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Abstract  

Freshwater  biodiversity  is  declining  at  alarming  rates,  and  the  biological  characteristics  of  small  freshwater  fishes  make

 them  particularly  vulnerable  to  habitat  degradation  and  fragmentation.  Pygmy  perches  are  small  Australian  fishes  whose

 populations  have  recently  undergone  rapid  declines  due  to  human-induced  pressures.  They  also  exhibit  paedomorphic

 miniaturization,  an  evolutionar  y  phenomenon  whose  consequences  for  the  persistence  and  diversification  of freshwater

 fishes  remain  unclear.  Genomic  resources  for  pygmy  perches  would  significantly  enhance  both  conser  vation  efforts  and

 evolutionar  y  research.  Here,  we  describe  chromosome  -level  genome  assemblies  for  the  Southern  pygmy  perch  (Nannoperca
 australis)  and  the  Yarra  pygmy  perch  (N.  obscura).  We  provide  evidence  for  high  synteny  among  percichthyid  genomes  and  for

 positive  selection  on  size  -  and  growth-related  genes  in  the  pygmy  perch  lineage.  The  N.  australis  and  N.  obscura  assemblies

 are  675.7  and  653.9  Mbp  in  length,  with  scaffold  N50  values  of  26.98  and  26.22  Mbp,  respectively.  Each  assembly  comprises

 24  pseudo-chromosomes  and  890  or  1,476  contigs,  with  repeat  contents  of  22.3%  and  28.1%.  We  predicted  26,390  and  24,654

 protein-coding  genes,  and  BUSCO  completeness  scores  for  Teleostei  genes  were  96.9%  and  96.5%,  respectively,  for  N.  australis
 and  N.  obscura.  Their  genomes  are  comparable  in  quality  to  the  best  currently  available  percichthyid  assemblies.  These

 genomic  resources  will  support  conser  vation  management  efforts  and  provide  a  foundation  for  comparative  studies  on  the

 adaptive  significance  of  miniaturization.
 

Keywords  conser  vation  genetics,  genetic  rescue,  landscape  genomics,  Murray-Darling  basin,  Percichthyidae,  teleost  .  

Introduction  
Worldwide,  freshwater  ecosystems  are  increasingly  threatened
 by  human  activities,  and  their  biodiversity  is  declining  at  a
 much  faster  rate  than  that  of  other  ecosystems  ( Vörösmarty
et  al.  2010;  Albert  et  al.  2021).  Despite  growing  awareness,

 public  attention  and  conser  vation  funding  continue  to  focus  on
 large,  commercially  important  ,  or  charismatic  species  ( Dar  wall
et  al.  2011;  Donaldson  et  al.  2016;  Todd  et  al.  2017).  This  bias

 is  concerning  because  most  freshwater  species  are  small,  and
 their  direct  value  to  humans  is  often  unknown.  Small-bodied
 species  also  tend  to  be  more  prone  to  extinction  due  to  limited
 dispersal,  reduced  migration  potential,  and  heightened  sensitivity
 to  habitat  fragmentation  ( Saddlier  et  al.  2013;  Lintermans  et  al.
2020).  This  is  particularly  true  in  Australia,  where  70%  of  native

 freshwater  fishes  reach  >200  mm  in  length  ( Allen  et  al.  2002)  and
 face  multiple  threats  including  artificial  barriers  ( Coleman  et  al.
2018;  Brauer  and  Beheregaray  2020),  invasive  species  ( Barrett

et  al.  2014),  climate  change  ( Lennox  et  al.  2019),  and  habitat
 disturbance  ( Tonkin  et  al.  2016;  Thiem  et  al.  2020).  Developing
 genomic  and  ecological  resources  for  the  conser  vation  of  small
 freshwater  fishes  is  therefore  essential. 

Australian  pygmy  perches  (genera  Nannoperca  and  Nannathe  -
 rina)  are  small  (up  to  85  mm)  fishes  inhabiting  vegetated  margins
 of  slow-flowing  streams  and  wetlands  in  temperate  southern  Aus  -
 tralia.  Unlike  larger  recreational  or  commercially  important  fishes,
 pygmy  perches  have  historically  attracted  little  attention  and  in
 the  past  were  largely  overlooked  in  conser  vation  management
 ( Saddlier  et  al.  2013).  Their  biological  characteristics  and  ecologi-
 cal  requirements  make  them  particularly  susceptible  to  extended
 droughts  and  habitat  degradation  ( Hammer  et  al.  2013;  Behere  -
 garay  et  al.  2021).  The  last  decade  has  seen  an  upsurge  in  ex-situ
 and  in-situ  conser  vation  efforts  for  pygmy  perch  species,  includ-
 ing  captive  -breeding,  reintroduction  and  monitoring  of  threat-
 ened  populations,  particularly  in  Southeastern’s  Australia  highly
 impacted  Murray-Darling  Basin  ( Hammer  et  al.  2013;  Attard  et  al.
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2016a;  Attard  et  al.  2016b;  Marshall  et  al.  2022;  Buckley  et  al.
2024a).  Seven  described  and  at  least  two  cr  yptic  species  of  pygmy

 perches  are  currently  recognized  ( Buckley  et  al.  2018;  Buckley
et  al.  2024b).  Although  only  three  species  are  listed  as  endangered

 by  the  IUCN,  six  species  are  considered  endangered  at  state  or
 national  level  ( Lintermans  et  al.  2020;  Beheregaray  et  al.  2021),
 including  the  Southern  pygmy  perch  (Nannoperca  australis)  and
 the  Yarra  pygmy  perch  (N.  obscura).
 

