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Abstract 31 

As biodiversity declines at an unprecedented rate, rapid and scalable approaches to 32 

monitoring species are increasingly needed, particularly in poorly known and highly threatened 33 

groups. Environmental DNA (eDNA) is increasingly enabling high-throughput monitoring to 34 

inform conservation. However, species-level monitoring through eDNA relies on 35 

comprehensive reference databases and short, species-discriminating ‘mini-barcode’ loci, 36 

resources that are lacking for many taxa. The application of eDNA for species-level monitoring 37 

is therefore constrained by these gaps. Here, we use Australo-Papuan rodents (subfamily 38 

Murinae: tribe Hydromyini) as a model system to address these limitations, given their high 39 

species diversity, conservation concern, and distribution across geographically complex 40 

regions. Among animals, eDNA monitoring typically depends on mitochondrial markers. 41 

Leveraging taxonomically-verified museum specimens, we develop a 431-mitogenome 42 

reference library representing ~72% of described species diversity, and use this database to 43 

assess the species-level resolution of candidate mini-barcodes. We show that common 12S 44 

rRNA mammalian eDNA markers cannot reliably discriminate between Hydromyini species 45 

(resolving 23-33% of tested species). In contrast, a Rodentia-specific Cytb marker resolves 46 

66% of tested species, and two novel ATP6 Hydromyini markers, presented here, resolves 47 

93% through a multi-locus approach. This reference library represents a >40-fold increase in 48 

available complete mitogenomes for Australo-Papuan rodents, enabling eDNA monitoring in 49 

this highly threatened group. More broadly, we demonstrate the value of pairing 50 

comprehensive reference resources with empirical marker assessment to reveal where 51 

eDNA-based approaches may fail to distinguish species. Understanding these limitations is 52 

essential to realising the promise of eDNA as a reliable tool for species-level monitoring and 53 

conservation. 54 

Keywords: Australia, Mitochondrial DNA (mtDNA), Environmental DNA (eDNA), 55 

metabarcoding, reference database, Hydromyini 56 

1 Introduction 57 

Biodiversity is declining globally at an unprecedented rate (Barnosky et al. 2011), driven by 58 

habitat loss, environmental change, invasive species, overexploitation, and other 59 

anthropogenic pressures. At the same time, much of global biodiversity remains 60 

undocumented, with an estimated 80-90% species undescribed (Mora et al. 2011). Effective 61 

monitoring of biodiversity is therefore increasingly important for detecting population declines, 62 

identifying threatened species, and informing conservation management (Lindenmayer and 63 



Likens 2010; Stephenson et al. 2022). However, conventional biodiversity surveys can be 64 

time-consuming, expensive, and difficult to implement across large or remote areas, 65 

particularly for rare, elusive or cryptic species. Environmental DNA (eDNA) – DNA extracted 66 

from environmental sources such as water, soil, or air (Pawlowski et al. 2020) – is increasingly 67 

used for high-throughput biodiversity monitoring and species detection (e.g. Allen et al. 2023; 68 

Broadhurst et al. 2021; Gray et al. 2025; Kim et al. 2025; Kim et al. 2022; Leempoel et al. 69 

2020; Sales et al. 2020; Ushio et al. 2017). By enabling the detection of multiple taxa from 70 

environmental samples without requiring direct observation or capture, eDNA can increase 71 

the efficiency and spatial coverage of biodiversity surveys. This approach also has 72 

considerable potential for species discovery, with candidate species subsequently validated 73 

using nuclear genomic data, particularly in regions where biodiversity remains incompletely 74 

documented. 75 

Because of these advantages, the field of eDNA is currently transitioning from research into 76 

broadly relevant operational monitoring tools. As such, there is considerable ongoing effort to 77 

establish best practice guidelines and address methodological challenges across all stages of 78 

eDNA workflows (e.g. De Brauwer et al. 2023a; Hajibabaei et al. 2026; Loeza‑Quintana et al. 79 

2020; MacDonald and Sarre 2017; Theroux et al. 2025; Watts et al. 2026). For instance, the 80 

effectiveness of eDNA-based biodiversity assessments is strongly dependent on the 81 

availability of reference sequences from taxonomically verified specimens. Many taxonomic 82 

groups remain poorly represented in existing databases, with sequences often generated 83 

opportunistically rather than through systematic sampling (Chorlton 2024; Keck et al. 2023; 84 

but see De Brauwer et al. 2023b; Gold et al. 2021). Consequently, eDNA sequences may be 85 

incorrectly assigned or left unidentified, potentially leading to underestimation of biodiversity 86 

(Gold et al. 2021; Morey et al. 2024; De Santiago et al. 2025).  87 

Furthermore, because eDNA is typically highly degraded, the loci that are most commonly 88 

targeted in eDNA sequencing projects are generally very short fragments (‘mini-barcodes’; 89 

~100-200bp in length; Hajibabaei et al. 2006; Meusnier et al. 2008), that are flanked by 90 

conserved primer sites. These mini-barcodes have often been adopted based on convention 91 

(e.g. Leray et al. 2013; Roe and Sperling 2007; Ushio et al. 2017), based on sequence 92 

availability in reference databases for primer design (e.g. Galan et al. 2012), or for their ability 93 

to be amplified at broad taxonomic scales (e.g. Kelly et al. 2014; Riaz et al. 2011), rather than 94 

being specifically designed and validated for species-level identification within focal taxonomic 95 

groups (but see Miya et al. 2015). While such markers may be sufficient for characterising 96 

community composition at higher taxonomic levels, their capacity to discriminate among 97 

closely related species is likely to be highly variable and dependent on the focal taxonomic 98 



group (e.g. Campbell et al. 2024; Gold et al. 2021; Kelly et al. 2014; Miya et al. 2015). This 99 

can be particularly important where eDNA is used to survey threatened species that co-occur 100 

with a close relative as insufficient mini-barcode resolution may prevent reliable discrimination 101 

of the target species (e.g. Polanowski et al. 2024; Wilcox et al. 2015). Developing 102 

comprehensive, taxonomically verified reference databases using barcode regions specifically 103 

evaluated for their capacity to distinguish focal species is therefore critical for ensuring the 104 

reliability of eDNA for species-level detection and biodiversity discovery (Gold et al. 2022; 105 

Schmid et al. 2025; Weigand et al. 2019). 106 

The Australo-Papuan region, defined here as including Australia, New Guinea, and 107 

neighbouring islands, is a highly biodiverse region (Myers et al. 2000) that has suffered 108 

extensive recent biodiversity decline (Burbidge 2023; Leunufna 2026; Roycroft et al. 2021b; 109 

Woinarski et al. 2019), and harbours varied, complex and remote landscapes. Australian 110 

mammals have been especially impacted by recent biodiversity decline, with at least 40 111 

species extinct since European colonisation in 1788 (Woinarski et al. 2019; Burbidge 2023), 112 

and a further 31% threatened with extinction (EPBC Act). Many mammals across New Guinea 113 

and surrounding islands are poorly known, with several species presumed extinct and many 114 

mammal species likely undocumented (see Flannery et al. 2026; Travouillon et al. 2026). 115 

Protecting these remaining species from extinction requires innovative and cost-effective 116 

approaches to biodiversity monitoring and species discovery, making the region poised to 117 

benefit substantially from the deployment of eDNA approaches. 118 

Australo-Papuan rodents (subfamily Murinae) are among the region’s most threatened 119 

mammal groups. In Australia, rodents make up 19% of terrestrial mammal diversity, but 41% 120 

of modern mammal extinctions (Roycroft et al. 2021b; Burbidge 2023). These modern 121 

extinctions are the result of several interacting and ongoing factors, including predation by 122 

feral cats and foxes, land-clearing and the introduction of novel diseases (Woinarski et al. 123 

2015). There are two independent evolutionary radiations of rodents in the Australo-Papuan 124 

region, the Hydromyini (~160 species, with an 8.5-million-year evolutionary origin in the region; 125 

Roycroft et al. 2022), and the Rattini radiation (~24 species, with a 1.1-million-year origin in 126 

the region; Rowe et al. 2011). As a highly vulnerable and wide-ranging group, Australo-127 

Papuan rodents would particularly benefit from eDNA approaches. However, to facilitate this, 128 

there is a need to generate comprehensive mitochondrial reference sequences for this group. 129 

The more diverse Hydromyini tribe is represented by only six complete mitochondrial genomes 130 

in public databases (GenBank, accessed 17 July 2026), representing ~4% of total Sahul 131 

hydromyine species diversity. Less than 50% of recognised Australo-Papuan rodent species 132 

are represented by partial mitochondrial DNA fragments, usually only one or two genes. 133 



Available sequences are unevenly distributed among genera and geographic regions, with 134 

parts of New Guinea particularly underrepresented. This lack of available references currently 135 

severely limits the broad-scale application of eDNA for biodiversity detection and monitoring 136 

of Australo-Papuan rodents, and prevents both the diagnosis of unknown eDNA samples to 137 

species level and the evaluation of appropriate taxon-specific markers. 138 

Here, we address these gaps by assembling and curating a taxonomically comprehensive 139 

