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Abstract 
The Laotian shad (Tenualosa thibaudeaui) belongs to the family Clupeidae and is mainly distributed across Lao PRD, Cambodia, and northern 
Thailand. Due to overfishing and dam reconstruction, the Laotian shad is on the verge of extinction and currently listed as vulnerable by the 
IUCN. Nanopore and Illumina sequencing data were integrated to generate the first high-quality genome assembly for T. thibaudeaui. The 
assembled genome was 638 Mb in size, including 228 scaffolds with a N50 value of 16.6 Mb. BUSCO analysis revealed the completeness of the 
assembly to be more than 96%. A total of 24,810 protein-coding genes were predicted. According to the pairwise sequentially Markovian coales-
cent analysis, the effective population size of the Laotian shad sharply declined from 3 Mya to 20 Kya. We found a significant ratio in contraction 
of gene families that may reflect secondary gene loss. Our high-quality genome assembly of the Laotian shad will provide a valuable resource 
for future research in conservation genetics, as well as for investigating the phylogenetics and comparative genomics of shads.
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Introduction
The Laotian shad (Tenualosa thibaudeaui) (Durand 1940), 
also known as the Mekong herring, is an endemic spe-
cies of the Mekong River Basin distributed from northern 
Thailand, Cambodia, Lao PDR, and possibly into Myanmar 
and Southern China (Blaber et al. 2003; Poulsen et al. 2004). 
Although it has become increasingly rare since the 1970s, 
the species was last recorded in large numbers around 
1984 (Roberts 1993; Stone 2016). Because of overfishing 
and hydropower projects, fishery resources in the Mekong 
River are declining with an irreversible impact. Assessment 
based on availability and habitat management, the IUCN 
declared T. thibaudeaui as a “Vulnerable” species in 2011 
(Vidthayanon 2011). In the following years, Vu et al. (2015) 
warned about the risk of extinction for T. thibaudeaui along 
with many other species found in the Mekong Delta. A mul-
tidimensional conservation action plan is therefore required 
for this species but until now, the research related to the 
Laotian shad has been limited mostly to resource surveys. 
Meanwhile, recent conservation strategies are becoming 
more improved by utilizing species-specific genetic data 
like adaptive alleles to track evolutionary consequences of 
demographic changes. Irrespective to their importance, little 

genetic data have been reported so far for T. thibaudeaui. A 
mitochondrial genome sequenced for phylogenetic analysis 
by Lavoué et al. (2013) and protein sequences by Egan et 
al. (2018) to determine trophic niches of Clupeiformes are 
now the only accessible data through public repositories. In 
these circumstances, sequencing a whole genome resource 
for the only potamodromous taxon from the Tenualosa 
clade can aid molecular and conservation efforts. In addi-
tion, a series of bioinformatics tools have emerged along 
with the development of genomics, and now uncovering the 
genome of T. thibaudeaui can make it possible to assess the 
diversified molecular mechanism of migration throughout 
the clade. Considering these aspects, firstly, we assembled 
a high-quality genome for T. thibaudeaui using Nanopore 
and Illumina reads. Secondly, the pairwise sequentially 
Markovian coalescent (PSMC) model was employed to 
infer the demographic history from the diploid genome. 
Finally, we compared the whole genome with all the avail-
able genomes of closely related species and outgroups and 
modeled the gene gain and loss over a time calibrated tree. 
We are optimistic that our current genome assembly will be 
considered as a valuable resource for the conservation of 
this highly threatened species.

