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Abstract
With an estimated 50 000–100 000 described species, mites represent the most diverse group of Chelicerata and 
include lineages adapted to some of the harshest environments on Earth, including those found in Antarctica. 
Here, we combine mitochondrial genomics, population genetics, and morphological analysis to investigate the 
Antarctic oribatid mite Maudheimia petronia, a putative Gondwanan relict species endemic to Victoria Land. 
Phylogenetic analyses based on mitochondrial protein-coding genes place Maudheimia within Brachypylina 
and support its affinity with Ceratozetoidea. Beyond species-level characterization, we also place our results 
in a broader phylogenetic context by discussing relationships within Sarcoptiformes and Oribatida to clarify 
higher-level evolutionary patterns. The mitochondrial genome exhibits a conserved protein-coding gene order 
but highly derived transfer RNAs, including extensive arm reduction, frequent mismatches, and overlapping 
genes. Population analysis of three isolated localities revealed geographically structured but conspecific popula-
tions, consistent with long-term persistence in Antarctic refugia. Morphological observations obtained through 
light and scanning electron microscopy confirmed the diagnostic characters of M. petronia and showed sub-
stantial morphological stability among populations. These results provide new insights into the evolutionary 
history, mitochondrial genome evolution, and historical biogeography of Antarctic oribatid mites.
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Introduction
Mites exhibit extraordinary adaptations that enable them to 
colonize virtually every type of habitat, including some of 
the most extreme environments on Earth, most notably the 
polar regions (Block and Convey 1995, Søvik 2004, Teets and 
Denlinger 2014). Their resilience allows them to withstand 
harsh environmental pressures, including extreme temper-
atures, repeated freeze–thaw cycles, prolonged desiccation, 
and the constraints of a short and often unpredictable growing 
season. However, recent work has challenged the traditional 
view of Antarctic terrestrial arthropods as being exposed 

exclusively to uniformly extreme air temperatures, showing 
that microhabitats, such as soils and ponds, can experience 
markedly warmer and more thermally stable conditions than 
the surrounding atmosphere (Cucini et al. 2022).

Increasing evidence accumulated over the last two decades 
has substantially reshaped our understanding of the history 
of Antarctic terrestrial biota, supporting the persistence of 
diverse endemic lineages through multiple glacial cycles in 
long-term ice-free refugia, rather than repeated recent recolo-
nization events (Convey and Stevens 2007, Convey et al. 2008, 
2020). Within this framework, the persistence of Antarctic 
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soil arthropods has been linked to ecological specialization 
and local adaptation, including traits that enhance survival in 
severe environmental conditions.

Endemic to Antarctica, the Sarcoptiform genus Maudheimia 
Dalenius & Wilson, 1958 (Oribatida: Maudheimiidae) is an 
oribatid taxon associated with high-elevation epilithic rocky 
habitats, characterized by a weakly sclerotized exoskele-
ton and a lichen-based diet (Marshall and Coetzee 2000). 
Currently, the genus is the sole representative of the fam-
ily Maudheimiidae and comprises four recognized allopat-
ric species distributed across isolated regions of continental 
Antarctica, spanning three subdivisions of the Antarctic 
Conservation Biogeographic Regions (ACBRs; Terauds and 
Lee 2016). Maudheimia marshalli Coetzee, 1997, Maudheimia 
wilsoni Dalenius & Wilson, 1958, and Maudheimia tann-
gardensis Coetzee, 1997 all occur within Dronning Maud 
Land (ACBR 6), where their distributions are separated by 
three major glaciers. Maudheimia petronia Wallwork, 1962 
is endemic to Victoria Land and occurs in both North and 
South Victoria Land (ACBRs 8 and 9, respectively; Marshall 
and Coetzee 2000; Fig. 1). The marked geographical isolation 
of these species has long been considered an important factor 
shaping the evolutionary history of the genus (Coetzee and 
Weigmann 2012).

Modern lineages are believed to descend from ancestors 
that inhabited Antarctica before the break-up of Gondwana 
during the Early Cretaceous (∼145–100 Mya; Pugh and 
Convey 2008). Following the isolation of Antarctica and the 
progressive cooling of the continent, these mites are thought 
to have persisted through successive glacial periods within 
isolated ice-free refugia (Marshall and Coetzee 2000, Ross 
et al. 2025). Subsequent population fragmentation is likely to 
have promoted genetic bottlenecks and episodes of speciation 
associated with glacial maxima and shifting ice-sheet dynam-
ics during interglacial periods (Marshall and Coetzee 2000).