431-mitogenome reference library from Australo-Papuan rodent species from across 140 

Australia, New Guinea, Maluku and the Solomon Islands, linked to taxonomically verified 141 

museum specimens. We leverage this novel reference library to quantitatively assess the 142 

capacity of existing and novel mini-barcodes to diagnose and distinguish species, and make 143 

recommendations for their use in environmental DNA and species discovery.144 

2 Methods 145 

2.1 Sampling and taxonomic completeness 146 

Raw sequencing data were generated as part of the Oz Mammals Genomics Initiative, a 147 

collaborative project that aimed to generate genomic resources for all Australian terrestrial 148 

mammals (https://ozmammalsgenomics.com/; Eldridge et al. 2020). Sampling was targeted to 149 

cover all living and recently extinct Australo-Papuan rodent species, including taxonomically 150 

described species, distinct geographic lineages and putative species (see Roycroft et al. 151 

2022), and included species from Australia, New Guinea (Papua New Guinea and West 152 

Papua), Solomon Islands, Maluku, and broader southeast Asian outgroups. Full methods of 153 

specimen sampling, DNA extraction and genomic library preparation are provided in Roycroft 154 

et al. (2020; 2021b; 2022). The purposes of these datasets were two-fold: 1) to reconstruct 155 

the evolutionary history of Australo-Papuan rodents based on reliable, single-copy, nuclear 156 

markers appropriate for phylogenomics, and 2) to generate by-catch mitochondrial genomes 157 

as resources for Australo-Papuan rodents, which are critical resources for species 158 

identification and discovery. To meet both these goals, genomic libraries were enriched for a 159 

targeted set of coding regions using an in-solution hybridisation capture approach. A total of 160 

642 libraries (from 614 unique specimens) were enriched for ~1417 nuclear exons (1.27 Mb) 161 

and two mitochondrial genes (Cytochrome b and Cytochrome c oxidase I) using the bait 162 

design described in Roycroft et al. (2020; 2022), and a further 58 libraries (from a further 40 163 

unique specimens) were  enriched for whole exomes (54.3 Mb) as described in Roycroft et al. 164 

(2021a; 2021b). Although these datasets were enriched for primarily nuclear genomic regions, 165 

previous studies (e.g. Allio et al. 2020; Mulder et al. 2016; Picardi and Pesole 2012; Raposo 166 

https://ozmammalsgenomics.com/


do Amaral et al. 2015) have had high success in assembling off-target mitochondrial genes 167 

from nuclear-enriched sequencing datasets, given the overrepresentation of the mitochondrial 168 

genome within cells relative to the nuclear genome in DNA libraries.  169 

Among a total of 654 paired-end sequencing datasets from unique specimens (including both 170 

exon and whole exome enriched libraries; see Supplementary Table S1), at least 227 171 

described species or previously known distinct phylogenetic lineages (Roycroft et al. 2022) 172 

are represented. These include representatives from all six Divisions within the Sahul 173 

Hydromyini, and the Australo-Papuan Rattus radiation within the Rattini tribe.  174 

 175 

2.2 Mitochondrial genome assembly and curation 176 

Raw sequencing reads were first deduplicated using the dedupe.sh module of BBMap (v39.06; 177 

Bushnell 2014) to remove PCR duplicates. We then used the paired-end option of 178 

Trimmomatic (v0.39; Bolger et al. 2014) to remove sequences from adapters, trim regions with 179 

an average quality score of less than 20 in a sliding window of 8 bases, and to filter out reads 180 

with a final trimmed length of less than 40 bases.  181 

Taking all pairs of deduplicated, trimmed reads, we initially assessed three alternative 182 

mitochondrial genome assembly pipelines – MIRA (v4.0.2; Chevreux et al. 1999) through 183 

MITObim (v1.9.1; Hahn et al. 2013), MEGAHIT (Li et al. 2015) through MitoZ (v3.6; Meng et 184 

al. 2019), and NOVOPlasty (v4.3.5; Dierckxsens et al. 2017) – to determine which approach 185 

generated the most complete and high-quality final mitochondrial assemblies (see 186 

Supplementary S.1). From this assessment, we found that MITObim tended to assemble the 187 

most complete mitochondrial genomes (~94%; see Supplementary Fig. S1), compared to 188 

MitoZ (~71%) and NOVOPlasty (~51%). However, MITObim was unable to identify cases 189 

where contaminant sources were present within a sequencing library (e.g. low levels of 190 

cross-contamination between samples, potentially via index switching; Supplementary Fig. 191 

S2). In contrast, MitoZ was able to distinguish reads from multiple sources within a library, and 192 

assemble these as separate contigs that could then be manually curated and filtered.  193 

Based on this assessment, we developed a two-stage assembly and quality control approach 194 

that leveraged the contrasting benefits of both MitoZ and MITObim (see Supplementary S.1; 195 

Fig. S3). This approach first used the MEGAHIT module of MitoZ to both assemble 196 

mitochondrial genomes and screen for contamination. Then, for samples with no evidence of 197 

cross-contamination present in a library, but where the mitogenome was incomplete after 198 

MitoZ assembly, we took samples downstream to MITObim to extend the completeness of the 199 

final assemblies where possible. 200 



Following this two-step process, an initial 519 successfully assembled mitochondrial genomes 201 

and mitochondrial gene regions were aligned to the Mus musculus reference genome (Ref 202 

Seq: NC_005089.1) using MAFFT’s (v7.526; Katoh and Standley 2013) addfragments 203 

alignment protocol (the control region was separately aligned using MAFFT’s E-INS-i 204 

alignment protocol across all assembled mitogenomes) and alignments were manually 205 

curated to remove clear errors or mis-assembled regions using the Jalview (v2.11.4.0; 206 

Waterhouse et al. 2009) alignment viewer. Then we used a phylogenetically-informed 207 

approach to further curate the dataset, by excluding genes from the final dataset if they did 208 

not fall in their expected phylogenetic grouping, based on published phylogenetic relationships 209 

and taxonomic groupings of Australo-Papuan rodents (Roycroft et al. 2022). Given the intent 210 

of this dataset is as a reference set of mitochondrial genomes to facilitate the identification of 211 

species from eDNA and mitochondrial barcodes, we applied this conservative approach to 212 

remove taxonomically erroneous mitochondrial sequences, retaining a total of 431 213 

mitogenomes for downstream analysis. 214 

2.3 Assessing phylogenetic information content across the 215 

mitogenome 216 

To quantify the distribution of phylogenetic information content across the mitochondrial 217 

genome with respect to species-level relationships in Australo-Papuan rodents, and assess 218 

the diagnostic capacity of barcode-sized regions for species-level diagnosis, we took adjacent, 219 

non-overlapping 200bp windows in silico across the curated, final mitochondrial alignment of 220 

431 samples. We only considered protein coding and rRNA gene regions, as non-coding 221 

regions of the mitochondrial genome are typically not suitable regions for cross-species 222 

amplification given high levels of sequence divergence. Each 200bp window was taken 223 

starting from the 5’ end of the alignment of each gene. We first subset each of these 200bp 224 

alignments to only include samples that had >80% nucleotide completeness across the 225 

window. Then, as we were interested in the ability of these barcode regions to accurately 226 

diagnose unknown sequences to species level, and not in their resolution within species, we 227 

further subset each alignment to only retain the single, most complete representative of each 228 

species. Finally, to prevent taxonomic bias between windows, we retained only species that 229 

were represented across all windows. 230 

For each filtered 200bp alignment, we generated maximum likelihood phylogenetic trees with 231 

1000 bootstrap replicates using IQ-TREE (v1.6.12; Nguyen et al. 2015; Hoang et al. 2018), 232 

with automated model selection using ModelFinder (Kalyaanamoorthy et al. 2017). As a proxy 233 

for phylogenetic informativeness, and as a direct measure in the ability of each 200bp window 234 



to unequivocally support a particular phylogenetic topology, we took the mean tree-wide 235 

bootstrap score for each window and plotted these against mitogenomic position, to visualise 236 

the distribution of phylogenetic support across the mitogenome.  237 

Windows with an average bootstrap score of ≥80 were selected as candidate loci for 238 

assessment as potential new barcode regions with high capacity for species-level diagnosis 239 

in Australo-Papuan rodents, and for comparison with existing, commonly used barcode 240 

regions in eDNA studies. As a control to test whether higher average bootstrap support was 241 

an appropriate metric with which to infer the species-level diagnostic capacity of a barcode 242 

region, we also included 11 windows of <80 average bootstrap support across the full 243 

complement <80 scores (~67-79). We further retrieved the IQ-TREE reported number of 244 

phylogenetically informative sites for these windows to test whether phylogenetically 245 

informative sites would be a more or similarly informative metric to infer the species-level 246 

diagnostic capacity of a barcode region. 247 

2.4 Testing the capacity of new and existing mini-barcodes to 248 

diagnose species in Australian rodents 249 

2.4.1 Assessing species-level diagnostic capacity with reciprocal monophyly 250 

We then tested the capacity of mini-barcode length regions and commonly-used eDNA 251 

mini-barcodes to diagnose species in Australian rodents. For comparison in this testing, we 252 

included our selected 200bp windows (described above); centrally subset 100bp windows to 253 

contrast the resolution obtained with 200bp versus 100bp regions; and three published 254 

mini-barcodes designed to target broad to narrow taxonomic groups (i.e. subphylum, class, 255 

and order). We selected the most common vertebrate eDNA marker (12-V5; Riaz et al. 2011), 256 

a common mammal eDNA marker (MiMammal; Ushio et al. 2017), and a Rodentia‑specific 257 

marker (Galan’s Cytb barcode; Galan et al. 2012) for our analysis. As a point of comparison, 258 

we also assessed the standard full-length 658bp COI barcode, Folmer’s region (Folmer et al. 259 