Pygmy  perches  exhibit  several  reductive  morphological  spe  -
 cializations,  including  paedomorphic  miniaturization,  such  as  the
 absence  of  a  subocular  shelf,  reduced  numbers  of  precaudal  rays
 and  dorsal  spines,  and  an  interrupted  lateral  line  ( Johnson  1984;
 Hanken  and  Wake  1993).  Miniaturization,  the  evolution  of  sexu-
 ally  mature  individuals  with  small  adult  body  size,  often  involves
 reductions  in  structures  or  organs  and  has  significant  ecological
 and  evolutionar  y  consequences  ( Hanken  and  Wake  1993;  Blanck-
 enhorn  2000;  Biswas  and  Karanth  2025).  It  is  widespread  in  ani-
 mals,  including  multiple  lineages  of  freshwater  fishes  ( Esin  et  al.
2020),  and  frequently  emerges  under  stressful  environmental  con-

 ditions  such  as  limited  resources  ( MacColl  et  al.  2013)  or  extreme
 water  parameters  ( Cooke  et  al.  2012;  Esin  et  al.  2020).  However,  the
 processes  shaping  the  evolution  of  miniaturization  and  its  genetic
 basis  remain  poorly  understood  ( Blanckenhorn  2000;  Troyer  et  al.
2025),  limiting  our  ability  to  infer  its  role  in  lineage  diversification

 and  persistence.
 

Here,  we  describe  pseudochromosome  -level  genome  assem-
 blies  for  N.  australis  and  N.  obscura.  We  generated  hybrid
 assemblies  by  combining  Illumina  short  reads,  PacBio  long
 reads,  and  a  previously  published  transcriptome  ( Brauer  et  al.
2017).  We  also  developed  a  multi-step  bioinformatic  pipeline  for

 genome  construction,  gene  prediction,  and  repeat  annotation.
 These  chromosome  -level  assemblies  are  expected  to  provide
 essential  resources  for  conser  vation  programs,  such  as  captive
 breeding  and  genetic  rescue,  targeting  declining  species.  They
 are  also  expected  to  help  clarifying  how  human  impacts  affect
 evolutionar  y  potential  in  small,  isolated  populations.  Addi-
 tionally,  we  conducted  comparative  phylogenetic  analyses  to
 identify  signatures  of  positive  selection  in  genes  associated  with
 miniaturization.  These  results  provide  candidate  genes  for  future
 research  on  the  evolution  of  reduced  body  size  and  diversification
 in  freshwater  fishes. 

Materials  and  methods  

Sample  collection  and  sequencing 

A  male  individual  of  each  species  was  sampled  from  the  captive
 breeding  program  at  Flinders  University  (for  details  about  the
 program,  see  Attard  et  al.  2016a;  Marshall  et  al.  2022).  We  chose
 inbred  individuals  (i.e.  more  than  eight  generations  in  captivity)
 with  the  aim  of  reducing  heterozygosity  and  simplifying  genome
 assembly.  The  parents  of  the  N.  australis  individual  originated
 from  the  Ovens  River,  whereas  the  parents  of  the  N.  obscura  indi-
 vidual  came  from  the  Lower  Lakes,  both  within  the  Murray-Darling
 Basin.  Individuals  were  humanely  euthanized  using  an  overdose
 of  clove  oil.  Fresh  muscle,  skin,  fin,  gonad,  liver,  and  brain  tissues
 were  collected,  preser  ved  in  100%  ethanol,  and  rapidly  stored
 at  − 80  ◦  C.  Total  genomic  DNA  was  extracted  from  muscle  tis  -
 sue  using  a  salting-out  protocol  ( Sunnucks  and  Hales  1996),  and
 impurities  were  removed  using  AMPure  XP  magnetic  beads  at
 

a  0.8  bead-to  -DNA  volume  ratio.  For  N.  australis,  1  μ g  of  DNA
 was  shipped  on  dr  y  ice  to  Novogene,  where  a  short-read  librar  y
 (350  bp)  was  prepared  and  sequenced  (150  bp  PE)  on  an  Illumina
 HiSeq  4000  platform.  Additionally,  500  ng  of  DNA  were  sent  on
 dr  y  ice  to  the  Centre  for  Genome  Research  and  Biocomputing  at
 Oregon  State  University,  where  a  long-read  (20  kb)  librar  y  was  pre  -
 pared  and  sequenced  on  one  SMRT  cell  using  the  PacBio  Sequel
 II  platform.  For  N.  obscura,  1  μ g  of  DNA  was  shipped  on  dr  y  ice  to
 the  Australian  Genome  Research  Facility,  where  a  long-read  (20  kb)
 librar  y  was  prepared  and  sequenced  on  a  PacBio  Revio  platform  in
 HiFi  mode  on  a  single  -SMRT  cell.
 