Following adaptation to Antarctic environmental con-
ditions, Maudheimia species exhibit a suite of ecological 
and physiological traits that might enhance survival under 
extreme environmental stress. They occur in multi-instar 
aggregations characterized by synchronized development 
from egg through protonymph, deutonymph, and tritonymph, 
with at least one moult occurring each austral summer. This 
developmental pattern implies a minimum life cycle of ∼5 
years (from egg to egg), and all life stages appear capable of 
overwintering. Synchronous moulting has been proposed as 
a mechanism reducing juvenile mortality in severe environ-
mental conditions (Marshall and Convey 1999). Experimental 
studies have shown that M. wilsoni can supercool to approx-
imately −30°C (Sømme et al. 1993), approaching the super-
cooling capacity of pure-water droplets of comparable volume 
(Bigg 1953, Block and Young 1979). In small Antarctic mites, 
such pronounced supercooling capacity is facilitated by the 
synthesis and accumulation of cryoprotective compounds, 
including glycerol, as documented in Alaskozetes antarcticus 
(Michael, 1903) (Young and Block 1980). A similar cryopro-
tective mechanism might therefore also be present in species 
of Maudheimia, although this remains to be demonstrated 
experimentally. From a systematic perspective, the genus was 

established by Dalenius and Wilson (1958) for M. wilsoni and 
was initially considered closely related to Scheloribates within 
the family Scheloribatidae. A few years later, Wallwork 
(1962) described M. petronia from Victoria Land. Owing 
to differences in the structure of the octotaxic organs (por-
ose areas in Maudheimia vs. sacculi in Scheloribates), Balogh 
and Balogh (1984, 1992) proposed the erection of the fam-
ily Maudheimiidae. Subsequently, Coetzee (1997) revised 
the genus, describing M. marshalli and M. tanngardensis, and 
transferred Maudheimia to Ceratozetoidea, a placement later 
reaffirmed by Coetzee and Weigmann (2012).

Morphology-based phylogenetic analyses recovered all rec-
ognized Maudheimia species within a strongly supported clade 
and suggested a stepwise pattern of divergence in which M. 
petronia occupies a basal position, whereas M. marshalli and 
M. wilsoni are more closely related to each other than either 
is to M. tanngardensis. The congruence between phylogenetic 
topology and species distributions suggests diversification 
during the Plio-Pleistocene, driven by repeated glacial cycles 
and long-term isolation in refugia. Collectively, phylogenetic, 
biogeographical, and ecological evidence supports the inter-
pretation of Maudheimia as a relict Antarctic lineage (Coetzee 
and Weigmann 2012).

More broadly, phylogenetic studies of Sarcoptiformes and 
Oribatida have revealed deep lineage diversification and sub-
stantial heterogeneity in evolutionary rates, providing a com-
parative framework for assessing the evolutionary placement 
of Antarctic taxa such as Maudheimia. Much of this recent pro-
gress has been driven by the increasing use of molecular data. 
In recent decades, the evolutionary trajectories of Antarctic 
terrestrial invertebrates have been explored increasingly 
using molecular tools, particularly in Collembola (Stevens 
et al. 2006, McGaughran et al. 2010, Collins et al. 2019, 2020, 
Carapelli et al. 2020, Boschi et al. 2025) and mites (Stevens 
and Hogg 2006, Mortimer et al. 2011, Brunetti et al. 2021, 
Collins et al. 2023). Most studies rely on mitochondrial DNA 
(mtDNA), whose lineage-specific molecular features and gene 
order are widely used in population genetics, species delimi-
tation, and phylogenetics. With few exceptions, animal mito-
chondrial genomes are circular molecules of ∼16 kb in size, 
encoding 37 genes: 13 protein-coding genes (PCGs), two ribo-
somal RNA-coding genes and 22 transfer RNA (tRNA)-coding 
genes, plus a major non-coding regulatory region involved in 
mtDNA replication and transcription (Clayton 1992, Zhang 
and Hewitt 1997, Boore 1999, Podsiadlowski et  al. 2006). 
Despite this conserved gene complement, mites exhibit 
remarkable mitochondrial genome diversity, including exten-
sive gene rearrangements and highly modified tRNAs (Domes 
et  al. 2008, Klimov and O’Connor 2009, Yuan et  al. 2010, 
Xue et al. 2016, Arribas et al. 2020, Warren and Sloan 2021, 
Aydemir 2024).

In contrast to the ecological and biogeographical signifi-
cance of the genus, important aspects of its evolutionary his-
tory and systematic relationships remain poorly understood. 
To improve our understanding of these aspects, we adopted 
a multidisciplinary approach combining morphology and 
mtDNA analyses of three populations of M. petronia from 
Victoria Land. This study provides the first mitochondrial 
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Figure 1 Map of Antarctica and 16 Antarctic Conservation Biogeographical Regions (ACBRs) Terauds and Lee (2016) using the Quantarctica 
3 QGIS package (Matsuoka et al. 2018). Locations of all four species of Maudheimia are labelled, including the three M. petronia sampling 
localities included in this study, in addition to historical sampling sites (CHG, Cape Hallett; RCR, Redcastle Ridge) to represent the entire 
sampled distribution of this species. Sixty-six cox1 barcode sequences from the three sampling sites were used to create a minimum spanning 
haplotype network, showing haplotype diversity within and between populations. Population abbreviations are as follows: CCI, Crater Cirque; 
KAI, Kay Island; SNU, Starr Nunatak.

genome sequence and population-level DNA barcode data-
set for the species. Specifically, our aims were as follows: 
(i) to assess genetic variability among populations; (ii) to 

characterize mitochondrial genome features; (iii) to clarify 
the phylogenetic placement of Maudheimia within Oribatida; 
and (iv) to re-examine key morphological traits using light 
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and electron microscopy, evaluating their congruence with 
previous species descriptions (Dalenius and Wilson 1958, 
Wallwork 1962, Coetzee 1997).