© The Author(s) 2022. Published by Oxford University Press on behalf of The American Genetic Association. All rights reserved. For permissions, please 
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Methods
Sample collection, DNA library preparation, and 
sequencing
Two individuals of T. thibaudeaui were collected from 
Paksan, Bolikhamsai Province, a central city of Laos 
(18°21ʹ5.328″N, 103°40ʹ33.239″E) in December 2019 
(Fig. 1), and the larger male specimen was used for ge-
nome sequencing. Muscle tissues were taken and preserved 
in All Protect Buffer solution (Beyotime, cat#R0121-100) 
at −80 °C for further usage. The Ezup Column Animal 
Genomic DNA Purification Kit (Sangon Biotech) was used 
to extract HMW genomic DNA and raw DNA was sent 
to GrandOmics (Wuhan, Hubei, China) for long-read 
sequencing using the Oxford Nanopore PromethION plat-
form. For short reads, DNA was sheared to ~250 bp using 
a Covaris M220 focused ultransonicator (Woburn, MA, 
USA). Two separate libraries were constructed using a mod-
ified method (Meyer and Kircher 2010; Li et al. 2013), and 
sent to GENEWIZ (Suzhou, Jiangsu, China) and Novogene 
(Tianjin, China) for sequencing on the Illumina NovaSeq 
6000 platform.

Data filtering and genome size estimation
Trim Galore with default settings (http://www.bioinfor-
matics.babraham.ac.uk/projects/trim_galore/) was used to 
trim Illumina reads. The parameter “-m 21-s 1G” was used 
in Jellyfish (Marcais and Kingsford 2011) to count the k-mer 
frequency. Based on the k-mer distribution, genome size and 
heterozygosity were estimated using GenomeScope (Vurture 
et al. 2017). For Nanopore reads, we only kept data with an 
average quality score larger than 7. The other programs with 
version details used throughout the analysis procedure are 
available in Table 1.

Genome assembly
NECAT (Chen et al. 2021) was used to assemble the Nanopore 
reads. Since the assembly from long reads contained a consid-
erable number of errors, Illumina reads were used to polish 
the draft assembly employing NextPolish (Hu et al. 2020). 
BUSCO (Waterhouse et al. 2018) with a database containing 
3,354 core genes from the vertebrate lineage was used to as-
sess genome completeness. Purge Haplotigs (https://bitbucket.
org/mroachawri/purge_haplotigs/commits/) was used to re-
solve and treat heterozygous regions of the assembly. Being 
a non-model species, a de novo library of repeats was built 
for T. thibaudeaui using RepeatModeler (http://www.
repeatmasker.org/RepeatModeler/) with default parameters 
prior to masking of the repetitive regions. The library was 
used as queries for RepeatMasker (http://www.repeatmasker.
org/) to quantify the repeat content. Before masking, we 
blasted the library using BLAST (Altschul et al. 1990) against 
all the available proteins of Clupeiformes from NCBI since 
transposable elements often can code for certain proteins. We 
wrote and implemented a python script to remove the repeat 
content having ≥70% identity threshold with any known pro-
tein domain. Finally, only the repeats that did not code for 
any proteins were retained as true hits.

Gene prediction and annotation
For annotation, we utilized raw RNA-seq data of Tenualosa 
ilisha (Bioproject: PRJNA378699), a sister species to 
T. thibaudeaui. After quality checking, raw reads were 
assembled with Trinity (Haas et al. 2013) using the reference-
free method. Protein-coding genes were annotated using the 
MAKER pipeline (Holt and Yandell 2011) which is com-
posed of ab initio and evidence-based gene prediction. The 
HMM within SNAP and Augustus (Stanke and Waack 

Fig. 1. Specimens of Tenualosa thibaudeaui. The bottom specimen (male) was used for genome sequencing.
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2003) with the Danio rerio gene set were trained to deter-
mine the position of genes in the genome. Proteins from 
the Order Clupeiformes (https://www.ncbi.nlm.nih.gov/
protein/?term=Clupeiformes+) and assembled transcripts of 
T. ilisha were used for evidence-based gene prediction. The 
entire procedure was iterated 3 times. Parameter settings 
are listed in Supplementary File 2. For functional annota-
tion, all products from the coding genes were compared with 
databases using InterProScan5 (Jones et al. 2014) and KEGG 
mapper (Ogata et al. 1999).

Analysis of population history of T. thibaudeaui
The PSMC method (Li and Durbin 2011) was applied to infer 
the population history of T. thibaudeaui. BWA-MEM algo-
rithm (Li 2013) was used to map 28× pair-end reads against 
the newly assembled diploid genome of T. thibaudeaui. 
SAMTools (Li et al. 2009) was used to generate the consensus 
with default settings (https://github.com/lh3/psmc). The spe-
cies base substitution rate (μ) and generation time (g) were 
set to 3.75 × 10−9 (Li et al. 2021) and 2 yr (Roberts 1993), 
respectively.