Genome  assemblies  

For  the  N.  australis  assembly,  Illumina  reads  with  low  average
 quality  (Q  <  20),  excess  of  “N”  (>10%),  and  small  length  (>60  bp)
 were  filtered  out  ,  and  adapters  were  trimmed  using  TRIMMO-
 MATIC  3.9  ( Bolger  et  al.  2014).  Because  PacBio  reads  have  relative
 high  error  rate,  especially  around  indels,  the  high  coverage  short
 reads  were  used  to  correct  sequencing  errors  in  long  reads  with
 LORDEC  0.9  ( Salmela  and  Rivals  2014).  We  then  generated  contig-
 level  assembly  from  the  Illumina  short  read  using  SOAPDENOVO2
 2.4.2  ( Luo  et  al.  2012)  without  gap  closing  or  scaffolding  steps.
 These  contigs,  together  with  the  corrected  PacBio  long  reads,
 were  inputted  into  DBG2OLC  ( Ye  et  al.  2016)  to  create  a  hybrid
 assembly.  This  software  uses  accurate  short  read  contigs  to  anchor
 and  compress  reads,  performs  multiple  sequence  alignments,
 removes  reads  with  structural  errors  (chimeras),  and  constructs
 an  assembly  backbone.  Finally,  uncompressed  long  reads  are
 aligned  to  the  backbone,  and  the  most  likely  consensus  genome
 is  generated.  This  consensus  was  improved  using  the  paired-
 end  RNA  sequencing  reads  previously  generated  for  N.  australis
 ( Brauer  et  al.  2017),  and  P_RNA_SCAFFOLDER  ( Zhu  et  al.  2018).
 In  this  step,  paired  RNA  reads  are  first  aligned  to  the  consensus
 contigs,  pair  reads  in  which  both  reads  map  to  the  same  contig  or
 in  which  at  least  one  read  aligns  to  several  contigs,  are  removed.
 The  remaining  RNA  read  pairs  are  used  to  guide  the  connection,
 ordering,  and  orientation  of  consensus  contigs.  A  scaffolding
 graph  is  then  created  by  linking  optimal  connections  and  inserting
 a  number  of  “N”  equal  to  the  median  intron  size  at  each  junction.
 A  ssembly  polishing  was  performed  in  three  steps.  First  closing
 gaps  using  corrected  long  reads  and  TGS  -GAPCLOSER  1.1.1  ( Xu
et  al.  2020),  followed  by  two  rounds  of  scaffold  polishing  with
 PILON  1.23  ( Walker  et  al.  2014)  and  the  cleaned  short  reads.  For  the
 N.  obscura  we  did  not  have  short  Illumina  reads,  but  we  had  HiFi
 long  reads,  which  have  substantially  lower  error  rates  than  con-
 ventional  long  reads.  Thus,  we  used  the  PacBio  pipeline,  Improved
 Phased  A  ssembly  HiFi  A  ssembler  ( Sovic  et  al.  2022),  to  generate  an
 initial  assembly.  Both  species  assemblies  were  further  improved
 by  aligning  the  scaffolds  to  the  closest  related  chromosome  -level
 genomes  available:  Macquarie  perch  (Macquaria  australasica;
 Pavlova  et  al.  2022),  golden  perch  (Maquaria  ambigua;  Pavlova
 et  al.  2022),  Murray  cod  (Maccullochella  peelii  ;  Austin  et  al.  2017),
 and  Mandarin  perch  (Siniperca  chuatsi  ;  He  et  al.  2020)  in  RAGOUT
 2.3  ( Kolmogorov  et  al.  2018).  This  approach  reconstructs  the  most
 parsimonious  chromosome  structure  for  the  target  genome  by
 analyzing  structural  rearrangements  (synteny  breaks)  among
 reference  genomes.  The  resulting  pseudo  -chromosome  -level
 assemblies  were  polished  again  using  the  three  -step  described
 above  for  the  N.  australis  scaffold-level  assembly.
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Annotation  of  repetitive  elements  and

 gene  prediction 

For  each  separate  assembly,  a  de  novo  identification  of  repeat
 elements  was  implemented  using  REPEATMODELER  2.0  ( Flynn
et  al.  2020),  and  both  genomes  were  annotated  to  their  respective