1994; Hebert et al. 2003), noting that it is too long to be used in typical eDNA studies. We 260 

subsequently also compared these to two new ATP6 mini-barcodes designed for Australo-261 

Papuan rodents, the design and selection of which is described in Section 2.4.2 below. 262 

Window and barcode alignments were subset to all Hydromyini samples with ≥80% 263 

within-region completeness in our dataset. For each filtered alignment, we generated 264 

maximum likelihood phylogenetic trees with 1000 bootstrap replicates using IQ-TREE, with 265 

automated model selection using ModelFinder. 266 



We assessed species-level diagnostic capacity of these regions based on a criterion of 267 

reciprocal monophyly. Reciprocal monophyly is defined as all lineages of species ‘A’ arriving 268 

at a common ancestor before meeting any lineage of species ‘B’ and vice versa (Kizirian and 269 

Donnelly 2004). Here, we define reciprocal monophyly specifically as cases when all lineages 270 

of a previously defined clade meet at a common ancestor in a given phylogenetic tree 271 

(described above) without encountering any other clade (monophyly) and when all lineages 272 

sister to the monophyletic clade are self-contained (reciprocity; i.e. no previously defined clade 273 

placed as sister to the focal clade occur elsewhere in the phylogeny; see Supplementary Fig. 274 

S4). As the sequence regions underlying each tree are very short, trees do not necessarily 275 

reflect true species relationships. As such, monophyly is used here to describe the 276 

reconstruction of a pre-defined taxonomic group as a single clade in a given phylogenetic tree 277 

and not intended as a statement on true species relationships. In our assessments, we used 278 

the criteria of reciprocal monophyly to indicate reliable species diagnosis, monophyly without 279 

reciprocity was used to indicate less-reliable species diagnosis, and cases where neither 280 

criterion were met to indicate unreliable species diagnosis. Clades were then classified as 281 

reciprocally monophyletic, monophyletic, and neither using a custom phylogeny analysis 282 

pipeline in R (v4.4.3; R Core Team 2025) that incorporates functions from the ape (v5.8.1; 283 

Paradis and Schliep 2019), phytools (v2.4.4; Revell 2012), and TreeTools (v1.13.1; Smith 284 

2019) packages (see supplementary materials on GitHub). We chose a phylogenetic 285 

assessment method rather than a similarity-threshold based method to a) incorporate within-286 

species diversity, and b) to avoid the problem of variable similarity-thresholds required for 287 

species-level diagnosis across different taxa and markers (Pappalardo et al. 2025). However, 288 

eDNA surveys typically utilise genetic-distance or sequence-similarity (e.g. Allen et al. 2023; 289 

Gray et al. 2025; Kim et al. 2025; Polanowski et al. 2024) metrics to assign species. 290 

Researchers applying these markers in distance- or similarity-based eDNA workflows should 291 

therefore evaluate their performance under the relevant assignment metrics, including 292 

establishing appropriate species-level discrimination thresholds for their focal taxa. 293 

Clades for the purposes of reciprocal monophyly determination (see Supplementary Table S2) 294 

were based initially on species placement in a nuclear tree (Roycroft et al. 2022), and secondly 295 

based on placement in a full mitochondrial sequence tree. Samples from the diverse Uromys 296 

caudimaculatus species complex were excluded due to uncertainty surrounding species 297 

classifications. A known backcrossed Pseudomys novaehollandiae individual with Pseudomys 298 

mimulus mitochondrial genome and a known F1-hybrid (Roycroft et al. 2024) were also 299 

excluded at this stage (see Supplementary Fig. S5). Known geographic structure of 300 

P. delicatulus (Roycroft et al. 2024) was incorporated into the reciprocal monophyly analysis. 301 

Following these exclusions and considerations, we only assessed reciprocal monophyly for 302 



clades that had at least three representatives retained within the window or barcode. Clades 303 

with two representatives were retained as comparison sequences only when they placed as 304 

sister taxa in a given window, and clades with one representative were retained only when 305 

they had ≥80 bootstrap branch support. 306 

To confirm the validity of our reciprocal monophyly criterion and compare it to other metrics of 307 

phylogenetic information content, we ran pairwise linear models comparing the proportion of 308 

reciprocally monophyletic clades within each tested 200bp window to mean tree-wide 309 

bootstrap support and number of phylogenetically informative sites (see supplementary 310 

materials on GitHub). We also ran a generalised linear model with a quasibinomial distribution 311 

to test the relationship between likelihood of diagnosis by a mini-barcode length window 312 

(proportion of 200bp windows in which a clade meets the criteria of reciprocal monophyly) and 313 

time since divergence from closest relative. Finally, we tested the relationship between 314 

reciprocal monophyly and sequence length (200bp and 100bp windows) using a paired t-test. 315 

2.4.2 Novel in-silico primer design 316 

We used DeGenPrime (Fulghum et al. 2024) to screen for and design potential primers to 317 

amplify windows with the greatest species-level resolution among those tested (according to 318 

our reciprocal monophyly criterion, described below in 2.4.1). We took all 200bp window 319 

alignments that could reliably diagnose ≥80% of tested clades according to our criteria (three 320 

windows, one each from ND2, ND5, and ATP6). We added a 40bp flanking region on either 321 

side of each window (i.e. 280bp total length) to maximise the potential for conserved primer 322 

binding regions, subset windows to unique within-species haplotypes to ensure equal 323 

consideration of within and between species diversity, and ran DeGenPrime with a minimum 324 

amplicon size of 100bp and a primer length of 18-25bp. 325 

DeGenPrime identified nine candidate primer pairs across all three windows. We first aligned 326 

these to our complete mitochondrial database alignment with MAFFT’s addfragments option 327 

to identify and exclude off‑target primers. We then tested the species-level diagnostic capacity 328 

of the four retained on-target amplicons using our reciprocal monophyly criterion and identified 329 

two adjacent ATP6 markers as the most promising candidates for species-level diagnosis in 330 

Australo-Papuan rodents. However, one of the candidate forward primers had high 331 

degeneracy (10 three-fold degenerate sites). To correct this, we added an additional 40bp to 332 

the forward primer end of the 200bp window (i.e 80bp flanking region), identifying an 333 

alternative primer set with acceptable degeneracy (two three-fold degenerate sites in the 334 

reverse primer) and a longer amplicon. 335 



Finally, to evaluate the likelihood of off-target amplification we screened our two retained 336 

primer sets against GenBank’s core_nt database using NCBI’s Primer-BLAST (Ye et al. 2012).  337 

Both primer sets returned only murine rodents, near-exclusively from the Hydromyini (where 338 

available) and Rattini tribes (the singular exception is a West African rodent belonging to the 339 

Malacomyini tribe).340 

3 Results 341 

3.1 Taxonomic representation and completeness of assembled 342 

mitochondrial genomes 343 

Of a total set of 654 samples sequenced from nuclear-enriched exon capture and whole 344 

exome libraries, 431 yielded mitochondrial sequence data (66%), representing 192 species or 345 

distinct phylogenetic lineages, including at least seven extinct species (Fig 1; Supplementary 346 

Table S2; S3). Successfully assembled mitogenomes include representatives from nearly all 347 

extant genera in all Divisions within the Sahul Hydromyini (95%), and the Australo-Papuan 348 

Rattus radiation within the Rattini tribe (Fig 1.), and originated from lineages distributed in 349 

Australia (241 assemblies across 63 lineages), New Guinea (117 assemblies across 81 350 

lineages), Solomon Islands (five assemblies and lineages), Maluku (11 assemblies and 351 

lineages), southeast Asia (six assemblies and lineages), and from widespread species (40 352 

assemblies across 15 lineages) that span multiple geographic regions (Fig. 1). Only two Sahul 353 

Hydromyini genera, collectively represented by only three extant species, are not represented 354 

in this dataset; Baiyankamys (two species) and Brassomys (one species). The 34% of libraries 355 

that failed to yield any usable mitochondrial data tended to be samples that had also failed to 356 

generate nuclear data (e.g. Roycroft et al. 2022), though 19 libraries successfully generated 357 

usable mitochondrial data despite unsuccessful nuclear recovery. 358 

Of the 431 samples from which we recovered mitochondrial DNA, 248 yielded complete 359 

mitochondrial genomes, with a further 48 at 90% completeness, and 39 at 70% completeness 360 

