transcript lengths were shorter 339 

(Figure 2). In contrast, RNA-Bloom2 generated a comparatively compact assembly, 340 

with fewer transcripts and shorter mean transcript lengths than the other de novo 341 

assemblers (Figure 2).  342 

 343 
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 344 

Figure 2. Mean transcript length (base pairs; bp) and number of transcripts for African 345 

savanna elephant whole blood transcriptome assemblies as determined by rnaQUAST (v 346 

2.3.1). Size of each point corresponds to the total assembly length (Gbp) of each assembly.  347 

Assemblies with larger transcriptome sizes and higher transcript numbers generally 348 

exhibited higher duplication ratios (Table 1). Trinity and rnaSPAdes showed higher 349 

duplication ratios than the reference-guided assemblies, whereas StringTie, 350 

StringTie2, and the StringTie2 annotation-guided assembly exhibited the lowest 351 

duplication ratio. Although RNA-Bloom2 is a de novo assembler, it produced a smaller 352 

transcriptome (with fewer and shorter transcripts) and consequently displayed a lower 353 

duplication ratio compared to other de novo approaches.  354 

Transcript continuity was assessed using the N50 statistic and the proportion of 355 

transcripts exceeding 1 kb. StringTie2 produced the highest N50 value (22,680 bp, 356 

Table 1), while the longest transcript (738,538 bp, Table 1) was identified in the 357 
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StringTie2 annotation-guided assembly. StringTie2 also generated one of the smallest 358 

assemblies, containing only 32,034 transcripts (Table 1). Additionally, the StringTie2 359 

annotation-guided assembly contained the highest proportion of transcripts greater 360 

than 1 kb in length (80.3%, Table 1). The remaining reference-guided assemblies also 361 

contained a higher proportion of transcripts exceeding 1 kb (47 - 47.6%) than the de 362 

novo assemblies (5.6 - 19.7%; Table 1), consistent with greater transcript continuity in 363 

the reference-guided assemblies.364 



18 

 

Table 1. Basic quality statistics of African savanna elephant whole blood transcriptomes assembled using different tools.  365 

Assembly tool Total 
length 
(Mbp) 

Longest 
transcript 
(bp) 

Duplication 
ratio 

N50 (bp) Transcripts 
over 1 kb 
(%) 

Primary mapping rate (%) Unannotated 

(%) 
NGS TGS 

StringTie 495.8 122 308 1.4 7 592 47 68.7- 72.6 78.0-80.6 61.9 

StringTie2 126.6 368 759 1.2 22 680 47.6 51.8- 57.6  80.5-83.0 23.2 

StringTie2 

annotation-guided 

516.2 738 538 1.1 13 206 80.3 65.5 - 74.2 81.4- 83.9 11.7 

Trinity short-read 1 136.6 49 817 2.3 1 174 19.7 95.4- 95.6 85.3- 87.7 69.8 

rnaSPAdes short-

read  

1 045.0 51 060 2.2 1 583 18.1 93.8- 94.5 85.4- 87.8 73.4 

rnaSPAdes hybrid 1 090.7 50 969 2.4 1 704 18.6 92.8- 94.5 85.4- 87.8 73.2 

RNA-Bloom2  116.3 4 797 1.6 535 5.6 48.2- 52.7 88.3- 90.7 54.6 

Mbp: million base pair, bp: base pair, TGS: Third Generation Sequencing (Oxford Nanopore Technology), NGS: Next Generation Sequencing 366 

(MGI), N50: represents the length of the shortest contig in the set of longest sequences that collectively cover at least 50% of the total assembled 367 

genome length. Values in bold indicate the best-performing assembly for each metric. Statistics generated by rnaQUAST (v 2.3.1).368 



19 

 

Read representation was assessed by mapping the processed sequencing datasets 369 

back to each assembled transcriptome (relative to the African savanna elephant 370 

reference genome mLoxAfr1.hap2; GCF_030014295.1) using Minimap2 (v2.30). Prior 371 

to transcriptome assembly, 86.7-90.4% of short-reads and 86.4-88.6% of long reads 372 

mapped to the African savanna elephant reference genome. Short-reads generally 373 

exhibited higher mapping efficiencies to the de novo transcriptome assemblies than to 374 

the reference genome, with the exception of RNA-Bloom2 (Table 1). In contrast, long-375 

read mapping rates were lower for the reference-guided assemblies, whereas 376 

mapping efficiencies for the de novo assemblies were comparable to those observed 377 

against the reference genome. Among the de novo assemblers, RNA-Bloom2 378 

achieved the highest long-read mapping rate (Table 1). 379 

The proportion of unannotated transcripts varied substantially among assemblies. The 380 