 repeat  librar  y  using  REPEATMASKER  4.1  ( Tarailo  -Graovac  and
Chen  2009).  For  gene  prediction  and  annotation,  we  applied  a

 three  -evidence  based  strateg  y  using  the  MAKER  3.01.03  ( Campbell
et  al.  2014)  pipeline.  A  s  transcriptome  evidence,  we  used  the

 published  N.  australis  assembly  ( Brauer  et  al.  2017),  a  newly
 generated  assembly  of  N.  obscura,  and  transcriptomes  of  two
 other  closely  related  species  (M.  australasica  and  M.  ambigua;
 Pavlova  et  al.  2022).  A  s  protein  evidence,  we  used  a  Teleostei
 database  from  Uniprot  (2024). Both  transcript  and  protein
 evidence  were  aligned  to  the  genome  using  EXONERATE  ( Slater
and  Birney  2005)  and  BLAST+  2.10.1  ( Camacho  et  al.  2009).  An  ab

 initio  gene  prediction  was  generated  with  SNAP  ( Korf  2004)  and
 AUGUSTUS  3.4  ( Stanke  et  al.  2008),  both  trained  with  all  protein,
 transcriptome,  and  repeat  alignments.  MAKER  then  integrates  all
 evidence  to  find  the  best  gene  model  for  the  genome.  The  genes
 detected  were  functionally  annotated,  and  gene  ontolog  y  (GO)
 terms  were  assigned  using  the  SwissProt  database  (2024).
 

A  ssembly  quality  control 

The  quality  of  the  genome  assemblies  was  assessed  using
 several  complementar  y  approaches.  Expected  genome  size  and
 heterozygosity  were  estimated  using  the  k-mer–based  statistical
 method  implemented  in  GENOMESCOPE2  ( Ranallo  -Benavidez
et  al.  2020).  K-mer  frequenc  y  histograms  were  generated  from  the

 raw  short-read  data  using  JELLYFISH  2.3  ( Marçais  and  Kingsford
2011).  Basic  assembly  statistics,  including  assembly  size,  number

 of  contigs,  longest  scaffold,  N50,  L50,  number  of  supper  scaffolds
 (chromosomes),  N’s,  and  GC  content  ,  were  calculated  using  the
 program  QUAST  5.0.2  ( Gurevich  et  al.  2013).  Genome  complete  -
 ness  was  evaluated  using  BUSCO  5.2  ( Manni  et  al.  2021)  with
 Actinopter  ygii  lineage  -specific  single  -copy  orthologues  dataset
 (actinopter  ygii_odb10;  24  Februar  y  2021).  These  quality  statistics
 were  summarized  in  snail  plots  generated  using  ASSEMBLY-STATS
 1.5  ( Challis  and  Blaxter  2025).  Synteny  analyses  were  performed
 between  both  pygmy  perch  genomes  and  those  of  M.  australasica,
 M.  ambigua,  M.  peelii  ,  and  S.  chuatsi  using  NTSYNT  ( Coombe  et  al.
2024).  This  software  uses  k-mers  and  an  undirected  minimizer

 graph  to  identify  syntenic  blocks.  We  use  default  parameters
 appropriate  for  genome  divergences  >10%  and  visualize  synteny
 using  NTSYNT-VIZ  ( Coombe  et  al.  2025).  Finally,  to  assess  the
 utility  of  our  assemblies  as  genome  references,  low  coverage
 whole  genome  sequences  from  five  N.  australis  and  five  N.  obscura
 individuals  were  mapped  to  both  assemblies.  For  this,  we  used
 TRIMMOMATIC  3.9  ( Bolger  et  al.  2014)  to  trim  and  filter  reads,  and
 BOWTIE2  ( Langmead  and  Salzberg  2012)  to  perform  alignments.
 

Positive  selected  miniaturization  genes 

To  assess  the  role  of  positive  selection  over  the  miniaturization  of
 pygmy  perches,  we  used  PRANK  170427  ( Löytynoja  and  Goldman
2005)  to  probabilistically  align  codons  of  the  Actinopter  ygii