Materials and methods
Sample collections

Samples of M. petronia were collected during the 2017–2018 
and 2018–2019 Antarctic summers in three localities of 
Victoria Land (Table  1; Fig.  1). Specimens were initially 
identified and subsequently stored at −80°C until molecular 
analysis, while a subset of specimens was preserved in 70% 
ethanol for morphological examination.

Mitochondrial genome sequencing, assembly, 
and annotation

Seven individuals sampled in Starr Nunatak were pooled 
to obtain a sufficient DNA concentration required for the 
high-throughput sequencing workflow. Their DNA was 
extracted using the QIAmp® UCP DNA kit. Total DNA 
was normalized and sequenced at Macrogen Europe using 
TruSeq Nano DNA chemistry on an Illumina HiSeq 2500 
platform, together with additional samples not reported 
in this study (for further details, see Carapelli et al. 2020, 
2021, Cucini et  al. 2021a, 2021b). Resulting reads were 
quality checked using FastQC (v.0.11.9; https://www.bio-
informatics.babraham.ac.uk/projects/fastqc/) and subse-
quently assembled with NOVOPlasty v.3.8.3 (Dierckxsens 
et al. 2017). Genome assembly was performed using a sin-
gle cytochrome c oxidase subunit I (cox1) sequence (ampli-
fied as described in the ‘Population genetic analyses’ 
section) as seed. Initial assemblies were generated under 
default parameters and subsequently used as a reference 
to generate a subset of reads enriched for mitochondrial 
sequences using the filter_reads.pl script provided with the 
NOVOPlasty package. Final assemblies were then pro-
duced using this enriched read set. The resulting contigs 
were compared with assemblies generated using MEGAHIT 
(Li et  al. 2015) and curated manually to obtain complete 
mitochondrial genome sequences. Single-nucleotide ambi-
guities were resolved using a majority-rule approach 
by remapping reads to ambiguous regions with BBMap 
v.38.84 (sourceforge.net/projects/bbmap/) and visualiz-
ing alignments in IGV v.2.8.2 (Robinson et al. 2011). The 
complete mitochondrial genome sequence was deposited 
in GenBank under accession number PX633171, and the 
corresponding raw sequencing reads were deposited in 
the Sequence Read Archive (SRA) at NCBI under accession 
number SRP289641.

The mitochondrial genome of M. petronia (Fig. 2) was ini-
tially annotated automatically using MITOS2 through the 
Galaxy Server (Al Arab et  al. 2017, Donath et  al. 2019). 
To refine this preliminary annotation, tRNA genes were 
predicted using tRNAscan-SE (Lowe and Eddy 1997) and 
ARWEN (Laslett and Canbäck 2008), resulting in identifi-
cation of 18 of the 22 expected mitochondrial tRNAs. The 
four genes not detected automatically (trnA, trnH, trnV, and Ta
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trnY) were subsequently located through manual inspec-
tion. The putative secondary structures of these tRNAs, 
together with those of the 18 tRNAs identified by MITOS2, 
were reconstructed using the software VARNA 9–93 (Darty 
et al. 2009; Fig. 3).

For comparative analysis of the mitochondrial gene 
order, mitogenomes of six Brachypylina mitogenomes were 
retrieved from GenBank and automatically annotated using 
MITOS2 within the Galaxy Server (Al Arab et  al. 2017, 
Donath et  al. 2019) to ensure methodological consistency. 
The mitogenomes of Oppia nitens and Paraleius leontonychus 
were excluded from downstream analyses because MITOS2 
and/or previous studies (Schäffer et al. 2018) failed to iden-
tify the complete set of mitochondrial tRNA genes. Gene 
order rearrangements and synteny were inferred using CREx 
(Bernt et al. 2007).

Phylogenetic analyses
All PCGs from 51 Sarcoptiformes complete mitochon-
drial genomes, along with three outgroup sequences from 
Trombidiformes available in GenBank as of September 2025, 
were downloaded. Nine of the 13 sequences (accession num-
bers: MF083732–MF083739 and CM003133) for Sarcoptes 
scabiei were excluded from the analyses owing to taxonomic 
overrepresentation, leading to a final dataset of 45 sequences 
(Supplementary Table S1). Protein-encoding gene sequences 
were separated into 13 fasta files using the function EZsplit 
from the Ezmito2 Web Server (Cucini et  al. 2026). In addi-
tion, four unverified sequences corresponding to Ardeacarus 
ardeae, Carpoglyphus lactis, O. nitens, and Platynothrus peltifer 
were annotated, at least for their PCGs, using the MITOS2 tool 
through the Galaxy Server (Donath et al. 2019) and added to 
the remaining dataset. fasta files were then aligned using 