StringTie2 annotation-guided assembly contained the lowest proportion of 381 

unannotated transcripts (11.7%; Table 1), whereas rnaSPAdes exhibited the highest 382 

proportion (Table 1). The rnaSPAdes assemblies were also characterised by high 383 

transcript numbers, elevated duplication ratios, and shorter mean transcript lengths 384 

relative to other assemblies (Table 1).  385 

Assembly completeness was evaluated using the mean isoform, mean exon and 386 

database (reference genome) coverage metrics. The StringTie2 annotation-guided 387 

assembly achieved the highest mean isoform coverage (1.0), exon (0.1) and database 388 

coverage (1.0; Table 2), indicating near-complete representation of the annotated 389 

reference file. Most other assemblies exhibited similar isoform coverage values (0.5), 390 

except RNA-Bloom2, which had low database coverage (Table 2). 391 
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The ability of each assembly to reconstruct annotated isoforms was further assessed 392 

using the isoform assembly metric. The StringTie2 annotation-guided assembly 393 

achieved the highest score (1.0; Table 2), indicating near-complete reconstruction of 394 

annotated isoforms. The remaining reference-guided assemblies, StringTie (0.5) and 395 

StringTie2 (0.5), also outperformed the de novo assemblers which achieved scores 396 

ranging from 0.3 to 0.4 (Table 2). These results suggest that approximately 50% of the 397 

annotated isoforms were reconstructed by the reference-guided assemblies, while the 398 

de novo assemblers reconstructed a smaller proportion of the annotated isoforms.  399 

Table 2. Transcriptome completeness and reconstruction metrics for the assembled African 400 

savanna elephant whole blood transcriptomes.  401 

Tool Mean isoform 

coverage 

Mean exon 

coverage  

Database 

coverage 

Isoform 

assembly  

StringTie 0.5 0.9 0.2 0.5 

StringTie2 0.5 0.9 0.1 0.5 

StringTie2 

annotation-

guided 

1.0 1.0 1.0 1.0 

Trinity short-read 0.5 0.9 0.3 0.4 

rnaSPADES 

short-read  

0.5 0.9 0.3 0.4 

rnaSPADES 

hybrid 

0.5 0.9 0.3 0.4 
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RNA-Bloom2  0.3 0.8 0.1 0.3 

Metrics generated by rnaQUAST (v 2.3.1) using the publicly available African savanna 402 

elephant reference genome and annotation file. Values in bold indicate the best-performing 403 

assembly for each metric. 404 

To evaluate the contribution of long-read sequencing to assembly performance, the 405 

rnaSPAdes hybrid assembly was compared with an assembly generated using short-406 

read data alone. Inclusion of the long-read data had little effect on overall assembly 407 

size or transcript counts (Figure 2, Table 2). However, the proportion of transcripts 408 

exceeding 1 kb increased from 264,522 (18.1%) in the short-read assembly to 270,849 409 

(18.5%) in the hybrid assembly (Table 1). The rnaSPAdes hybrid assembly also 410 

exhibited a 6.6% increase in 95%-assembled genes and in the proportion of 95%-411 

assembled isoforms relative to the rnaSPAdes short-read only assembly. Together, 412 

these results indicate that incorporation of long-read sequencing data improved 413 

assembly completeness, despite having only a modest effect on the overall assembly 414 

statistics.  415 

Transcriptome completeness  416 

To further evaluate assembly quality, transcriptome completeness was assessed using 417 