(Fig. 2). Of a total of 192 species or distinct lineages represented in the final dataset, 34 are 361 

represented by assemblies from at least three individuals, and a further 45 are represented 362 

by two individuals. Australian-distributed species (especially in the Pseudomys Division) 363 

tended to have the largest number of individuals represented (Fig. 1; Fig. 2), and also tended 364 

to have higher average completeness of assembled mitogenomes (Fig. 2; Fig. 3A). Of the 126 365 

assemblies originating from the island of New Guinea, 114 originate from Papua New Guinea, 366 

and nine originate from West Papua (Fig. 2C), with three of uncertain origin. Most species with 367 

widespread distributions across New Guinea, therefore, are represented in our database by 368 

samples from eastern populations in Papua New Guinea (Fig. 2D). Of 431 samples with 369 



successfully recovered mtDNA, 55 came from toe pad, dry skin or bone subsamples from 370 

historical museum material (Fig. 3B), representing 46 species, including 35 that would 371 

otherwise not have any mitochondrial reference sequences available. 372 

Using Welch’s ANOVA, we found a significant difference (Fig. 3A; p = 0.0001) in mitogenome 373 

completeness (proportion of identified nucleotides relative to Mus musculus RefSeq: 374 

NC_005089.1) between geographic regions (i.e., Australia; Indonesia; Papua New Guinea; 375 

and Solomon Islands and Bougainville Island), likely highlighting geographic patterns in DNA 376 

degradation of available specimens. Post-hoc Games‑Howell pairwise comparisons revealed 377 

a significant difference (p = 0.0002) in mitogenome completeness between Australian (x̄ = 378 

0.72, σ = 0.41) and Indonesian (x̄ = 0.42, σ = 0.44) distributed lineages, and a significant 379 

difference (p = 0.006) between Indonesian and Papua New Guinea (x̄ = 0.66, σ = 0.40) 380 

distributed lineages, with Indonesian distributed lineages having less complete mitogenomes 381 

overall than both Australian and Papua New Guinea distributed lineages. Wilcoxon’s rank sum 382 

test revealed a significant difference (Fig. 3B; p = 2.75x10-37) in mitogenome completeness 383 

resulting from libraries prepared from historical (x̄ = 0.21, σ = 0.33) versus modern (x̄ = 0.79, 384 

σ = 0.35) specimens, with historical samples generating less complete assemblies overall. 385 

Mitochondrial assemblies with <70% nucleotide-completeness more often assembled two 386 

target-enriched mitochondrial loci (COI and Cytb), and their physically adjacent loci, compared 387 

to other regions of the genome (Fig. 3C).  388 



 389 

Figure 1. Phylogenetic representation of assembled mitochondrial genomes for 390 

Australo-Papuan rodents. Coloured bars show the count and completeness of assembled 391 

mitochondrial genomes per-species. Where there are more than 10 assemblies for a species 392 

in the dataset, only the 10 most complete assemblies are presented (refer to Supplementary 393 

Table S2 for full dataset). Coloured circles show their distribution across geographic regions, 394 

corresponding to the central map. In the Hydromyini tribe, clades are labelled by taxonomic 395 

Division (The unlabelled group is the Coccymys genus which is not assigned to a Division). 396 

The Australo-Papuan Rattus clade is labelled ‘Rattini’ and South-east Asian outgroups are 397 

labelled ‘OUT’. The phylogenetic tree is based on nuclear exon-capture data (Roycroft et al. 398 



2022). Dotted branches show species that were manually added to the nuclear tree. Grey 399 

branches represent extinct species. Map boundaries sourced from Natural Earth (South et al. 400 

2024). 401 

 402 

 403 

Figure 2. A summary of the completeness of assembled mitochondrial genomes across 404 

Australo-Papuan rodents. The count and completeness of each mitogenome is grouped by 405 

taxonomic Division, and shown A) by total number of assemblies; and B) by species or distinct 406 

phylogenetic lineage as per Roycroft et al. 2022 (hereafter lineages). In B), only the most 407 

complete assembly per lineage is shown. C) shows the geographic distribution of assembled 408 

mitogenomes. Points are clustered centrally within 100km, provided they fall within the same 409 

geographic region according to D). In C) only the 10 most complete assemblies per lineage, 410 

per region are presented. D) shows the number of recognised extant Hydromyini species 411 

occurring within each region that are represented by a mitochondrial genome in the dataset 412 

(with colour indicating the completeness of the most complete assembly). Multi-region species 413 

are included across all regions of occurrence regardless of specimen origin (e.g. a species 414 

occurring in Eastern New Guinea and West Papua represented only by specimens from 415 



Eastern New Guinea is counted as represented in both regions). Dark grey bars (no genome 416 

assembled) indicate the gap between total recognised lineages (B) and species (D) diversity 417 

represented and not represented in the dataset, with percentage of total represented diversity 418 

indicated. Map boundaries in C) sourced from Natural Earth (South et al. 2024). 419 

 420 

421 

Figure 3. Comparison of the completeness of assembled mitochondrial genomes 422 

between A) geographic regions; B) historical and modern specimens; and C) loci. 423 

Significant differences in A) and B) are indicated by asterisks (‘**’ p < 0.01; ‘***’ p < 0.001).  In 424 

C), loci are arranged according to position in the Muridae mitochondrial genome (i.e. 12S 425 

rRNA is adjacent to 16S rRNA, etc.); only data from incomplete mitochondrial assemblies are 426 

shown (i.e. <95% complete), to demonstrate that the distribution of recovered regions across 427 

incomplete assemblies clusters around targeted loci (COI and Cytb; Roycroft et al. 2022). Map 428 

boundaries sourced from Natural Earth (South et al. 2024). 429 



3.2 Phylogenetic information content across assembled 430 

mitochondrial genomes 431 

Leveraging our new 431-mitogenome reference library to explore the most phylogenetically 432 

diagnostic regions for potential use in eDNA and species discovery of Australo-Papuan 433 

rodents, we first compared non-overlapping 200bp windows from across protein and rRNA 434 

encoding mitochondrial genes. Based on mean bootstrap scores, 200bp windows from NADH 435 

loci (ND2, ND4, ND5) had the highest phylogenetic information content overall, while COI and 436 

Cytb also contained several windows with similarly high phylogenetic information (Fig. 4). In 437 

contrast, rRNA loci had the lowest phylogenetic information content, with the exception of one 438 

hyper-informative 200bp window in the 12S rRNA gene (Fig. 4). These results broadly align 439 

with the expected relative nucleotide substitution rates of mitochondrial loci (Pesole et al. 440 

1999) where faster evolving regions are more phylogenetically informative. Though notably, 441 

ATP6 and ATP8, the fastest evolving mitochondrial protein encoding genes, only show 442 

moderate phylogenetic information content - based on mean bootstrap scores - relative to 443 

other regions. 444 

We then compared additional metrics to assess the diagnostic capacity of mitochondrial loci, 445 

including mean bootstrap score, the number of parsimony informative sites, and the proportion 446 

of reciprocally monophyletic clades across 200bp length windows of mitochondrial protein and 447 

rRNA encoding genes (Fig. 5). The proportion of reciprocally monophyletic clades had no 448 

significant correlation with mean bootstrap score or number of parsimony informative sites 449 

(Fig. 5A-B), while mean bootstrap score and number of parsimony informative sites had a 450 

significant positive correlation (Fig. 5C; p = 0.004, R2 = 0.27). This is because average 451 

bootstrap and parsimony metrics are taxonomically naive, and do not account for cases where 452 

taxonomically different species have identical sequences (i.e. where windows could not 453 

distinguish between close relatives), while our reciprocal monophyly criterion is taxonomically 454 

aware and therefore accounts for such cases. 455 

The proportion of reciprocally monophyletic windows across clades had a significant positive 456 

correlation (p = 0.0063, R2 = 0.21) with time since divergence (Fig. 5D), indicating that the 457 

proportion of reciprocally monophyletic clades is a good proxy for the ability of barcodes to 458 

distinguish between close relatives. Among clades that diverged circa < 1 million years ago, 459 

there is greater variation in the diagnostic power of 200bp length windows. We then compared 460 

the proportion of reciprocal monophyly between 200bp and centrally subset 100bp windows 461 

to inform suitable length of potential barcodes for eDNA and species discovery. 200bp length 462 

windows resolve significantly more clades as reciprocally monophyletic than paired 100bp 463 

windows (Fig. 5E; p = 4.4e-5), indicating that longer mini-barcode designs should be prioritised 464 



where possible. However, there were three cases where 100bp windows provided greater 465 

resolution (in terms of reciprocal monophyly) than the matched 200bp window, likely due to 466 

alignment uncertainty in the longer regions. 467 

Following in-silico screening for potential primer sites in and around the top-scoring windows 468 

(based on proportion of clades resolved as reciprocally monophyletic), we identified two 469 

potential mini-barcodes for eDNA and species discovery in Sahul Hydromyni species (see 470 