 orthologue  genes  that  were  ≥80%  complete  and  single  copy  in
 

N.  australis,  N.  obscura,  M.  australasica,  M.  ambigua,  M.  peelii  ,  and
 S.  chuatsi  genomes.  A  phylogenetic  tree  was  inferred  with  IQ-TREE
 1.6.12  ( Nguyen  et  al.  2015)  under  the  standard  codon  model  and
 10,000  bootstrap  replicates  to  assess  branch  support  .  We  tested
 for  positive  selection  along  the  Nannoperca  lineages  using  PAML
 4  ( Yang  2007).  Likelihood  ratio  tests  were  performed  comparing
 branch-site  model  2A  as  alternative  hypothesis  against  both
 model  0  (neutral)  and  model  1  (nearly  neutral)  as  null  hypotheses,
 as  suggested  by  Álvarez-Carretero  et  al.  (2023).  From  the  genes
 showing  significance,  we  performed  enrichment  analyses  of  their
 GO  and  mammalian  phenotype  (MP)  ontolog  y  terms.  The  GO
 enrichment  analysis  was  conducted  using  the  ZEBRAFISHMINE
 1.0.4.1  ( Ruzicka  et  al.  2019),  and  the  MP  enrichment  analysis
 was  conducted  using  the  Mammal  Phenotype  Ontolog  y  database
 ( Smith  and  Eppig  2009),  the  latter  focusing  only  on  terms
 associated  with  body  size  and  growth  reduction.  Although  the
 zebrafish  database  includes  a  phenotype  ontolog  y,  it  is  currently
 less  comprehensive  than  the  MP  ontolog  y.  We  selected  the
 MP  ontolog  y  because  it  provides  broader  integration,  richer
 phenotype  annotations,  and  more  extensive  functional  mappings.
 Importantly,  the  MP  ontolog  y  also  contains  specific  terms  related
 to  body  size  and  growth  reduction  that  could  not  be  directly  tested
 for  enrichment  on  the  zebrafish  phenotype  ontolog  y.
 

Results 
For  N.  australis,  a  total  of  58  Gb  Illumina  short  reads  and  176Gb
 PacBio  long  reads  were  generated,  representing  255×  average
 depth  coverage  ( Table  1).  For  N.  obscura,  27.8  Gb  PacBio  HiFi  long
 reads  were  generated,  representing  39.7×  average  depth  coverage
 ( Table  1).  Estimated  genome  sizes  were  570.2  and  583.2  Mb,
 with  heterozygosity  rates  of  0.2%  and  0.13%  for  N.  australis  and
 N.  obscura,  respectively.  The  final  genomes  were  ∼675.7  and
 ∼653.9  Mb  in  length  and  comprised  914  and  1,476  scaffolds  with
 N50  values  of  ∼26.99  and  ∼26.22  Mb  ( Table  1  and  Fig.  1),  of  which
 92%  and  93%  were  clustered  in  24  scaffolds  (chromosomes).
 Overall  GC  content  was  ∼41.7%,  with  ∼0.15  and  0.92%  Ns  being
 inserted.  Mapping  rates  were  high,  with  96.3%  of  short  reads  and
 92.5%  of  long  reads  aligning  back  to  the  N.  australis  genome;  and
 97.3%  of  short  reads  and  93.7%  of  long  reads  aligning  back  to  the
 N.  obscura  genome.  The  final  genomes  show  strong  synteny  with
 all  publicly  available  Australian  perch  species  genomes  ( Fig.  2)
 despite  more  than  50  million  yr  of  divergence  ( Buckley  et  al.  2018).
 

Repetitive  elements  and  protein-coding

 gene 

Just  over  1  million  repeat  elements  were  identified  ( Table  1),  com-
 prising  a  total  of  156.6  to  182.1  Mb  (23.1%  to  28%  of  the  genome).
 Most  repeats  were  interspersed  (19.7%  to  23.2%)  ( Table  1).  We
 identified  26,390  and  24,654  protein-coding  genes  in  N.  australis
 and  N.  obscura,  respectively  ( Table  1;  Fig.  3).  Among  these,  26,032
 (98.6%)  and  24,344  (98.7%)  were  functionally  annotated  to  a  pro  -
 tein  product  .  Gene  length  ranges  from  128  to  223,085  bp,  with
 means  of  9,644  and  8,676  bp  for  N.  australis  and  N.  obscura,  respec-
 tively.  Average  gene  density  was  42.5  genes/Mb  ( Fig.  3).  One  to  168
 exons  were  detected  per  gene,  with  average  of  10  exons  per  gene.
 BUSCO  assessment  showed  that  completeness  reached  96.3%  to
 98.7%,  with  0.2%  to  3.2%  duplicated,  1%  to  1.5%  fragmented,
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Table  1  General  summar  y  statistics  for  the  two  pygmy  perch  species  genome  assemblies.  