Figure 2 Map of the circular mitochondrial genome of M. petronia with the typical set of 37 genes highlighted, including two ribosomal RNAs 
(rrnS and rrnL), 13 protein-coding genes for subunits of the respiratory enzyme complexes (atp6, atp8, cox1–3, cob, nad1–6, and nad4L), and 22 
transfer RNAs (trnX).
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Clustal Omega (Sievers and Higgins 2018) into 13 matrices, 
each corresponding to one mtDNA gene to check for possible 
errors of gene orientation. Then, the 13 files were processed 
through the EZpipe tool of Ezmito2 (Cucini et al. 2026) to 

realign the sequences, remove unalignable/hypervariable 
stretches, and finally, to obtain the concatenated alignment 
for the whole dataset (three matrices: codons, 1&2_only, 
and aa). The number of included positions per gene in the 

Figure 3 Predicted secondary structures of the mitochondrial tRNAs of M. petronia. Nucleotides shared between tRNA-encoding genes and 
neighboring genes oriented on the same strand are highlighted in red (see also Table 2). Alternative genes with highly miniaturized secondary 
structures for tRNA A and tRNA V are shown in boxes.
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alignment is reported in Supplementary Table S2. The final 
dataset consisted of 42 ingroup and 3 outgroup taxa and was 
subjected to phylogenetic analysis in IQ-TREE v.3 (Wong 
et al. 2026), using the best-fitting evolutionary model for each  
partition and estimating separate evolutionary rates among 
partitions. These latter were defined by gene for the amino 
acid dataset, by gene and codon positions (first and second) 
for the 1&2-only nucleotide dataset, and by gene and all three 
codon positions for the complete nucleotide dataset. The best 
evolutionary models were chosen with Model Finder Plus. 
Nodal supports were established by running 1000 ultrafast 
bootstraps and SH-aLRT iterations. The three phylogenetic 
trees were edited graphically with FigTree (Rambaut 2018) 
and are reported in Fig. 4 and Supplementary Figs S1 and S2, 
respectively.

Population genetic analyses
A total of 66 individuals from three populations (Fig. 1; Table 1) 
were sequenced for the barcoding fragment of the mitochon-
drial cox1 gene. Total DNA from each specimen was extracted 
using the Wizard SV Genomic DNA Purification System 
(Promega, Madison, WI, USA) and eluted in 50 µL ddH2O. 
PCR amplification was then performed in a T100 (Bio-Rad, 
Hercules, CA, USA) thermal cycler. The mtDNA barcode 
region, part of cox1 (Hebert et al. 2003), was amplified using 
the primers 5′-GGTCAACAAATCATAAAGATATTGG-3′ (LCO, 
forward) and 5′-TAAACTTCAGGGTGACCAAAAAATCA-3′ 
(HCO, reverse) (Folmer et al. 1994). Reactions were run using 
2.5 μL of extracted DNA, 0.5 μM of each primer, 0.2 mM of 
each dNTP, 2.5 mM MgCl₂, 5 μL of Green GoTaq Flexi buffer, 
and 0.125 μL of GoTaq Flexi DNA Polymerase (Promega), in 
a total volume of 25 μL. Amplification of the cox1 fragment 
was obtained using the following cycling conditions: (i) 95°C 
for 5 min; (ii) 35 cycles of 95°C for 1 min, 50°C for 1 min, 

72°C for 1 min 30 s; and (iii) 72°C for 7 min. PCR products 
were purified using the Wizard SV Gel and PCR Clean-up kit 
(Promega), then quantified using Nanodrop One (Thermo 
Fisher Scientific, Waltham, MA, USA). Upon successful Sanger 
sequencing of both forward and reverse strands obtained at 
the BMR Genomics facility (Padua, Italy), the resulting elec-
tropherograms were quality controlled using Sequencher 
v.4.4.2 (Gene Codes Corporation, Ann Arbor, MI, USA) and 
assembled into consensus sequences. Sequences were aligned 
using AliView v.1.28 (Larsson 2014) and trimmed manually, 
resulting in a 657 bp, indel-free matrix. Haplotype frequencies 
were determined using the online tool DNAcollapser (availa-
ble at: https://users-birc.au.dk/∼palle/php/fabox/index.php). 
Individual haplotype sequences were then assigned a label 
(Table 1) and submitted to GenBank, where they are avail-
able under accession numbers PX498765–PX498782. A min-
imum spanning haplotype network (Fig. 1) was constructed 
using PopART (Leigh and Bryant 2015) to infer phylogenetic 
relationships between populations. For additional population 
genetics analyses, Arlequin v.3.11 (Excoffier et al. 2005) was 
used to determine haplotype (h) and nucleotide (π) diversity 
indices, in addition to the mean number of pairwise differ-
ences (θ) and segregating sites (θS) (Table 1).