Gene family analysis
To identify the orthologous genes, the protein sequences 
from 8 species (Clupea harengus, T. ilisha, T. thibaudeaui, 
Alosa sapidissima, Alosa alosa, D. rerio, Denticeps 
clupeoides, and Chanos chanos) were given as input for 
Orthofinder (Emms and Kelly 2019). Only proteins from 
the longest isoforms were kept to remove redundancy. 
After performing an all-by-all BLAST search, a Markov 
clustering algorithm was applied to cluster the protein 

sequences (Fischer et al. 2011). After clustering all the ho-
mologous genes, 1,379 single copy genes were retrieved 
and concatenated into a supermatrix. Multiple alignment 
was done at the amino acid level using MUSCLE (Edgar 
2004) and then translated back to nucleotides for subse-
quent analyses. An alignment of 4.7 Mb in length was used 
to reconstruct a maximum likelihood tree under GTR+G 
model with 1000 bootstraps using RaxML (Stamatakis 
2014). To provide calibration points for r8s, the divergence 
time between A. sapidissima and A. alosa was selected from 
the TimeTree.org website (http://timetree.org/) (Sanderson 
2003). The binary format of the ultrametric tree and cluster 
information were used as the main parameters to run CAFÉ 
(Han et al. 2013). Rapidly changing gene families were used 
to construct the Venn Graph (http://jvenn.toulouse.inra.fr/
app/example.html).

Results
Genome assembly and evaluation
After filtering low quality and duplicated reads, the Illumina 
sequencing yielded 32 Gb reads with a depth of 28×. From 
the Nanopore sequencing, 111 Gb of long reads were 
generated and only reads >10 kbp were retained. The ge-
nome size was estimated approximately as 656  Mb ac-
cording to the k-mer count. An initial assembly using long 
reads generated a draft genome with an N50 of 15 Mb. To 
improve the quality, the assembly was polished with paired-
end reads. After polishing, the genome size of T. thibaudeaui 
was 638  Mb consisting of 228 scaffolds of which 189 of 
them were greater than 5  Mb, accounting for 82.9% of 
the genome. Consequently, the N50 of the genome was 
increased to 16.6  Mb and the longest scaffold size was 
28.76 Mb (Table 2). BUSCO analysis found that approxi-
mately 96.6% out of 3,354 core genes remained fully intact 
(Supplementary File 1, Table S2).

Repetitive sequences, gene prediction, and 
annotation
Prior to structural annotation, the position and quantity 
of repetitive elements were identified, which contributes to 
24.64% of the whole genome. Altogether, 164.8 Mb of simple 
sequence repeats were identified including interspersed repeats 
(17.44%), simple repeats (6.21%), and low complexity re-
gions (0.99%) (Supplementary File 1, Table S3). A total of 
24,810 protein-coding genes from the T. thibaudeaui genome 
were structurally annotated. Predicted genes were distributed 
on 228 scaffolds with an average of 109 genes per scaffold. 

Table 1. Programs used in genome assembly, annotation, and analysis of 
Tenualosa thibaudeaui.

Purpose Program Version 

Data filtering and size estimation

 � Illumina read trimming Trim Galore 0.4.1

 � Nanopore read filtering Nanofilt 2.7.1

 � K-mer analysis Jellyfish 2.2.10

 � Genome size evaluation GenomeScope 1.0.0

Genome assembly

 � Long-read assembly NECAT 0.0.1

 � Error correction NextPolish 1.4.0

 � Assembly validation BUSCO 3.0.1

 � Redundancy removal Purge_haplotigs 1.1.2

Gene prediction and annotation

 � Repeat sequence identification RepeatModeler 1.0.8

 � Masking of repetitive elements RepeatMasker 4.0.7

 � Transcriptome assembly Trinity 2.11.0

 � Annotation pipeline Maker 2.31.10

 � Population history PSMC 0.6.5

Gene family analysis

 � All-by-all BLAST BLAST 2.10.0

 � Gene family clustering Orthofinder 2.5.4

 � Multiple alignment Muscle 5.0

 � Phylogenetic tree RaxML 8.2

 � Expansion and contraction CAFÉ 4.2.1

Table 2. Assembly statistics for the genome of Tenualosa thibaudeaui.