 N.  australis   N.  obscura  

A  ssembly  Total  length  675,704,800  653,929,830  

Number  of  contigs 914  1,476  

Longest  contig  32,847,025  32,217,311  

N50  26,992,376  26,217,731  

L50  12  12  

Number  of  supper  scaffolds  (chromosomes)  24  24  

N  (%) 0.15  0.92  

GC  (%) 41.65  41.70  

BUSCO  v5  (actinopter  ygii_odb10)  Complete  (%) 96.3  98.7  

Complete  single  copy  (%) 93.1  98.5  

Complete  duplicated  (%) 3.2  0.2  

Fragmented  (%) 1.5  1.0  

Missing  (%) 2.2  0.3  

Repetitive  elements  Total  1,029,839  1,091,847  

Total  (%) 23.1  28  

SINEs  (%) 0.0  0.1  

LINEs  (%) 3.1  4.6  

LTR  elements  (%) 0.9  1.4  

DNA  transposons  (%) 2.0  5.2  

Simple  repeats/low  complexity  (%) 3.2  2.4  

Unclassified  (%) 14.1  12.1  

Annotation  Predicted  genes 28,732  27,838  

Coding  genes 26,390  24,654  

Functional  annotated  genes 26,032  24,344  

Mean  gene  length  (bp)  9,644  8,679  

Mean  exon  length  (bp)  169  172  

Mean  intron  length  (bp)  884  891  

Mean  exons  per  gene  10  9  

Mean  introns  per  gene  9  8  

and  0.3%  to  2.2%  genes  missing  ( Table  1;  Fig.  1).  These  results
 demonstrate  the  high  reliability  and  completeness  of  our  genome
 assemblies. 

Miniaturization  genes  under  positive

 selection 

Around  3,196  orthologous  genes  were  successfully  aligned  in
 all  the  genomes.  From  these,  855  genes  showed  evidence  of
 positive  selection  along  the  pygmy  perch  lineage.  Although  no  GO
 terms  were  significantly  enriched,  795  positively  selected  genes
 (PSGs)  were  associated  with  33  MP  terms  related  to  body  size
 and/or  growth  reduction;  six  of  these  MP  terms  were  significantly
 enriched  ( Table  S2).  Candidate  genes  associated  with  the  MP
 terms  were  evenly  distributed  through  our  assembly,  with  a  clear
 correlation  between  chromosome  length  and  the  number  of
 candidates  per  chromosome  ( Fig.  S2).  We  considered  these  795
 PSGs  to  be  excellent  candidates  for  exploring  the  genetic  basis
 and  evolution  of  miniaturization. 

Discussion 
The  combination  of  hybrid  sequencing  (long  and  short  reads)  and
 multiple  bioinformatic  tools  produced  a  high-quality  assembly  for
 

the  endangered  pygmy  perch  N.  australis.  Similarly,  the  use
 of  HiFi  long  reads,  their  dedicated  assembly  pipeline,  and  a
 synteny  approach,  generate  a  high-quality  assembly  for  the
 critically  endangered  Yarra  pygmy  perch  N.  obscura.  The  total
 size  of  the  new  assemblies  was  slightly  larger  than  the  estimates
 from  GENOMESCOPE2  (631.6  Mb  vs.  675.7  Mb),  and  the  BUSCO
 completeness  was  similar  or  better  than  that  obser  ved  for  high-
 quality  chromosome  -level  percichthyid  genome  assemblies
 ( Fig.  S1).  The  pygmy  perch  genomes  also  are  highly  contiguous.
 Matching  its  low  proportion  of  fragmented  orthologous  genes,
 our  assemblies  have  a  slightly  smaller  N50  ( Fig.  1  and  Table  1)
 than  the  Macquarie  perch  (28.78  Mb)  and  golden  perch  (28.07  Mb)
 genomes,  but  larger  than  the  reported  for  the  Murray  cod  genome
 (23.8  Mb).  Although  our  assemblies  can  be  further  improved  with
 additional  resources,  such  as  a  high-density  linkage  map  or  Hi-C
 sequencing,  their  metrics,  together  with  the  high  alignment  rate
 for  both  long  and  short  reads,  support  the  overall  completeness
 and  quality  of  our  assemblies.
 

Pygmy  perch  genomes  as  resources  for

 conser  vation 

Captive  breeding,  population  reintroduction,  and  enhancement
 programs  are  increasingly  important  for  biodiversity  conser  vation
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Fig.  1  Snail  plots  showing  the  basic  statistics  of  Southern  pygmy  perch  (Nannoperca  australis)  and  Yarra  pygmy  perch  (N.  obscura)  genome  assemblies.

 Interactive  version  of  the  plots  can  be  found  in  https://yuma248.github.io/assembly-  statsNaus/?assembly=Naustralis  and  https://yuma248.github.io/

assembly-  statsNaus/?assembly=Nobscura.  

Fig.  2  Multi-genome  synteny  blocks  from  five  Australian  percichthyid  species  and  an  outgroup.  Vertical  order  is  based  on  a  phylogenetic  tree  built  with

 3,588  orthologous  genes  present  (each  at  least  80%  complete)  in  the  six  genomes:  Yarra  pygmy  perch  (Nannoperca  obscura),  Southern  pygmy  perch

 (N.  australis),  Macquarie  perch  (Macquaria  australasica),  golden  perch  (M.  ambigua),  Murray  cod  (Maccullochella  peelii  ),  and  mandarin  perch  (Siniperca
 chuatsi  ).  This  tree  was  used  for  the  positive  selection  test  in  PAML.  