Morphological analysis
Ten individuals from each sampling site were used for taxo-
nomic identification and morphological analysis. Morphological 
comparisons, measurements, and optical images were carried 
out with a Nikon Eclipse Ci-L plus (Kanagawa, Japan) and a 
Zeiss Axio Zoom V16 (Oberkochen, Germany) microscope. The 
resulting images were processed with Zerene Stacker for 
photo stacking. Subsequently, to observe morphological traits 
not visible with optical microscopy, some M. petronia specimens 
were dehydrated through a graded ethanol series and dried 

Figure 4 Mito-phylogenetic relationships among Sarcoptiformes mite taxa inferred from IQ-TREE analyses of first and second nucleotide 
positions of 13 protein-coding genes. Only bootstrap values >89 are shown at the nodes.
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using a critical point dryer (Balzers CDP 01), prior to gold coat-
ing using a Balzers Med 010 (FEI Company, Hillsboro, OR, USA). 
Prepared specimens were examined using a FEI Quanta 400 (FEI 
Company) scanning electron microscope operating at 20 kV.

Results
Mitochondrial genome features

The M. petronia mtDNA is a circular molecule of 14 468 nucle-
otides that contains the typical set of 37 genes usually found in 
Metazoa (Fig. 2). Base composition is biased towards adenines 

and thymines (AT% = 68), with positive AT- and CG-skews on 
the J-strand (0.16 and 0.12, respectively). Nine of the 13 PCGs 
start with a standard methionine codon (ATA or ATG), whereas 
cox2, cox3, nad2, and nad5 initiate with ATT, which encodes 
isoleucine. Stop codons are either complete (TAA or TAG, as in 
atp8, cox1, nad1, nad2, nad4, and nad5) or incomplete (TA- or 
T--, as in atp6, cob, cox2, cox3, nad3, nad4L, and nad6). Small 
overlaps occur between adjacent genes located on the opposite 
or, in a few cases, the same strand (Table 2). Intergenic regions 
vary in length from a few nucleotides to 123 nucleotides at the 
nad1–trnM junction (Table 2).

Table 2 Annotation, gene orientation, start and stop codons of PCGs and other features of the mitochondrial genome of M. petronia.

Gene Start End Strand Start codon Stop codon Anticodon Intergenic 
spacer/overlap

cox1 1 1542 + ATA TAA
cox2 1543 2212 + ATT T-- 0
trnD(gtc) 2213 2265 + 2242–2244 0
atp8 2266 2415 + ATA TAA 0
atp6 2409 3076 + ATG TA- −7
cox3 3077 3861 + ATT TA- 0
trnG(tcc) 3862 3917 + 3893–3895 0
nad3 3916 4255 + ATG T-- −2
trnA(tgc) 4256 4304 + 4274–4276 0
trnL2(taa) 4309 4363 + 4329–4331 4
trnL1(tag) 4364 4420 + 4395–4397 0
trnS1(gct) 4416 4467 + 4435–4437 −5
trnE(ttc) 4459 4517 + 4491–4493 −9
trnF(gaa) 4505 4560 − 4538–4540 −13
nad5 4562 6196 − ATT TAA 1
trnH(gtg) 6196 6250 − 6219–6221 −1
nad4 6251 7552 − ATG TAG 0
nad4L 7553 7821 − ATA TA- 0
trnT(tgt) 7821 7875 + 7851–7853 −1
nad6 7881 8302 + ATG TA- 5
cob 8303 9396 + ATG TA- 0
trnS2(tga) 9397 9447 + 9415–9417 0
nad1 9450 10382 − ATA TAA 2
trnM(cat) 10506 10562 + 10536–10538 123
trnW(tca) 10563 10622 + 10593–10595 0
trnC(gca) 10622 10670 − 10645–10647 −1
nad2 10661 11632 + ATT TAG −10
trnI(gat) 11635 11688 + 11664–11666 2
trnQ(ttg) 11711 11762 − 11732–11734 22
trnY(gta) 11759 11809 − 11783–11785 −4
trnP(tgg) 11789 11856 − 11826–11828 −21
rrnL 11857 12920 − 0
trnV(tac) 12921 12984 − 12944–12946 0
rrnS 12985 13620 − 0
trnN(gtt) 13621 13681 − 13646–13648 0
trnR(tcg) 13666 13715 + 13697–13699 −16
trnK(ttt) 13728 13790 + 13760–13762 12
A + T-rich 13791 14468 0
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Comparative analyses of mitochondrial gene 
rearrangements in Brachypylina

Comparative analysis of mitochondrial gene order is inferred 
among Brachypylina species (Supplementary Table S1) 
and reveals a generally conserved genomic organization  
with limited structural variation, especially for PCGs. There 
are two larger gene blocks that are invariable within the 
dataset: cox1–cox2–trnD–atp8–atp6–cox3 and trnP–rrnL– 
trnV–rrnS–trnN–trnR. The gene order observed in M. petronia is 
nearly identical to the Acari mitotype M42 [one of 67 config-
urations recognized by Aydemir (2024)] previously reported 
for Oribatula sp., differing by only a single rearrangement, 
in which trnE is positioned within the segment trnS1–trnE– 
trnF instead of trnR–trnE–trnK. The mitochondrial genome 
of M.  petronia shows an identical gene arrangement to that 
of the oribatid mite Chamobates pusillus (GenBank accession: 
LC817328), which was not included in the comparison by 
Aydemir (2024). Pairwise comparisons of gene order using 
CREx identified pairwise rearrangement distances ranging 
from zero to five among the analysed taxa (Supplementary 
Table S3). Maudheimia petronia and C. pusillus showed the low-
est distance values, whereas Oribatula sakamorii displayed the 
highest distances relative to the remaining taxa (Supplementary 
Table S3).