Supplementary Table S4). We then investigated the phylogenetic informative content of 471 

commonly used and previously published vertebrate mitochondrial barcodes, as a point of 472 

comparison to these novel amplicons. A phylogenetic tree of the full-length ‘barcode of life’, 473 

Folmer’s region (658bp amplicon from COI; Hebert et al. 2003) resolved 29 of 30 Australo-474 

Papuan Hydromyini rodent clades (see Supplementary Table S2) that were eligible for 475 

assessment as reciprocally monophyletic in our tests (97%; Fig. 6; Supplementary Table S5). 476 

The vertebrate designed eDNA barcode 12S-V5 (108bp amplicon from 12S rRNA; Riaz et al. 477 

2011) resolved only six of 26 clades as reciprocally monophyletic (23%), with a further three 478 

as monophyletic (35%). The mammal designed eDNA barcode MiMammal (170bp amplicon 479 

from 12S rRNA, adjacent to 12S-V5, adapted by Ushio et al. 2017 from the MiFish barcode 480 

developed by Miya et al. 2015) resolved nine of 27 clades as reciprocally monophyletic (33%) 481 

with a further five as monophyletic (42%). The Rodentia mini‑barcode designed by Galan et 482 

al. (2012), hereafter called Galan’s region (136bp amplicon from Cytb) resolved 19 of 29 483 

clades as reciprocally monophyletic (66%) with a further three as monophyletic (76%). The 484 

two novel potential mini-barcodes from ATP6 designed for the Hydromyini tribe presented 485 

here (ATP6_7962-163: 163bp amplicon; and adjacent ATP6_8067-183: 183bp amplicon) 486 

resolved 21 and 22 of 27 clades as reciprocally monophyletic, respectively (78%; 81%) with 487 

one additional clade as monophyletic each (81%; 85%). Collectively the two novel mini-488 

barcodes resolve 25 clades as reciprocally monophyletic (93%; Fig. 6), nearly on par with 489 

Folmer’s Region, which, at 658bp, is too long to be suitable for most eDNA studies.  490 



 491 

Figure 4. The distribution of phylogenetic information content across the mitochondrial 492 

genome of Australo-Papuan rodents. Average bootstrap score was calculated across all 493 

bipartitions in phylogenetic trees of 200bp, non-overlapping windows across each protein or 494 

rRNA encoding locus in the mitochondrial genome. Windows were taken from the 5’ end of all 495 

loci apart from ND6 (encoded on the complimentary strand). Windows were controlled for 496 

taxonomy by subsetting to one representative from each species with at least 80% nucleotide-497 

completeness across all windows. Error bars represent standard error of the mean. 498 

 499 

 500 



 501 

Figure 5. Reciprocal monophyly as a proxy for species-level diagnostic power of 502 

mitochondrial mini-barcodes for Australo-Papuan rodents. Panels A), B), and C) compare 503 

the phylogenetic information content of 200bp length mitochondrial windows as measured by 504 

reciprocal monophyly (RM) versus mean bootstrap score (A), reciprocal monophyly versus 505 

parsimony informative sites (B), and mean bootstrap score versus parsimony informative sites 506 

(C). Panel D) shows that reciprocal monophyly has a significant positive correlation with time 507 

since divergence from sister clade (according to a time-calibrated nuclear phylogeny, Roycroft 508 

et al. 2022), indicating its suitability as a proxy for the ability of mini-barcodes to distinguish 509 

between close relatives. Panel E) compares the proportion of reciprocally monophyletic clades 510 

in 200bp versus paired 100bp windows, indicating that 200bp windows hold significantly 511 

greater species-level diagnostic power than 100bp windows. The loci origin of windows are 512 

indicated by colour-shape combinations. 513 

 514 

 515 

 516 

 517 



 518 

Figure 6. The species-level diagnostic capacity of established and novel barcodes 519 

across Australian‑distributed Hydromyini rodents. Presented here are species with at 520 

least 3 representatives within a given barcode locus, and their close relatives. As a 521 

consequence of our sampling, this is primarily Australian-distributed lineages. Species with at 522 

least 3 representatives in a given locus are indicated by a coloured circle, those with <3 are 523 

indicated by a grey circle (not tested), and those not represented in a given region are 524 

indicated by the absence of a circle. Coloured circles indicate the ability of each of six barcodes 525 

to diagnose each species as either reciprocally monophyletic, monophyletic, or neither, given 526 

the other species represented. Barcode regions tested are Folmer’s Region (658bp, Hebert et 527 

al. 2003), 12S-V5 (108bp, Riaz et al. 2011), MiMammal (170bp, Ushio et al. 2017), Galan’s 528 

Region (136bp, Galan et al. 2012), and two novel barcodes designed for Sahul Hydromyini 529 

eDNA presented here: ATP6_7962-163 (163bp) and ATP6_8067-183 (183bp). The number 530 

of mitochondrial genomes for each species (capped at 10) are shown to indicate within-531 

species representation across barcodes. The phylogenetic tree is based on nuclear exon-532 

capture data (Roycroft et al. 2022) to illustrate time since species divergence.533 



4 Discussion 534 

4.1 Museum specimens enable the generation of a comprehensive, 535 

species-level mitogenome reference database 536 

Here we present a geographically comprehensive and taxonomically validated reference 537 

library of mitochondrial genomes for Australo-Papuan rodents, spanning 192 species or 538 

distinct lineages from 95% of Australo-Papuan rodent genera, and including all extant 539 

described Australian species. Prior to this study, only six species (i.e. ~4% of described 540 

hydromyine Australo-Papuan rodent diversity) were represented by a complete mitochondrial 541 

genome on GenBank. Here, we contribute mitogenomic resources for at least 50 species that 542 

were not previously represented in any online database, and expand significantly on the 543 

available sequence data for a further 67 species that were previously only represented by 544 

Cytb, COI, COII, and/or 16S rRNA, and now are represented by at least one complete or 545 

nearly complete mitochondrial genome (See Supplementary Table S2; S3). Collectively, this 546 

represents a tenfold increase in represented taxonomic diversity, and >40-fold increase in 547 

publicly available, complete mitogenomes. The majority of our database is derived from 548 

vouchered museum specimens, with all mitochondrial sequences taxonomically verified and 549 

linked to corresponding nuclear sequences where available (Roycroft et al. 2022). Through 550 

this, our database facilitates stable taxonomic assignment of new tissue and eDNA samples, 551 

solving a problem that is pervasive across sequence databases that are generated ad hoc 552 

(Chorlton 2024; Keck et al. 2023), and follows established best-practice for development of 553 

eDNA reference databases (De Brauwer et al. 2023b; Guzik et al. 2025). Through connection 554 

to vouchered specimens, taxonomic assignment of these mitogenomes can be updated as 555 

taxonomy changes, ensuring their ongoing benefit and relevance to biodiversity research and 556 

species monitoring. 557 

4.2 Mitochondrial references facilitate eDNA surveys for long 558 

undetected species and biodiversity discovery 559 

Our dataset includes sequence data obtained from both historical and modern museum 560 

specimens, including mitochondrial data for seven extinct species, and several highly elusive 561 

or possibly extinct species. For example, the critically endangered, possibly extinct 562 

Guadalcanal Rat (Uromys porculus) of the Solomon Islands, last recorded in the 1880s 563 

(Helgen et al. 2016) is represented in our dataset by a nearly complete mitogenome (~98%). 564 

Other extinct Australian species in our reference database include the Lesser Stick-nest Rat 565 

(Leporillus apicalis), White-footed Rabbit Rat (Conilurus albipes), and the Short-tailed 566 



Hopping-mouse (Notomys amplus), that have not been recorded since 1933, ca. 1860, and 567 

1896, respectively (Burbidge and Woinarski 2024; Woinarski and Burbidge 2024; 2025). 568 

Surveys using eDNA are increasingly used to test for the presence of long undetected species, 569 

in some cases demonstrating the persistence of species thought to be extinct (e.g. Lopes et 570 

al. 2021; Mynhardt et al. 2024). Enabled by our taxonomically validated database of extant, 571 

recently extinct, and elusive rodent species, eDNA surveys can now be reliably undertaken in 572 

the Australo-Papuan region to test for the presence of long-undetected species. 573 

Furthermore, our database will facilitate species discovery in regions where rodent biodiversity 574 

is currently underexplored and difficult to access, including West Papua and parts of the New 575 

Guinea highlands (Fisher et al. 2018; Flannery et al. 2026; Myers et al. 2000; Parsons et al. 576 

2022; Travouillon et al. 2026). It is important to note that some geographic regions are less 577 

species-complete in our dataset, especially West Papua, and those species that are included 578 

are typically represented by incomplete mitogenomes. Some species from West Papua and/or 579 

Eastern New Guinea are currently not represented at all by mitochondrial sequences, 580 

including Brassomys species, Uromys anak, Rattus arrogans, and Rattus arfakiensis, or are 581 

only represented by a few loci (e.g. Baiyankamys habbema and Coccymys ruemmleri 582 

represented by partial Cytb sequences from prior studies (Rowe et al. 2019; Smissen and 583 