BUSCO, which identifies conserved universal single-copy orthologs expected to be 418 

present in mammalian transcriptomes. The StringTie2 annotation-guided assembly 419 

achieved the highest BUSCO completeness score (98.4%; Figure 3), whereas RNA-420 

Bloom2 showed the lowest completeness score (13.1%; Figure 3). A substantial 421 

proportion of the complete BUSCOs identified in the StringTie2 annotation-guided 422 

assembly were classified as duplicated (57.3%). The de novo assemblies, generated 423 

by Trinity and rnaSPAdes, also contained relatively high proportions of complete 424 
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BUSCOs but exhibited higher levels of BUSCO duplications, compared to the 425 

reference-guided assemblies (Figure 2).  426 

 427 

Figure 3: BUSCO completeness scores (%) of African savanna elephant whole blood 428 

transcriptome assemblies generated using different assembly tools as measured by BUSCO 429 

(v5.8.0). The mammalia_odb12 lineage dataset was used to assess each of the assembled 430 

transcriptomes and determine the transcriptome completeness based on the proportions of 431 

completed and duplicated, completed and single copy, fragmented, and missing BUSCO 432 

genes present in each assembly.   433 

 434 

The Trinity assembly contained the highest proportion of fragmented BUSCOs (18.8%, 435 

Figure 3), whereas the StringTie2 annotation-guided assembly contained the lowest 436 

proportion (0.8%, Figure 3). The RNA-Bloom2 assembly exhibited the highest 437 

proportion of missing BUSCOs (76.9%, Figure 3). Collectively, these results indicate 438 
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that the StringTie2 annotation-guided assembly provided the most complete 439 

representation of conserved mammalian orthologs among the evaluated assemblies.  440 

Functional assessment of transcriptomes 441 

To further assess transcriptome completeness and coding potential, ORFs were 442 

predicted using TransDecoder (Table 3). Reference-guided assemblies contained a 443 

greater proportion of transcripts with predicted ORFs compared to de novo assemblies 444 

(Table 3). The StringTie2 annotation-guided assembly had the highest proportion of 445 

transcripts containing at least one predicted ORF (83.3%), whereas the rnaSPAdes 446 

assemblies had the lowest proportion. These differences suggest variation among 447 

assemblies in the representation of complete protein-coding transcripts. 448 

Table 3. Summary of coding-region and protein annotation statistics for assembled African 449 

elephant whole blood transcriptomes.  450 

Assembly 

Tool 

Coding 

regions 

with 

ORFs (%) 

Average 

protein 

length (aa) 

(min-max)  

N50 

(aa) 

Functionally 

annotated 

proteins with 

ORF (%) 

Redundancy 

(%) 

StringTie 37.5 207.1  

(85 - 8 570) 

229 63.5 18.0 

StringTie2 54.6 259.3  

(86 - 6 552) 

303 81.7 17.0 

StringTie2 

annotation-

guided 

83.3 603.7  

(85 - 34 606) 

835 92.7 47.0 
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Trinity 

short-read 

12.1 213.1  

(85 - 16 486) 

241 50.1 32.0 

rnaSPAdes 

short-read 

10.7 247.8  

(85 - 14 834) 

320 58.3 33.0 

rnaSPAdes 

hybrid 

11.2 256  

(85 - 14 834) 

337 55.0 35.0 

RNA-

Bloom2 

15.0 162.9  

(85 - 1 275) 

165 70.4 13.0 

The African savanna elephant whole blood transcriptome was generated using multiple tools.  451 

The proportions of transcripts containing open reading frames (ORFs; %) were predicted using 452 

TransDecoder (v 5.2.0), average protein length (aa) and N50 (aa) was obtained using SeqKit 453 

(v 0.15.0), functional annotation of predicted proteins (%) was assessed using eggNOG-454 

mapper (v 2.1.13) and protein redundancy (%) was determined by CD-HIT (v 4.7). Bold text 455 

indicates the best-performing value for each metric. aa: amino acid, ORF: open reading frame.   456 

Predicted protein lengths were evaluated as an additional indicator of transcript 457 

functionality. Proteins predicted from the StringTie2 annotation-guided assembly had 458 

the greatest mean length (603.7 amino acids (aa)), the broadest length distribution, 459 

and the longest predicted protein (34,606 aa; Table 3). The reference-guided 460 

assemblies also exhibited higher proportions of transcripts containing predicted coding 461 

regions compared to the de novo assemblies. Furthermore, the StringTie2 annotation-462 

guided assembly achieved the highest protein-length N50 value (Table 3), indicating 463 

a larger proportion of long protein-coding sequences.  464 

Functional annotation of predicted proteins was performed using eggNOG-mapper. 465 