Protein-encoding and transfer RNA genes 
mapping and structure

Several of the predicted tRNAs deviate from the canonical 
cloverleaf structure expected for metazoan mitochondrial 
tRNAs (Fig. 3): tRNA C lacks both the T and D arms, whereas 
many others (except tRNA K, tRNA P, and tRNA W) retain 
only one of these arms, and some of these latter (i.e. tRNA A 
and tRNA V) have alternatives in other regions of the genome 
(see Fig. 3). As for stems, 8.7% of the total (357) expected 
pairings of nucleotides within helices are mismatches. Gene 
overlaps are frequent, spanning from 2 to 21 nucleotides and, 
unexpectedly, also involving neighbouring tRNA-encoding 
genes or PCGs and tRNA-encoding genes oriented on the same 
strand (Table 2). The arbitrary attribution of ‘shared’ stretches 
of sequences to one of the two neighbour genes results in the 
disruption of the acceptor arm helix (tRNA L1, tRNA P, tRNA 
S1, and tRNA Y; Fig. 3) or of the standard start/stop codon 
translational signal of atp6, atp8, nad4, nad3, and nad5.

Phylogeny of Sarcoptiformes
Phylogenetic analyses of Sarcoptiformes based on mito-
chondrial PCGs yield largely congruent topologies, particu-
larly at the deepest nodes. All analyses consistently recover 
a well-supported dichotomy separating Astigmata and 
Oribatida. The sole exception is the oribatid Steganacarus 
magnus (Mixonomatida), which occupies a basal position rel-
ative to the remaining ingroup taxa, forming the base of the 
Desmonomatida clade and falling outside the otherwise mono-
phyletic Oribatida (Fig. 4). These relationships indicate that 
astigmatid mites originated within oribatid mites, rendering 
Oribatida paraphyletic. Our results support the monophyly of 
Brachypylina and Nothrina and indicate that Astigmata emerge 

within a paraphyletic Oribatida s.l. Within Brachypylina, the 
relationships among the analysed species do not support 
the monophyly of Ceratozetoidea, because Eupelops contam-
inatus (Phenopelopoidea) is nested within Ceratozetoidea, 
rendering this superfamily paraphyletic. A sister-group rela-
tionship between M. petronia and the clade (C. pusillus +  
E. contaminatus), with Ceratozetella imperatoria as the most 
basal taxon, is slightly preferred, being recovered in the amino 
acid and first and second codon-positions-only trees, but not in 
the all-codon-position tree (Fig. 4; Supplementary Figs S1, S2). 
In our phylogenetic inference, one difference among the trees 
concerns the relative positions of C. lactis + Histiostomatidae 
sp. and the cluster representing the three Lepidoglyphus destruc-
tor specimens. In all topologies, these L. destructor sequences 
are consistently placed as basal lineages within Astigmata, 
but their positions relative to C. lactis + Histiostomatidae sp. 
are reciprocally exchanged depending on whether the tree is 
based on all codon positions, first and second codon positions 
only, or the translated amino acid sequences.

Within Astigmata, Psoroptidia and Acaroidea are recovered 
as well-supported monophyletic groups, whereas Acaridia 
and Glycyphagoidea appear paraphyletic. Indeed, within 
Glycyphagoidea, the three L. destructor sequences occur on 
branches distant from Blomia tropicalis and Chortoglyphus 
arcuatus. Within Acaroidea, the subfamily Rhizoglyphinae is 
monophyletic, whereas Tyrophaginae is not. Interestingly, 
Histiostomatidae sp. (Histiostomatoidea) clusters with  
C. lactis (Hemisarcopteroidea) rather than with the other two 
Histiostoma species (Histiostoma blomquisti and H. feroniarum).

Population genetics
Our analyses compare 66 cox1 barcode fragments representing 
specimens from three distinct, isolated populations in Victoria 
Land (Fig. 1; Table 1). In total, 18 haplotypes are present, of 
which none is shared between localities. A single haplotype 
is recovered from 22 specimens from Kay Island, resulting in 
zero diversity indices. Crater Cirque has a total of 10 hap-
lotypes present, sourced from 19 specimens, and shows the 
highest values in both haplotype diversity (0.889) and nucle-
otide diversity (0.0096). Seven haplotypes are obtained from 
Starr Nunatak specimens, with haplotype diversity of 0.66 and 
nucleotide diversity of 0.0016 (Table 1).