Rowe 2018), or Rattus omlichodes and Uromys emmae represented by ~20% of the 584 

mitogenome in our dataset). Our most species-complete region, Australia, now has all but one 585 

described extant rodent species represented by a complete mitochondrial genome, with the 586 

one exception (Uromys hadrourus) represented by sequences from four specimens that span 587 

~77% of the mitogenome (See Supplementary S.2). This geographic bias is likely due to 588 

variation in specimen quality as, proportionally, non-Australian lineages, especially West 589 

Papua and other Indonesian lineages, were represented by more historical specimen derived 590 

raw sequence datasets than Australian lineages (See Supplementary Table S1). 591 

Gaps in mitochondrial reference databases can pose limitations to eDNA surveys, as missing 592 

species may be misdiagnosed as close relatives, or unrepresented diversity may be incorrectly 593 

inferred as a novel species (Gold et al. 2021; Morey et al. 2024; De Santiago et al. 2025). In 594 

some cases, un- or underrepresented species may be identified to the genus level, however 595 

the usefulness of this assignment varies across taxa and regions. Thus, it is critical that future 596 

studies aim to address remaining reference gaps to improve species-level identification of 597 

unrepresented species. Despite this, our comprehensive database opens currently unused or 598 

underused avenues for biodiversity discovery and surveying across the Australo-Papuan 599 

region, including in West Papua. Furthermore, if best-practice guidelines on archiving 600 

metadata and raw sequence data is followed (Gold et al. 2022; Klymus et al. 2024; Takahashi 601 



et al. 2024), eDNA data from past surveys can be reanalysed against more comprehensive 602 

reference databases to update biodiversity monitoring results. 603 

4.3 Benefits of a systematic approach to the generation of 604 

mitochondrial reference sequences 605 

Reference sequences available in online sequence repositories (i.e. Genbank) are rarely 606 

generated in a taxonomically systematic manner, but instead are typically generated ad hoc 607 

and collated from collective phylogenetic and taxonomic studies from many disparate research 608 

groups (Chorlton 2024; Keck et al. 2023; Thomson and Shaffer 2010). Thus, public sequence 609 

repositories are often biased toward certain species and loci due to unequal distribution of 610 

public interest and funds (Hinchliff et al. 2015; Šmíd 2022; Thomson and Shaffer 2010). The 611 

most prevalent loci in online databases are often driven by legacy, where sequencing effort is 612 

focused on previously proposed marker loci (e.g. Gold et al. 2021), rather than for their ability 613 

to discriminate between species in the group of interest. Meanwhile, elusive species and 614 

reference sequences from other loci remain underrepresented or absent, and recognition of 615 

these gaps requires dedicated and ongoing assessment (e.g. Šmíd 2022; Schmid et al. 2025; 616 

Weigand et al. 2019). Furthermore, ad hoc sequences are derived from various sources 617 

including field samples and captive animals which may not be identified to the species level 618 

(e.g. De Santiago et al. 2025; where novel sequences were only identified to the genus level), 619 

or which may become taxonomically uncertain without ongoing reference to source material 620 

(see 4.1). This can limit the taxonomic resolution or reliability of online databases as 621 

references for eDNA and biodiversity surveys, and further limits the ability to develop new 622 

primers and loci that are customised to the focal group under study. 623 

In contrast, through a systematic approach to mitogenome reference generation, we have 624 

rapidly improved the species-level availability of mitochondrial sequences for Australo-Papuan 625 

rodents - particularly the Hydromyini tribe - and simultaneously highlighted the remaining gaps, 626 

overcoming these limitations of ad hoc reference generation. Other systematic reference 627 

generation studies (e.g. Folk et al. 2021; Gold et al. 2021) have similarly improved the species-628 

level availability of sequence data in their focal taxonomic groups. Furthermore, using our 629 

comprehensive species-level database, we have assessed the capacity of existing markers to 630 

distinguish Australo-Papuan rodents at the species-level, and – when they were found to be 631 

insufficient (see 4.3) – proposed novel markers that may be more suitable. Critically, we were 632 

able to propose novel markers because we aimed to assemble complete mitochondrial 633 

genomes rather than marker-specific loci. In contrast, Gold et al. (2021) systematically 634 

generated only MiFish marker loci from voucher-linked specimens with the aim of assessing 635 

taxonomic resolution. They found that a recently diverged clade within their focal group could 636 



not be identified to the species level by MiFish, and therefore additional sequencing effort 637 

would be required to facilitate species-level eDNA monitoring of this group. Therefore, 638 

frameworks and guidelines defining best-practice reference development for future eDNA 639 

studies (e.g. Guzik et al. 2025; Schmid et al. 2025; Weigand et al. 2019) should prioritise 640 

generation of complete mitochondrial genomes, where possible, for underrepresented taxa, 641 

rather than marker-specific loci, to ensure the ongoing benefit of sequencing effort. 642 

One major barrier to this recommendation is funding, which can be partially alleviated by 643 

leveraging by-catch in previously developed sequencing datasets. Although the majority of 644 

sequencing libraries utilised here include target-enrichment for two mitochondrial loci, we have 645 

successfully recovered off-target loci from these datasets, and recovered complete 646 

mitochondrial sequences from datasets without targeted enrichment for any mitochondrial 647 

regions (also see Allio et al. 2020; Mulder et al. 2016; Picardi and Pesole 2012; Raposo do 648 

Amaral et al. 2015). Due to the high per-cell copy number of the mitochondrial genome, 649 

mitochondrial by-catch in existing sequence datasets is likely to be pervasive (Allio et al. 2020; 650 

Bogenhagen and Clayton 1974; Picardi and Pesole 2012), and these represent a potentially 651 

under-utilised source for rapidly improving the availability of mitochondrial sequences at low 652 

cost. Future studies aiming to develop mitochondrial references in a taxonomically systematic 653 

manner should consider mining existing sequence datasets first (e.g. via online short-read 654 

archives, including NCBI’s Sequence Read Archive; SRA and the European Nucleotide 655 

Archive; ENA), so that novel sequencing effort can be directed toward filling remaining 656 

reference gaps. Overall, a systematic approach to reference generation - combined with 657 

leveraging mitochondrial by-catch of existing data - can rapidly provide a comprehensive 658 

species-level reference database, simultaneously assess the remaining gaps in that database, 659 

and – when paired with marker assessment and development – provide the tools and 660 

knowledge to use that database. Thus, overcoming several limitations of ad hoc reference 661 

generation including taxonomic bias, lack of awareness of existing gaps in reference 662 

databases, and underappreciated marker limitations. 663 

4.4 Existing eDNA markers are insufficient for species-level 664 

diagnosis in Australo‑Papuan rodents 665 

Commonly used eDNA barcodes are often inadequate for species-level identification, 666 

particularly between closely related species (e.g. Kelly et al. 2014; Gold et al. 2021). Here, we 667 

have shown that the common vertebrate eDNA barcode 12S-V5 (Riaz et al. 2011) has low 668 

species-level diagnostic power for Australo-Papuan rodents, at least within the Hydromyini 669 

tribe, consistent with assessments in other taxa (e.g. Kelly et al. 2014). The MiMammal 670 

barcode (Ushio et al. 2017) – commonly used for mammalian eDNA – is similarly poor. 671 



Notably, this mini-barcode was not originally designed around the evolutionary relationships 672 

of mammals, instead it was adapted from a marker designed to diagnose fish (MiFish; Miya et 673 

al. 2015) and therefore may be comparatively less suited to species-level diagnosis of 674 

mammals. Variation in marker resolution between taxonomic groups is also evident in 675 

full-length barcodes like Folmer’s Region which is known to be less suitable for diagnosing 676 

species in certain taxa (e.g. in flies; Meier et al. 2006), despite high success rates across 677 

diverse taxa. Furthermore, both 12S-V5 and MiMammal were developed on existing ad hoc 678 

reference databases of large taxonomic groups with many target species not represented. 679 

Initial assessments of the diagnostic capacity of these barcodes at their development therefore 680 

likely underestimated the failure rate between recently diverged lineages, highlighting the 681 

importance of both understanding and addressing gaps in reference sequences when 682 

designing barcodes. In contrast, a Rodentia-specific Cytb mini-barcode (Galan et al. 2012) 683 

was able to diagnose twice as many Australo-Papuan rodents (using reciprocal monophyly) 684 

as MiMammal, and our Hydromyini-specific ATP6 mini-barcodes were, together, able to 685 

diagnose a further ~31% of clades – though they have not yet been empirically tested with 686 

eDNA samples (See Supplementary Table S4). Existing eDNA markers, therefore, should not 687 

be assumed to provide species‑level resolution in new taxonomic groups without quantitative 688 

assessment using a comprehensive species-level reference database (Campbell et al. 2024; 689 