Proteins were considered annotated when assigned at least one functional descriptor, 466 
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including a gene description, Gene Ontology (GO) term, KEGG orthology (KO), 467 

Cluster of Orthologous Genes (COG) category, or a Protein Families (Pfam) domain. 468 

Among all assemblies, the StringTie2 annotation-guided assembly achieved the 469 

highest annotation rate, with 92.7% of predicted proteins receiving at least one 470 

functional annotation (Table 3).  471 

Protein redundancy was assessed using CD-HIT. The StringTie2 annotation-guided 472 

assembly showed the highest level of protein redundancy (47.0%), whereas RNA-473 

Bloom2 exhibited the lowest redundancy (13.0%; Table 3). The remaining reference-474 

guided assemblies showed lower levels of redundancy than the rnaSPAdes and Trinity 475 

assemblies (Table 3). Overall, the StringTie2 annotation-guided assembly combined 476 

high coding potential, long predicted protein sequences, and extensive functional 477 

annotation. 478 

Functional annotation of top-performing transcriptomes  479 

Functional annotations generated with eggNOG-mapper were further evaluated for the 480 

top-performing de novo (rnaSPAdes hybrid), reference-guided (StringTie2), and 481 

annotation-guided (StringTie2 annotation-guided) assemblies. Following filtering to 482 

remove low-confidence annotations, 92.3% of annotations were retained in the 483 

rnaSPAdes hybrid assembly, 96.0% in the StringTie2 assembly, and 97.5% in the 484 

StringTie2 annotation-guided assembly. The high proportion of retained annotations 485 

suggests strong support for the majority of functional assignments.  486 

Gene Ontology (GO) terms were classified into Biological Process (BP), Molecular 487 

Function (MF) and Cellular Component (CC) ontologies and compared among the 488 

three assemblies. Most GO terms were shared across all three assemblies, although 489 

a larger number of annotations were shared between the StringTie2 annotation-guided 490 
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and rnaSPAdes hybrid assemblies (Figure 4). StringTie2 contained the fewest 491 

annotated GO terms, consistent with its smaller transcriptome size relative to the other 492 

two assemblies.  493 

 494 

Figure 4. Venn diagrams depicting the overlap of Gene Ontology (GO) terms among the 495 

StringTie2, StringTie2 annotation-guided and rnaSPAdes hybrid African savanna elephant 496 

whole blood transcriptome assemblies. GO terms were assigned using eggNOG-mapper and 497 

classified using the GO.db package in R Studio. Terms were grouped into Biological Process 498 

(BP), Molecular Function (MF) and Cellular Component (CC) ontologies.  499 

 500 

As the StringTie2 annotation-guided assembly consistently outperformed the other 501 

assemblies across multiple quality metrics, its functional annotations were 502 

investigated for specific biological processes and immune-related functions. GO terms 503 

were ranked according to annotation frequency, and the top 15 most highly 504 

represented terms from each ontology category were examined (Figure 5).  505 
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 506 

Figure 5. Top 15 gene ontology (GO) terms identified in the African savanna elephant whole 507 

blood transcriptome for the Biological Process (BP), Cellular Component (CC) and Molecular 508 

Function (MF) ontologies. Go terms were assigned using eggNOG-mapper and annotated by 509 

the GO.db package in R studio. Terms were ranked according to their total scores, and the 15 510 

highest-ranking terms within each category are shown.  511 



28 

 

The most abundant BP terms were primarily associated with general cellular and 512 

metabolic processes (Figure 5). The dominant CC terms included intracellular 513 

structures such as the cytosol, cytoplasm, membrane, nucleus and lumen. Within the 514 

MF category, the most frequently represented terms were associated with binding and 515 

catalytic activities. Together, these results indicate that the transcriptome 516 

encompasses a broad range of cellular functions and biological processes.  517 

KEGG pathway annotations were also examined for the StringTie2 annotation-guided 518 

assembly (Table 4). Most annotated transcripts were associated with metabolic 519 

pathways, which also received the highest annotation scores. Additional highly 520 

represented pathways were associated with cancer-associated pathways, viral 521 

infections, endocytosis and signalling pathways (Table 4). These are consistent with 522 

the presence of conserved cellular, regulatory, and signalling mechanisms within the 523 

assembled transcriptome.  524 

Table 4. Top KEGG Pathways identified in the StringTie2 annotation-guided assembly of 525 