Intrapopulation p-distances (the proportion of nucle-
otide sites that differ between two aligned sequences) 
of Starr Nunatak haplotypes range from 0.15% to 0.76% 
(Supplementary Table S4). In contrast, the intrapopula-
tion p-distances of Crater Cirque haplotypes range from 
0.15% to 2.44%, exceeding the maximum interpopula-
tion p-distance of 2.13%. Between populations, both the 
number of haplotypes and the extent of molecular varia-
bility differ markedly, indicating substantial differences 
in population structure or potential biases attributable to 
non-random sampling. The haplotype network reveals a 
clear geographical structuring of mitochondrial lineages, 
which are divided into two main groups: the first comprises 
specimens from Starr Nunatak and Kay Island, whereas the 
second subnetwork includes all haplotypes from the north-
ern population of Crater Cirque (Fig. 1).
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Morphology
All specimens (both sexes) show little variation in dimen-
sions without evident differences between the two sexes, with 
measurements between 560 and 610 µm (Figs 5, 6). Consistent 
with the original description, analysed samples show body 
surface and leg cuticle weakly sclerotized, brown in colour 
(Figs 5A–B, 6A), with a reduced presence of waxy cerotegu-
ment, which is often more visible around the insertion of the 
legs (Fig. 6B). A fine network of small tubercles characterizes 
the microsculpture, which is more evident on the dorsal part 
of the notogaster.

Prodorsum
Rostrum rounded, with rostral setae (ro) ∼ 100 µm long, uni-
laterally barbed, laterally inserted far back from the anterior 
margin of the rostrum. Owing to their curved shape, the setae 
follow the contour of the prodorsum, with their tips extending 
beyond the anterior margin of the rostrum (Fig. 5C).

Short lamellae (L), in the form of convergent ridges, follow 
anteriorly to the pseudostigmata, extending anteromedially 
for less than half the length of the prodorsum. Along their 
course, they widen and, approaching the apex, curve medi-
ally, bearing a notch that creates a hint of two small cusps, 

Figure 5 Maudheimia petronia. Light microscopy: dorsal view (A) and ventral view (B); and scanning electron microscopy: dorsal view (C) and 
ventral view (D) with epimeral setae in their correct setal formula: 3-1-3-3. Abbreviations: Aa, A1, A2, A3, octotaxic porous areas; ad1, ad2, ad3, 
adanal setae; ag, aggenital setae; ex, exobothridial setae; gla, opening of opisthonotal gland; iad, adanal lyrifissures; in, interlamellar setae;  
L, lamella; le, lamellar setae; ro, rostral setae; ss, sensillum; Tu, tutorium.
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into which the lamellar setae (le) are inserted. The medial 
cusp extends posteromedially, tapering to a short, thin point. 
Consistent with the original description (Wallwork 1962) and 
with Coetzee’s subsequent revision (1997), the translamella 
does not appear to be present in all individuals and when 
present it appears as a thin edge that is difficult to interpret 
under the optical microscope; in contrast, a thin translamella 
is identified by scanning electron microscopy (SEM), although 
it sometimes does not develop completely. Lamellar setae (le) 
and interlamellar setae (in) are present, the former longer 
(115–120 µm long) than the latter (60–70 µm long). Lamellar 
setae are thick structures that are smooth in their first prox-
imal third and extensively barbed over the entire surface of 
the remaining part that ends close to the rostral edge, some-
times exceeding it. Interlamellar setae are thinner in appear-
ance than the lamellar setae and also barbed along the entire 
surface, with the apex approaching or slightly exceeding the 
insertion point of the lamellar setae. A short, finely barbed 

exobothridial seta (ex), measuring 25–30 µm, emerges from 
the cuticle laterally to the sensillum (ss) (Figs 5C, 6B).

Each cup-shaped bothridium is partly covered by the ante-
rior margin of the notogaster. Its dorsoventrally flattened 
orifice opens upwards, anterolaterally, and gives rise to a sen-
sillum with a short stalk and a globose/clavate, finely barbed 
head (Figs 5C, 6B).

Laterally, the tutorium (Tu) can be seen in the typical shape 
described for M. petronia. It appears as a short smooth, nar-
row, sclerotized, and arched ridge, with the proximal part 
touching a large pedotectum I and distal apex completely 
tapering near the middle of the lateral surface of the prodor-
sum (Figs 5C, 6).

Notogaster
Ovoid in shape, with its arched medial anterior margin partly 
covering the base of the prodorsum. A couple of small, tri-
angular, immovable pteromorphs (ptm) are bent ventrally 

Figure 6 Maudheimia petronia. Light microscopy: (A) lateral view; Scanning electron microscopy (SEM): (B) lateral view, (ro) = rostral setae, 
(le) = lamellar setae, (in) = interlamellar setae, (Tu) = tutorium, (ptm) = pteromorph, (ex) = exobothridial setae, (ss) = sensillum.
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(Fig. 6B). Ten pairs of thickened notogastral setae are smooth 
in their proximal portion and distally completely barbed. 
Their average length is ∼60–70 µm, with an arrangement cor-
responding to that reported by Wallwork (1962) and Coetzee 
(1997) (Fig.  5A, C). The analysis of the specimens confirms 
that the arrangement of the octotaxic porous areas agrees 
with Coetzee’s description rather than Wallwork’s (Fig.  5C). 
Lyrifissures (im), aligned with the longitudinal body axis, are 
located anterolaterally to the seta lp; posterior to these, the 
porous area A1 is visible and, more laterally, the opening of 
the opisthonotal gland (gla) (Fig.  5C). Ventrally, M. petronia 
shows a smooth surface, with short, incomplete apodemes; all 
ventral setae of medium length are strongly barbed. The struc-
tures present in the ventral region are congruent with previous 
descriptions. Noteworthy is the presence, posteriorly to pedo-
tectum II, of epimeral seta 3c, confirming the epimeral setal 
formula (3-1-3-3) proposed by Coetzee (1997) (Fig. 5B, D).