De Brauwer et al. 2023a; MacDonald and Sarre 2017; Watts et al. 2026). 690 

Mini-barcodes designed to target broader taxonomic groups (e.g. 12S-V5, MiMammal) may 691 

be less informative for biodiversity monitoring at fine taxonomic scale than those designed to 692 

target smaller groups (e.g. Galan’s Region, or our ATP6 markers). Focusing on smaller groups 693 

facilitates access to primer sites that are not conserved across broader taxonomy, thus 694 

allowing a greater choice of marker regions that may be more informative for species-level 695 

diagnosis. Alternatively, future studies developing markers for broader taxonomic groups 696 

could adopt a diagnosis-first approach – as we have done here (also see Govender et al. 697 

2019; Shi et al. 2025) – rather than the standard primer-first approach (e.g. Hebert et al. 2003; 698 

Leray et al. 2013; Miya et al. 2015; Riaz et al. 2011). Through a diagnosis-first approach, 699 

potential barcode loci are first screened for species-level resolution and then for potential 700 

primer sites. This may identify highly diagnostic regions that could be amplified using 701 

degenerate primers or taxon‑specific primers that are likely to be missed in a primer-first 702 

approach. Furthermore, a diagnosis-first approach may highlight a minimal set of markers that, 703 

together, achieve greater resolution than a single marker alone, as in our ATP6 markers. 704 

Although the use of multiple markers increases survey costs, many studies utilise a multi-locus 705 

approach to achieve greater species-level resolution, either through a higher-taxonomy 706 

metabarcode combined with group-specific markers (e.g. Perry et al. 2026) or through multiple 707 



within-group markers (e.g. Campbell et al. 2024; Miya et al. 2015; Polanowski et al. 2024) as 708 

we have proposed here, and such approaches are already recommended best-practice in 709 

some frameworks (e.g. De Brauwer et al. 2023a; Guzik et al. 2025; Watts et al. 2026). Overall, 710 

there is a tradeoff between the number of species that can be reliably amplified by a single 711 

primer set and the diagnostic capacity of the amplicon, particularly with short sequences like 712 

those necessary for eDNA, and future studies should consider this tradeoff when developing 713 

species-level metabarcodes. 714 

4.5 Implications and recommendations for eDNA and conservation 715 

monitoring of Australo-Papuan rodents 716 

In future eDNA research on Australo-Papuan rodents, it is crucial that researchers and 717 

conservation managers be aware of limitations where markers may fail to diagnose unknown 718 

sequences to the correct species, or where they may have limited taxonomic resolution. One 719 

key example elucidated in this database, as well as shown in a previous study (Roycroft et al. 720 

2024) is mitochondrial introgression between the Eastern Delicate Mouse (Pseudomys 721 

mimulus) and the Pookila (Pseudomys novaehollandiae) in northern NSW (Supplementary 722 

Fig. S5). This mismatch between the mitochondrial genome and species identity may lead to 723 

misdiagnosis of unknown sequences to P. mimulus instead of P. novaehollandiae regardless 724 

of mitochondrial marker choice, and thus result in incorrect presence data. As the Pookila is a 725 

federally threatened species, and one of the Australian Government’s top 100 priority species 726 

under the Threatened Species Strategy Action Plan, this example is particularly important for 727 

conservation management. 728 

Researchers and managers also need to be aware of when a marker cannot reliably diagnose 729 

target species (See Fig. 6; Supplementary Table S5), and whether or not indistinguishable 730 

species co-occur within a survey region. Where markers cannot reliably discriminate certain 731 

species, geographic origin of the eDNA sample can inform probable identification where such 732 

species do not co-occur (e.g. Allen et al. 2023; Kim et al. 2025), although this also requires an 733 

understanding of the spatial distribution of eDNA across substrates (Gold et al. 2022; Watts 734 

et al. 2026). Researchers and managers should therefore consider whether close relatives co-735 

occur within their survey region - or occur within range of eDNA distribution, and whether or 736 

not distinguishing these species is critical to answer their questions. If critical, researchers and 737 

managers should consider using multiple markers that are collectively capable of diagnosing 738 

target species, or alternatively using species-specific barcode assays if such markers are 739 

unavailable or inefficient. Here, we have identified two short ATP6 markers that appear 740 

promising for Australo-Papuan rodents, although the primers still need to be evaluated on 741 

DNA samples (Supplementary Table S4) and researchers using alternative species 742 



assignment workflows (e.g. genetic distance/similarity) will need to evaluate marker 743 

performance under the relevant metric. Alternatively, Galan’s region is also a promising 744 

candidate, depending on specific research goals (e.g. surveys of diagnosable species or 745 

where diagnosis to a small set of candidate species is suitable). 746 

More broadly, researchers and managers should be aware that there may be 747 

underappreciated marker limitations and reference gaps that prevent or limit eDNA surveys in 748 

other taxonomic groups. Without assessment of these limitations and addressing these gaps, 749 

current eDNA-based monitoring and biodiversity discovery efforts, globally, may be under-750 

powered or misleading. Future studies should therefore focus on addressing mitochondrial 751 

reference gaps with whole mitogenome assembly in a taxonomically systematic manner - 752 

linked to vouchered museum specimens and nuclear sequencing where possible, providing 753 

the resources to assess existing markers  and develop novel markers as required to facilitate 754 

and make recommendations for best practice biodiversity monitoring. 755 
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Table S1. Summarised metadata for all included raw 1195 

sequence datasets 1196 

See the excel workbook, sheet 1: Full sample metadata, on our linked FigShare repository 1197 

S.1 Comparison between three existing mitochondrial 1198 

genome assembly pipelines 1199 

In order to determine the best approach to generate the most complete, high-quality 1200 

mitochondrial genomes, we compared three alternative mitochondrial genome assembly 1201 

pipelines: MIRA (v4.0.2; Chevreux et al. 1999) through MITObim (v1.9.1; Hahn et al. 2013), 1202 

MEGAHIT (Dinghua et al. 2015) through MitoZ (v3.6, modified as per 1203 

github.com/linzhi2013/MitoZ/issues/212; Meng et al. 2019), and NOVOPlasty (v4.3.5; 1204 

Dierckxsens et al. 2017) using a test set of 28 short-read sequence datasets. We compared 1205 

a total of 11 assembly options using alternative arguments offered by these assemblers. Raw 1206 

reads were trimmed using Trimmomatic (v0.39; Bolger et al. 2014) following documentation 1207 

recommendations where possible. Assembly methods are summarised as follows: 1208 

• MEGAHIT through MitoZ supplied with forward and reverse paired read files; 1209 

• MITObim’s quick option supplied with concatenated forward, reverse, paired, and 1210 

unpaired reads; 1211 

• MITObim’s two-step option supplied with concatenated forward, reverse, paired, 1212 

and unpaired reads; and 1213 

• eight NOVOPlasty options using all combinations of the following: 1214 

o forward and reverse paired only read files versus forward and reverse 1215 

concatenated paired and unpaired read files; 1216 

o 21 versus 33 kmer length; and 1217 

o use of a reference guide to help resolve repeat regions versus no reference 1218 

guide 1219 

In MITObim and NOVOPlasty methods using a reference guide, the Mus musculus reference 1220 

genome (Ref Seq: NC_005089.1) was used, MitoZ does not require a supplied reference. All 1221 

methods were run on a High-performance computing system running Ubuntu 20.04 and 1222 

allocated 8 CPUs. MitoZ and NOVOPlasty methods were allocated 30GB memory and 1223 

MITObim methods were allocated 64GB memory. MitoZ’s annotation module was used to 1224 

annotate all resulting assembly files. The full pipeline can be found on our GitHub repository 1225 

listed in our data availability statement.  1226 

http://github.com/linzhi2013/MitoZ/issues/212


We found that the two-step MITObim approach tended to assemble the most complete 1227 

mitochondrial genomes (x̄ = 94%, σ = 8.6%; Fig. S1), compared to MitoZ (x̄ = 71%, σ = 32.8%;) 1228 

and NOVOPlasty approaches (x̄ = 51%, σ = 44.6%;). However, MITObim methods were 1229 

unable to identify cases where contaminant sources were present within a sequencing library 1230 

(e.g. low levels of cross-contamination between samples, potentially via index switching; e.g. 1231 

Fig. S2). In contrast, MitoZ was able to distinguish reads from multiple sources within a library, 1232 

and assemble these as separate contigs (e.g. Fig. S2) that could then be manually curated 1233 

and filtered. NOVOPlasty also reports multiple contigs, however this was usually a 1234 

conservative approach to integrating overlapping contigs from the same source rather than 1235 

reporting potential contaminant reads. 1236 

We thus developed a two-stage assembly and quality control approach that leveraged the 1237 

contrasting benefits of both MitoZ and two-step MITObim (Fig. S3). This approach first used 1238 

the MEGAHIT module of MitoZ to both assemble mitochondrial genomes and screen for 1239 

contamination. We investigated cases where MitoZ assembled multiple contigs for a single 1240 

locus (note there are no known gene duplications in Muridae mitogenomes outside of the 1241 

conserved two-copy tRNA-Leu and tRNA-Ser loci) for potential contamination by examining 1242 

each sequence and their placement in a phylogenetic tree. Then, for samples with no evidence 1243 

of cross-contamination present in a library, but where the mitogenome was incomplete after 1244 