African elephant whole blood transcriptome.  526 

KEGG 

Pathway Transcripts Total score Mean score Pathway name  

ko01100 4303 4137783 961.6 Metabolic pathways 

ko05200 2045 2321922 1135.4 Pathways in cancer 

ko05165 1580 2075378 1313.5 Human papillomavirus 

infection 

ko04740 3953 2033190 514.3 Olfactory transduction 
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ko04144 1393 1622599 1164.8 Endocytosis 

ko04010 1303 1552717 1191.7 MAPK signaling pathway 

ko04151 1277 1488532 1165.7 PI3K-Akt signaling pathway 

ko04015 982 1469808 1496.8 Rap1 signaling pathway 

ko05202 1164 1396612 1199.8 Transcriptional mis-

regulation in cancer 

ko04120 758 1322793 1745.1 Ubiquitin mediated 

proteolysis 

ko04810 889 1310576 1474.2 Regulation of actin 

cytoskeleton 

ko05205 904 1257268 1390.8 Proteoglycans in cancer 

ko05166 1236 1253724 1014.3 Human T-cell leukemia virus 

1 infection 

ko05169 1145 1190606 1039.8 Epstein-Barr virus infection 

ko05206 862 1148125 1331.9 MicroRNAs in cancer 

Pathways were assigned using eggNOG-mapper, ranked according to their total 527 

scores and annotated using KEGGREST package in R studio. Only the top 15 528 

pathways are presented.  529 

The StringTie2 annotation-guided assembly contained 11.7% unannotated transcripts 530 

according to the rnaQUAST analysis (Table 2). To identify potential novel transcripts 531 

and genes, the assembly was compared with the current African elephant reference 532 

genome annotation using gffcompare. Transcripts were classified as novel (class code 533 
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'u') if they displayed no overlap with annotated reference transcripts. This analysis 534 

identified 2,231 putative novel genes, representing 6.1% of assembled genes of which 535 

99 were annotated by eggNOG-mapper, encoding 2,342 putative novel transcripts, 536 

representing 2.8% of assembled transcripts of which 119 were annotated. The top 537 

BLASTx results showed no similarity to known proteins in 2081 (88.9%) of these 538 

transcripts. However, examination of sequence similarity against the nucleotide 539 

database, revealed that only 338 (14.4%) had no known sequence matches. 540 

 541 

Discussion 542 

The lack of a whole blood reference transcriptome has limited investigation of immune 543 

gene expression in African savanna elephants (Loxodonta africana). In this study, 544 

multiple transcriptome assemblies were generated and evaluated using combinations 545 

of short-read NGS and long-read TGS data together with reference-guided (StringTie, 546 

StringTie2 and StringTie2 annotation-guided) and de novo (rnaSPAdes, Trinity and 547 

RNA-Bloom2) assembly approaches. Assembly performance was assessed using 548 

complementary metrics, including assembly statistics, read representation, transcript 549 

completeness, and functional annotation. Collectively, these analyses identified the 550 

StringTie2 annotation-guided assembly as the highest quality transcriptome generated 551 

in this study. The assembly exhibited high transcript continuity, low levels of 552 

unannotated transcripts, extensive functional annotation, and a BUSCO completeness 553 

score of 98.4%. Functional characterisation further demonstrated representation of 554 

diverse biological processes, molecular functions, cellular components, and pathways 555 

relevant to immune and cellular regulation. These findings support the use of this 556 
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whole blood transcriptome as a reference resource for future studies of gene 557 

expression and host responses related to disease in African savanna elephants.  558 