Metric Values 

Assembly size (nt) 668,877,428

Number of scaffolds 228

Number of long scaffolds (≥5 Mb) 189

Mean sequence length (nt) 2,933,673

Scaffold N50 (nt) 17,052,863

Longest scaffold (nt) 28,763,990

GC content % 42.94
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For functional annotation, the predicted genes were searched 
against known databases. Among those, 23,879 and 15,624 
genes were annotated by InterProScan and KEGG Mapper, 
respectively, which represents 96.25% of the total number of 
genes (Supplementary File, Table S4).

Population dynamics of T. thibaudeaui
The effective population size (Ne) of T. thibaudeaui was 
estimated to have changed during the period from 2 Mya to 
10 Kya using PSMC. The effective population size experi-
enced a significant decline from 2 Mya to 200 Kya, although 
the demographic curve was nearly stable between 200 and 50 
Kya and the number remained around 4.0 × 104. Nonetheless, 
a slight rebound was observed from 50 to 10 Kya. The dem-
ographic trajectory within the given time scale is presented 
in Fig. 2.

Evolution of gene families
The expansion and contraction analysis was performed using 
inferred gene families and the estimated phylogenetic tree, 
and we particularly focused on the comparison between the 
potamodromous T. thibaudeaui and anadromous T. ilisha. 
The time tree showed that T. thibaudeaui diverged from its 
sister species about 12.72 Mya ago (Fig. 3). A total of 203 
gene families of T. thibaudeaui have been expanded whereas 
2,130 gene families have been contracted. Surprisingly, the 
scenario was quite opposite for the T. ilisha where 2,542 and 
415 gene families have been expanded and contracted, respec-
tively. We noted that 47 gene families had experienced distinct 
changes likely according to adaptive preferences, contracting 
in T. thibaudeaui and expanding in T. ilisha. However, a 
Venn Graph using 4 species from 3 representative habitats 
showed that only 1 gene family (PF07686) containing the 
Immunoglobulin V-set domain had undergone rapid contrac-
tion in T. thibaudeaui and C. harengus, species that live in 
only 1 type of habitat i.e. freshwater or saltwater, but showed 
rapid expansion in the migratory species T. ilisha and A. 
sapidissima. (https://pfam.xfam.org/family/PF07686).

Discussion
Currently, genomic resources are important in conserva-
tion strategies since reference genomes can inform adaptive 
features from genic and intergenic regions (Formenti et 
al. 2022). From a conservation perspective, the natural 

existence of T. thibaudeaui is under serious threat but there 
are very limited genetic resources. Even for the entire clade of 
Tenualosa (5 species), the genomic resources are yet insignifi-
cant to understand the dispersal, adaptation, and diversifica-
tion of these species across their range of habitats. In order 
to produce a reference genome for the most vulnerable spe-
cies from this group, we integrated Nanopore and Illumina 
reads to accomplish genome assembly of T. thibaudeaui, 
resulting in 228 scaffolds with 99.1% of them over 10  kb 
and 62.7% over 100 kb in length, which reflected a high level 
of contiguity. In addition, the completeness of the assembly 
was higher compared with the existing genome assembly 
of T. ilisha, but the genome size of T. thibaudeaui was suf-
ficiently shorter (~17%) (Mohindra et al. 2019). The effec-
tive population size of T. thibaudeaui showed a downward 
trend with a relatively low recovery curve (Fig. 2). According 
to the literature, this decline coincided with the Quaternary 
glaciation about 2 to 3 million years ago (Kerdelhué et al. 
2009). Suspecting the degree of environmental sensitivity by 
T. thibaudeaui, it may be inferred that habitat deterioration 
brought by temperature changes during the global cooling 
period led to an extensive decrease in population size (Blaber 
et al. 2003; Riede 2004). However, there are still 2 possible 
populations of T. thibaudeaui which have been divided by 
Khong Phapheng Falls, the world’s widest waterfall, into an 
upstream and downstream cluster (Poulsen et al. 2004). The 
present genome assembly resource can be used as a baseline 
for investigating the drift or loss of genetic variability within 
these populations.