as  human  activities  accelerate  climate  change,  habitat  loss,
 and  population  extinctions  ( Attard  et  al.  2016a;  Goergen  and
Gilliam  2018).  The  success  of  these  programs  is  significantly

 improved  when  integrated  with  the  right  genomic  data  ( Ralls  et  al.
2020;  Hoffmann  et  al.  2021;  Kardos  et  al.  2021),  which  usually

 requires  a  reference  genome  ( Brandies  et  al.  2019;  Formenti
et  al.  2022).  Currently,  chromosome  -level  genome  assemblies

 for  percichthyids  are  available  for  two  Maquaria  species  ( Pavlova
et  al.  2021).  Although  these  genomes  could  be  used  to  map  reads

 of  pygmy  perches,  their  long  phylogenetic  distance  decreases
 their  effectiveness  as  references  ( DiBattista  et  al.  2017).  This  is
 evident  when  comparing  the  mapping  success  of  low-coverage
 whole  -genome  sequences  of  pygmy  perches  to  the  M.  ambigua
 genome  (∼26%)  versus  mapping  to  our  assemblies  (>96%).
 These  results,  the  completeness,  and  the  contiguousness  of  our
 assemblies  demonstrate  that  our  assemblies  provide  a  robust
 resource  for  scanning  the  full  spectrum  of  genomic  diversity  in
 

pygmy  perches,  including  SNPs,  structural  variation,  copy  number
 variance,  and  runs  of  homozygosity.  In  addition,  our  assemblies
 improve  ortholog  y  assumptions  and  facilitate  interpretation
 based  on  genome  organization  ( Formenti  et  al.  2022);  increasing
 the  accurac  y  and  power  for  individual  assignment  ,  relatedness,
 population  structure,  and  demographic  inferences.  Such  infor-
 mation  is  essential  for  assessing  species  adaptive  potential  to
 climatic  changes  ( Mérot  et  al.  2020;  Kardos  et  al.  2021;  Wold  et  al.
2021)  and  for  reconstructing  population  demographic  histor  y

 ( Leitwein  et  al.  2020;  Dussex  et  al.  2021),  both  critical  for  effective
 conser  vation  planning.
 

The  assemblies  and  their  annotation  also  provide  a  founda-
 tion  for  identifying  genes  and  gene  interactions  involved  in  local
 adaptation  ( Brauer  et  al.  2016)  and  inbreeding  depression  that
 could  occur  in  small  and  fragmented  pygmy  perch  populations
 ( Cole  et  al.  2016;  Brauer  and  Beheregaray  2020;  Adams  et  al.  2022).
 This  knowledge  facilitated  the  identification  of  loci  associated
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Fig.  3  Circos  plot  ;  outer  circles  represent  the  relative  sizes  of  the  24

 chromosomes  of  pygmy  perches.  The  middle  circle  represents  gene

 density  per  chromosome  in  Southern  pygmy  perch,  and  the  inner  circle

 represents  gene  density  per  chromosome  in  Yarra  pygmy  perch.  Both

 densities  are  per  1  Mbp  and  are  shown  as  a  histogram  (top)  and  a

 heatmap  (bottom).  

with  phenotypic  and  fitness  variation  and  links  putatively  causal
 genes  to  underlying  biological  processes.  Such  functional  context
 is  likely  to  improve  existing  captive  breeding  programs  ( Attard
et  al.  2016a;  Attard  et  al.  2016b)  and  support  the  monitoring  and

 maintenance  of  genomic  variation  in  wild  and  reintroduced  pop  -
 ulations  ( Marshall  et  al.  2022).  For  instance,  this  genomic  infor-
 mation  combined  with  common  garden  experiments  could  enable
 genomic  prediction  of  key  traits  for  selecting  breeders  that  would
 enhance  the  persistence  of  reintroduced  pygmy  perch  popula-
 tions  ( Laverdière  et  al.  2022;  Sandoval-Castillo  et  al.  2022).  More  -
 over,  our  reference  genomes  allow  the  detection  of  chromoso  -
 mal  or  genic  incompatibilities,  disruption  of  coadapted  genetic
 interactions,  and  the  introduction  of  maladaptive  derivatives  from
 assisted  migration/hybridization  ( Ralls  et  al.  2020;  Hoffmann  et  al.
2021).  For  example,  the  high  contiguity  of  our  assemblies  will

 permit  the  application  of  haplotype  data  in  the  identification  of
 adaptive/maladaptive  introgressions  and  monitoring  their  effects
 within  reintroduced/restocked  populations  ( Leitwein  et  al.  2020;
 Brauer  et  al.  2023;  Gates  et  al.  2025).  This  will  support  genetic
 rescue  approaches,  enhancing  the  benefit  of  “mixing  lineages,”
 but  minimizing  risks  of  negative  effects  ( Beheregaray  et  al.  2026).
 Overall,  these  high-quality  pygmy  perch  reference  genomes  are
 valuable  resources  for  future  and  ongoing  conser  vation  efforts  for
 these  species  and  other  pygmy  perches.
 