The short-read NGS and long-read TGS datasets used for transcriptome assembly 559 

were of high quality and achieved high mapping efficiencies against the African 560 

elephant reference genome. As expected, the Oxford Nanopore long-reads displayed 561 

lower per-base accuracy than short-read sequencing data, reflecting the higher error 562 

rates typically associated with TGS technologies [62]. However, the complementary 563 

strengths of the two sequencing platforms provided extensive coverage, while 564 

facilitating the reconstruction of longer transcript sequences. The low alignment error 565 

rates observed following processing and filtering indicated that both datasets were 566 

suitable for transcriptome assembly.  567 

Distinct performance patterns were observed between reference-guided and de novo 568 

assembly approaches. The de novo assemblers generally produced larger 569 

transcriptomes with greater numbers of shorter transcripts but also exhibited higher 570 

duplication rates and lower transcript contiguity. In contrast, the reference-guided 571 

assemblies generated fewer transcripts, greater transcript contiguity, lower duplication 572 

ratios, and improved reconstruction of annotated isoforms and exons. A similar trend 573 

was noted in a previous study where reference guided assemblies had longer 574 

transcripts, as noted by higher N50 values, compared to de novo transcriptome 575 

assemblies of the blood-sucking insect, Rhodnius prolixus [63].   576 

Among the de novo assemblers, RNA-Bloom2 differed substantially from Trinity and 577 

rnaSPAdes, producing a smaller transcriptome with fewer transcripts and a lower 578 

duplication rate. Although some assembly characteristics were more like those 579 

observed for the reference-guided assemblies, RNA-Bloom2 exhibited relatively low 580 
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transcriptome completeness and the highest proportion of missing BUSCO genes. 581 

Overall, the reference-guided approaches consistently outperformed de novo 582 

assemblies across most quality metrics. When a reference genome was available this 583 

was true for other non-model species as well [63,64]. 584 

Comparison of the rnaSPAdes assemblies generated from short-read data alone and 585 

those from combined short-read and long-read datasets demonstrated the value of 586 

incorporating long-read sequencing data into transcriptome assembly. Although 587 

inclusion of long reads had only modest effects on overall assembly size and transcript 588 

counts, it increased the proportion of longer transcripts and improved the recovery of 589 

assembled genes and isoforms. These findings are consistent with previous reports 590 

demonstrating improved transcript reconstruction and completeness when long-read 591 

data are incorporated into rnaSPAdes hybrid assemblies [18]. Hybrid assemblies also 592 

out performed assemblies using either short- or long-read data alone using other 593 

assembly tools [63]. Similar to the results in this study, hybrid assemblies were more 594 

complete and included longer transcripts [65]. Together, these results support the use 595 

of hybrid sequencing strategies for transcriptome assembly when both short-read and 596 

long-read data are available. 597 

A hybrid Trinity assembly was also attempted however the assembly could not be 598 

completed with the available computational resources and was terminated before 599 

completion. Similar computational constraints associated with hybrid Trinity 600 

assemblies have been reported previously [18] and de novo assmeblies [64]. 601 

Consequently, the Trinity hybrid assembly was excluded from further comparisons. 602 

Overall, these results support the use of hybrid assembly approaches that integrate 603 

long-read and short-read sequencing data to improve the quality and completeness of 604 

the transcriptome. 605 
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Transcriptome completeness was further evaluated using BUSCO. The StringTie2 606 

annotation-guided assembly achieved the highest completeness score (98.4%), 607 

indicating that nearly all expected conserved mammalian orthologs were represented. 608 

Although a completeness score of 100% would not be expected from whole blood 609 

samples collected from healthy adult males, as many genes are tissue-, 610 

developmental-stage-, or condition-specific, the completeness observed in the present 611 

study is comparable to that reported for high-quality transcriptomes generated in other 612 

non-model species [21, 66]. The low proportion of fragmented BUSCOs further 613 

supports the integrity of the assembled transcriptome. 614 

Considering the assembly statistics, transcript completeness metrics, and functional 615 

annotation results, the StringTie2 annotation-guided assembly was identified as the 616 

optimal transcriptome. This outcome was expected given the recent improvements to 617 

the African savanna elephant reference genome and annotation resources [27]. 618 

StringTie2 was specifically developed to improve transcript reconstruction from both 619 

short- and long-read sequencing data, and has previously demonstrated improved 620 

transcript recovery when reference annotations are incorporated during assembly [14]. 621 

Similar studies have also reported enhanced transcript reconstruction and BUSCO 622 

recovery using StringTie2 compared with alternative reference-guided and de novo 623 

assembly methods [14, 68, 68].  624 

Despite its overall superior performance, the StringTie2 annotation-guided assembly 625 

contained a relatively high proportion of duplicated BUSCOs and exhibited the highest 626 

level of protein redundancy. Several factors may contribute to these observations, 627 

including the retention of alternative transcript isoforms and closely related coding 628 

sequences. Since the assembly was guided by an existing annotation and 629 

demonstrated strong performance across multiple quality metrics, these duplicated 630 
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sequences are likely a reflection of genuine biological variation rather than assembly 631 

artefacts. Retaining these transcripts therefore preserves potentially important isoform 632 

diversity and may improve the utility of the resource for future transcriptomic analyses. 633 