Gene families consist of genes sharing similar molecular 
functions that evolve or disappear as a result of gene duplica-
tion or secondary deletion events, respectively. Over time, the 
increase or decrease in the copy number of genes from certain 
families can be a result of both random processes and natural 
selection (Demuth et al. 2006). In the present study, the ex-
pansion and contraction analysis of gene families revealed a 
remarkable ratio for the Laotian shad in terms of gene gain 
and loss. The ratio of contraction compared with expansion 
was strikingly higher, ~10 times higher than that observed in 
the other species. The particular comparison between anad-
romous and potamodromous shad species revealed a pattern 
for contraction, where several crucial members including 
SHC-transforming protein, DNA-binding protein inhibitor, 
and Bone morphogenetic proteins (BMP) were found to be 
contracted for T. thibaudeaui. Each of these families might 
have limited role for potamodromous movement but may 
be highly essential for diadromous movement. For example, 

Fig. 2. Historical population size of Tenualosa thibaudeaui from 2 Ma to 
10 Ka estimated using the PSMC method with 100 bootstraps.

30.0

Tenualosa ilisha

Alosa sapidissima

Denticeps clupeoides

Clupea harengus

Chanos chanos

Danio rerio

Tenualosa thibaudeaui

Alosa alosa4.41

12.72

61.35
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182.69

178.06
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+4,210/-813

+2,542/-415

+203/-2,103
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+1,051/-5,339

+3,884/-2,903

Fig. 3. A time tree of Tenualosa thibaudeaui. The “+” sign indicates the 
number of expanded gene families, whereas “−” sign indicates the 
number of contracted gene families.
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members from the BMP family preliminarily are responsible 
for bone maintenance but these also have a clinical role in 
homeostasis (Wang et al. 2014). Furthermore, proteins from 
the SHC family are involved in enzymatic activity to draw 
signaling molecules to respective pathways (Ahmed and 
Prigent 2017). Since anadromous migrants need to tolerate a 
wide range of salinity compared with freshwater dwellers and 
require a well developed signaling system, it might be neces-
sary to be equipped with more genes related to homeostasis. 
Experimental evidence is required to test these ideas for the 
species under discussion. However, the habitat range of the 
Laotian shad is sharply limited compared with the anadromous 
species which might be 1 reason for the significant contraction 
of copy numbers of certain gene families. Since secondary gene 
loss is common throughout the tree of life after gene dupli-
cation events according to habitat preferences and adaptive 
requirements, the present results raise 2 key questions: First, 
did T. thibaudeaui evolve from a marine ancestor? Second, is 
it a basal species to all the remaining members of Tenualosa? 
Previous phylogenetic studies suggested a freshwater origin of 
the genus Tenualosa (Bloom and Lovejoy 2014), but we en-
courage a phylogenomic study to address these questions.

More importantly, reference genomes are generally used 
to guide the sequencing and assembly of new genomes 
from closely related species and for population genomic 
studies (Brandies et al. 2019). For the genus Tenualosa, 
there are 5 species with oceanodromous, anadromous, and 
potamodromous life history. With the exception T. ilisha and 
now T. thibaudeaui, there are no other genomic resources 
available for this economically important group of fish. Thus, 
our genome resource will facilitate the genome assembly of 
other members of Tenualosa and enable comparative genome 
studies of shads from various habitats.

Conclusion
The combined assembly from Nanopore and Illumina reads 
generated a high-quality reference genome for T. thibaudeaui 
with good contiguity (228 scaffolds) and completeness 
(96.6%). The annotated genome can provide information 
about genomic regions having an influential role in local 
adaptations within certain ecotypes. This may help to execute 
viable conservation action plans like translocation. Moreover, 
this will facilitate better comparative genomic studies among 
Tenualosa shads when more genome resources of the other 
species become available.

Supplementary material
Supplementary material is available at Journal of Heredity 
online.
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