Strong  synteny  and  candidate  genes  for

 miniaturization 

The  pygmy  perch  genomes  will  also  facilitate  comparative
 genomic  studies  designed  to  understand  percichthyid  evolution.
 

Here,  we  compared  our  assemblies  with  the  available  genomes
 of  Australian  percichthyids  to  explore  the  genomic  architecture
 underlying  miniaturization  evolution.  Notably,  the  pygmy  perch
 genomes  exhibit  strong  synteny  with  all  other  perch  genomes,
 despite  more  than  50  million  yr  of  divergence  ( Buckley  et  al.
2018).  Although  chromosome  rearrangements  are  common  in

 fishes,  most  Perciformes  species  show  limited  chromosomal
 divergence  ( Galetti  Jr  et  al.  2000).  The  similarly  strong  synteny
 to  the  Australian  perches  and  the  more  phylogenetically  distant
 Mandarin  perch  genomes  ( Fig.  2)  suggest  that  our  results  reflect
 high  genome  architecture  stability  within  the  Percichthyidae
 family,  rather  than  methodological  artifacts.  This  architectural
 stability  has  implications  for  adaptation  and  speciation  processes
 in  the  group,  particularly  for  understanding  mechanisms  and  rates
 of  evolution  ( Flaxman  et  al.  2014;  Kess  et  al.  2020).
 

Miniaturization  is  a  key  mechanism  in  the  evolution  and  diversi-
 fication  of  pygmy  perches  ( Johnson  1984;  Hanken  and  Wake  1993).
 Although  miniaturization  has  evolved  in  multiple  animal  lineages
 ( Lautenschlager  et  al.  2018;  Xu  et  al.  2021),  its  genomic  bases
 remain  poorly  understood.  In  Cypriniformes,  large  chromosomal
 rearrangements  and  genome  reduction  have  been  proposed  as
 drivers  of  miniaturization  ( Liu  et  al.  2012),  particularly  via  the  loss
 of  key  Hox  genes  ( Malmstrøm  et  al.  2018).  In  contrast  ,  our  pygmy
 perch  assemblies  exhibit  strong  synteny  with  other  percichthyids
 and  no  evidence  of  chromosome  number  reduction  or  large  -scale
 chromosomal  loss.  In  gobies,  the  differential  expression  of  54
 genes  has  been  linked  to  repeated  miniaturization  across  multiple
 lineages  ( Troyer  et  al.  2025),  highlighting  the  potential  for  paral-
 lel  evolutionar  y  routes  to  small  body  size  via  a  few  key  genes.
 Consistent  with  this  idea,  we  identified  795  genes  under  diver-
 gent  selection  in  pygmy  perches  that  may  underlie  adaptation
 to  ecological  niches  favoring  reduced  body  size.  These  candidate
 genes  are  evenly  distributed  across  the  chromosomes  ( Fig.  S2),
 indicating  a  genome  -wide  adaptive  signal  rather  than  a  localized
 genomic  driver.  The  use  of  only  six  genomes  can  reduce  the  power
 of  the  positive  selection  analysis.  However,  these  taxa  adequately
 represent  the  evolutionar  y  diversity  of  extant  Australian  perci-
 chthyids  and  span  the  divergence  range  relevant  to  this  study.  In
 PAML  branch-site  analyses,  phylogenetic  representativeness,  and
 appropriate  evolutionar  y  distances  are  often  more  important  than
 simply  maximizing  taxon  number,  as  the  inclusion  of  highly  diver-
 gent  taxa  can  reduce  alignment  reliability  and  complicate  evolu-
 tionar  y  inference.  Although  functional  validation  is  still  required,
 these  795  PSGs  represent  strong  candidates  for  dissecting  the
 genomic  basis  of  miniaturization  in  the  pygmy  perch  lineage  and
 its  role  in  percichthyid  diversification.
 

Conclusions 
We  assembled  chromosome  -level  genomes  for  the  endangered
 pygmy  perches  N.  australis  and  N.  obscura,  providing  an  essential
 resource  for  conser  vation  programs  targeting  pygmy  perches  in
 Australia.  These  high-quality  assemblies  will  facilitate  the  identi-
 fication  of  adaptive  loci  and  the  monitoring  of  their  diversity  in
 wild  and  captive  breeding  populations,  thereby  improving  the  suc-
 cess  of  in-situ  and  ex-situ  conser  vation  efforts.  In  addition,  these
 assemblies  contribute  to  the  growth  of  comparative  genomics
 and  the  possibility  of  exploring  new  perspectives  on  genomic
 architecture  and  function.  More  specifically,  we  identified  a  set
 of  candidate  genes  as  a  foundation  for  studying  the  evolution
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of  miniaturization  and  its  role  in  the  diversification  of  freshwa-
 ter  fishes.  We  expect  that  these  resources  will  also  enhance  our
 understanding  of  human  impacts  on  the  evolutionar  y  potential  of
 isolated  and  small  populations.
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