Furthermore, StringTie2 has consistently been reported to recover a greater number 634 

of non-redundant transcripts than other assemblers [67, 68], suggesting that our 635 

decision to retain these transcripts in the assembly may improve transcriptome 636 

completeness and biological representation. 637 

Functional annotation further supported the completeness of the assembled 638 

transcriptome. GO annotations encompassed a broad range of biological processes, 639 

molecular functions, and cellular components, while KEGG analyses identified 640 

pathways associated with cellular metabolism, signalling, endocytosis, immune 641 

function, and host–pathogen interactions. A small number of GO terms could not be 642 

assigned to a specific ontology due to database limitations or mis-assemblies and 643 

were therefore excluded from further analyses. Importantly, no major functional 644 

categories appeared under-represented, suggesting that the transcriptome captured 645 

a diverse set of biological functions relevant to whole blood gene expression. Since 646 

single-tissue reference are rarely complete [63], novel genes and transcripts were 647 

expected due to the different tissue source from the current available reference. The 648 

identification of more than 2,200 putative novel genes and over 2,300 putative novel 649 

transcripts in this transcriptome further highlights the potential of this resource to refine 650 

existing African elephant genome annotations.  651 

A limitation of this study was the relatively small number of individuals included in the 652 

transcriptome assembly. Additional samples representing different age classes, sexes, 653 

and health statuses may increase transcript diversity and improve the representation 654 

of low-abundance transcripts. Furthermore, all blood samples were collected from 655 



35 

 

free-ranging elephants that were chemically immobilised. Although the influence of 656 

immobilization on the elephant blood transcriptome is currently unknown, 657 

physiological stress responses during capture and drug administration may affect the 658 

expression of some genes [69]. Nevertheless, the large sequencing depth and the use 659 

of complementary short- and long-read sequencing technologies provided extensive 660 

transcript coverage and enabled the generation of a highly complete reference 661 

transcriptome. As additional transcriptomic datasets become available, the resource 662 

presented here can be further expanded and refined. 663 

 664 

Conclusions 665 

A high-quality whole blood reference transcriptome for the African savanna elephant 666 

was generated using a StringTie2 annotation-guided assembly approach that 667 

combined short- and long-read sequencing data and merged with the guidance of the 668 

current reference annotation file. The resulting transcriptome exhibited high 669 

completeness, extensive functional annotation, and representation of a broad range 670 

of biological and immune-related pathways. In addition to providing a valuable 671 

resource for future investigations of immune responses and infectious diseases in 672 

African savanna elephants, this study presents a validated workflow for transcriptome 673 

assembly in non-model species when both short- and long-read sequencing data are 674 

available. The transcriptome and associated annotations provide a foundation for 675 

future studies of gene expression, functional genomics, and genome annotation in this 676 

endangered species. 677 

 678 
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%: percentage  680 

aa: amino acid 681 

AU: Absorbance Unit 682 

BAM: Binary Alignment/Map 683 

BLAST: Basic Local Alignment Search Tool 684 

bp: base pair 685 

BP: biological process 686 

BUSCO: Benchmarking Universal Single-Copy Orthologs 687 

CC: cellular component 688 
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GO: gene ontology 695 
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KEGG: Kyoto Encyclopaedia of Genes and Genomes 697 

KNP: Kruger National Park 698 
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MF: molecular function  699 

mRNA : messenger RNA 700 

NCBI: National Centre for Biotechnology Information 701 

ng: nanogram  702 

NGS: next generation sequencing 703 

ONT: Oxford Nanopore Technology 704 

ORF: open reading frame 705 

PBMC : peripheral blood mononuclear cells 706 

PCR: polymerase chain reaction 707 

RINe: RNA integrity number  708 

RNA: ribonucleic acid  709 

rRNA: ribosomal RNA  710 

SAMRC: South African Medical Research Council 711 
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TGS: third-generation sequencing 713 
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