MitoZ assembly, we took samples downstream to MITObim to extend the completeness of the 1245 

final assemblies where possible. 1246 

To screen for previously undetected contamination, we compared the new MITObim assembly 1247 

to the MitoZ assembly and quantified the proportion of nucleotide differences across 1248 

overlapping regions. We investigated cases where this proportion exceeded within-species 1249 

and between-species thresholds – calculated using complete MitoZ assemblies from recently 1250 

diverged species Pseudomys shortridgei and Pseudomys desertor – to determine whether we 1251 

would retain the MitoZ or MITObim assembly downstream. Finally, alignments were manually 1252 

curated to remove clear errors (e.g. NUMTs) or mis-assembled regions using the Jalview 1253 

(v2.11.4.0; Waterhouse et al. 2009) alignment viewer. Then we used a 1254 

phylogenetically-informed approach to further curate the dataset, by excluding any remaining 1255 

genes from the final dataset if they did not fall in their expected phylogenetic grouping, based 1256 

on published phylogenetic relationships and taxonomic groupings of Australo-Papuan rodents 1257 

(Roycroft et al. 2022).  1258 



 1259 
Figure S1. The two-step MITObim approach assembles the most loci-complete mitochondrial 1260 

genomes of assessed assembly methods. Here we have used the number of expected loci 1261 

that have been annotated as a proxy for genome completeness to control for when multiple 1262 

contigs have been assembled for a single locus. Coloured lines connect assemblies generated 1263 

from the same sequencing library. 1264 



 1265 

Figure S2. In cases of potential contamination, MitoZ assembles separate contigs for distinct 1266 

DNA sources while MITObim assembles chimeric sequences. Here we show paired COI 1267 

assemblies from MitoZ and MITObim, from seven samples of six different Hydromyini species. 1268 

Highlighted in red are example COI sequences assembled and annotated from a single library, 1269 

Pseudomys oralis (KR045). MitoZ has assembled two distinct and complete assemblies for 1270 

COI, one with the expected phylogenetic placement and another indicating contamination. The 1271 

corresponding MITObim COI assembly is sister to the correct MitoZ assembly, but the two 1272 

sequences are not identical, indicating MITObim may have incorporated reads from the 1273 

contaminant into its assembly. In contrast, all other MITObim and MitoZ COI pairs shown 1274 

demonstrate identical or nearly identical sequences. 1275 



1276 
Figure S3. Dual pipeline mitochondrial assembly method flowchart.  1277 



Figure S4. 1278 

 1279 
Figure S4. Reciprocal monophyly classifications of focal clade ‘A’. Demonstrated here are two 1280 

examples of reciprocal monophyly according to our criterion compared with examples of our 1281 

monophyletic and ‘neither’ classifications. In the top left example, the sister clade is a 1282 

monophyletic clade of lineage ‘B’ and therefore ‘A’ is reciprocally monophyletic. In contrast, 1283 

the sister clade in the top right example shows a non-monophyletic configuration of lineages 1284 

‘B’ and ‘C’. However, the clade contains all represented lineages of both ‘B’ and ‘C’ and 1285 

therefore ‘A’ is still classified as reciprocally monophyletic. In the monophyly without reciprocity 1286 

example (bottom left) the sister to the focal clade ‘A’ is a single representative of lineage ‘B’. 1287 

As there is another representative of lineage ‘B’ elsewhere in the tree ‘A’ is not reciprocally 1288 

monophyletic. 1289 

Table S2. Metadata and completeness statistics for 1290 

mitogenome reference database 1291 

See the excel workbook, sheet 2: Mitogenome statistics, on our linked FigShare repository  1292 



Figure S5. 1293 

 1294 
Figure S5. Mitochondrial introgression between Pseudomys novaehollandiae and Pseudomys 1295 

mimulus and probable incomplete lineage sorting between Leggadina lakedownensis and 1296 

Leggadina forresti. These phylogenies are subsets of a full tree generated from our complete 1297 

mitogenome assembly database. Highlighted are a known F1 P. novaehollandiae and P. 1298 

mimulus hybrid (Roycroft et al. 2024), a known P. novaehollandiae individual with a 1299 

backcrossed P. mimulus mitogenome, and a L. lakedownensis individual from a distinct 1300 

population that places as an outgroup to the remaining Leggadina clade. All three assemblies 1301 

were excluded from window and barcode alignments and subsequent phylogenetic trees used 1302 

for assessment of reciprocal monophyly. 1303 

Table S3. Loci completeness statistics for mitogenome 1304 

reference database 1305 

See the excel workbook, sheet 3: Gene level statistics, on our linked FigShare repository 1306 



Table S4. 1307 

Table S4. Novel ATP6 primers developed in-silico with DeGenPrime to target highly diagnostic 1308 

mini-barcodes in Australo-Papuan rodents. Melting temperature is calculated by DeGenPrime. 1309 

Alignments of unique within-species primer-site haplotypes are available as FASTA files on 1310 

FigShare for visualisation of nucleotide mismatches. 1311 

Barcode 
Name 

Primer 
Direction 

Primer Sequence 
Amplicon 

Length 

Melting 
Temp 
(°C) 

ATP6_7962-
163 

Forward 5’ TTDCCTCTTTTATAACCCCA 
163bp 

44.62 
Reverse 5’ AGACAATTATTAATGCTCAGG 46.55 

ATP6_8067-
183 

Forward 5’ CGTCTCCACTCATTCCAACAC 
183bp 

54.36 

Reverse 
5’ 

CTADGATTACDGCTCCTGCTCA 
51.78 

S.2 Development of a Uromys hadrourus assembly for 1312 

eDNA through pooling two sequence libraries from distinct 1313 

individuals 1314 

Uromys hadrourus is the only described rodent in Australia that, after development of our 1315 

database, is still not represented by a complete mitochondrial genome. Following our 1316 

assembly protocol, we assembled a combined total of ~33% of a U. hadrourus mitochondrial 1317 

genome across two specimens (ABTC103222, ABTC103223). The two other U. hadrourus 1318 

raw sequence datasets that were included in our pipeline (ABTC101163, M.12520) did not 1319 

generate any usable mitogenome sequence. To reduce the impact of this gap on the efficiency 1320 

of eDNA surveys in Australia, we pooled the reads of the two unsuccessful datasets to improve 1321 

overall read depth and thus the likelihood of mitogenome sequence recovery. We successfully 1322 

recovered mitochondrial DNA using this pooled dataset, and thus have a combined total of 1323 

~77% of the U. hadrourus mitochondrial genome across all four specimens. As this assembly 1324 

is derived from two distinct individuals, it should only be used to inform eDNA surveys and not 1325 

in any evolutionary studies. Furthermore, as the assembly is derived from two low-quality 1326 

sequence datasets, our confidence in the accuracy of this assembly is lower than the others 1327 

in our dataset, and this confidence should be considered in interpreting eDNA results. 1328 

The assembly is available in our FigShare repository. It has not been included in any analysis 1329 

and is not included in our full mitogenome database statistics or alignment. 1330 

 1331 

  1332 



Table S5. Full reciprocal monophyly criteria results 1333 

See the excel workbook, sheet 4: Reciprocal monophyly data, on our linked FigShare 1334 

repository 1335 

S.3 Additional software dependencies 1336 

MitoZ software dependencies: 1337 
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based statistics and translated nucleotide searches: improving the TBLASTN module of 1341 

BLAST. BMC Biol, 4, 41. https://doi.org/10.1186/1741-7007-4-41  1342 

Huerta-Cepas, J., Serra, F., & Bork, P. (2016). ETE 3: Reconstruction, Analysis, and 1343 

Visualization of Phylogenomic Data. Molecular Biology and Evolution, 33(6), 1635-1638. 1344 

https://doi.org/10.1093/molbev/msw046  1345 

Jühling, F., Pütz, J., Bernt, M., Donath, A., Middendorf, M., Florentz, C., & Stadler, P. F. (2012). 1346 

Improved systematic tRNA gene annotation allows new insights into the evolution of 1347 

mitochondrial tRNA structures and into the mechanisms of mitochondrial genome 1348 

rearrangements. Nucleic Acids Res, 40(7), 2833-2845. https://doi.org/10.1093/nar/gkr1131  1349 

Karlicki, M., Antonowicz, S., & Karnkowska, A. (2022). Tiara: deep learning-based 1350 

classification system for eukaryotic sequences. Bioinformatics, 38(2), 344-350. 1351 
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Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., Jones, S. J., & 1353 
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transform. Bioinformatics, 25(14), 1754-1760. https://doi.org/10.1093/bioinformatics/btp324 1357 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., 1358 
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Assembly and Statistics Pipeline dependencies: 1369 
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Gomes, J., Bagnaschi, E., Campos, I., David, M., Alves, L., Martins, J., Pina, J., López-García, 1372 
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