Genital plates, rounded anteriorly, have six pairs of barbed 
genital setae, and a pair of aggenital setae (ag) is posterolateral 

to the genital aperture. Sexual dimorphism seems to be related 
to the shape of the genital plates, which are narrower posteri-
orly in males, more rounded and larger in females (Fig. 5B, D).

The anal aperture, strongly rounded in shape, bears anal 
plates with two pairs of setae. It is surrounded anterolaterally 
by a pair of short adanal lyrifissures (iad) and, posteriorly, 
by three pairs of adanal setae (ad1, ad2, and ad3). Like all the 
setae of the ventral region, those of the anal region are also 
barbed (Fig. 5B, D).

Legs
All tarsi are tridactyl, with a shorter and more curved median 
claw, but slightly more robust than the lateral ones. All setae 
are strongly barbed. Specifically, we investigated the chaet-
otaxic inconsistency reported by Coetzee (1997) for M. pet-
ronia and M. wilsoni regarding the variable presence of the 
ventral seta (v′) on tarsus I and femora I–II and the lateral seta 
(l′) on femur III. Our analyses of specimens from the three 
localities, using both light microscopy and SEM, confirmed 

Figure 7 Maudheimia petronia. Scanning electron microscopy (SEM): images showing the presence of ventral seta v′ on tarsus I (Ta) (A); femur 
I (Fe) bearing ventral setae ν′ and ν″, dorsal seta d, and lateral setae l′ and l″ (B); femur II (Fe) bearing ventral setae ν′ and ν″ (C); and femur III 
(Fe) bearing dorsal seta d and ventral seta ν′, with the lateral seta l′ absent (D).

D
ow

nloaded from
 academ

ic.oup.com
/zoolinnean/article/208/2/zlag163/9003135 by U

niversità degli studi di Siena user on 28 O
ctober 2026



Zoological Journal of the Linnean Society, 2026, Vol. 208, Issue 2 • 13

pronounced variability in these characters; in several individ-
uals, this variability also exhibits asymmetry (i.e. occurring 
on one only side of the body). However, when present, the 
ventral setae (v′) on tarsus I, femur I, and femur II conformed 
to the arrangement described by Coetzee (1997), as illustrated 
in Fig. 7A–C. In contrast, the lateral seta (l′) on femur III was 
consistently absent in all examined specimens (Figs 6B, 7D).

Discussion
The integrated morphological and mitogenomic analyses of 
M. petronia presented in this study provide new insights into 
the evolutionary history, biogeography, and molecular peculi-
arities of Antarctic Oribatida. The main findings are discussed 
below in thematic sections, each addressing a specific aspect 
of these results.

Mitochondrial gene order, architecture, and 
structural constraints

As for the comparative analyses of Brachypylina mtDNA 
gene order, the CREx reconstructions identified multiple 
rearrangement events across the analysed genomes. In this 
respect, rearrangement distances [low values (0–1) denote 
highly conserved gene orders, whereas higher values (≥4–5) 
reflect more derived or divergent mitogenomic architectures] 
were lowest between M. petronia and C. pusillus and generally 
remained low among M. petronia, C. imperatoria, E. contamina-
tus, and Oribatula sp., indicating a relatively conserved mito-
chondrial genomic architecture within this group. In contrast, 
O. sakamorii exhibits substantially higher distances relative 
to the remaining taxa, suggesting a more derived gene order 
configuration. Most differences can be explained by transposi-
tions (T) and tandem duplication–random loss (TDRL) events, 
whereas inversions (I) and inverted transpositions (iT) are 
less common (Supplementary Table S3). The TDRL processes 
primarily affected tRNA genes (especially trnL1, trnL2, trnE, 
and trnS1), identifying these regions as recurrent hotspots of 
mitochondrial rearrangement. These localized duplications 
and subsequent random losses provide a plausible mechanism 
for the observed differences in gene order among the analysed 
brachypyline taxa.

Overall, the pattern of rearrangements suggests a gradual 
mode of mitochondrial genome evolution, characterized by 
successive small-scale transpositions and duplications that 
reshaped gene order without major disruption of the overall 
genomic architecture. Notably, all taxa apart from C. pusil-
lus and M. petronia exhibit distinct mitotypes, consistent with 
the extensive variability in gene order frequently observed 
within Trombidiformes and Acariformes, even among conge-
neric species.

In animals, mitochondrial tRNAs typically adopt a clover-
leaf secondary structure consisting of four arms: the ami-
noacyl (AA) arm, D arm, anticodon (AC) arm, and T arm. 
A well-known exception is the serine tRNA with the GCT 
anticodon, which lacks the D arm in nearly all metazoans 
and is considered an ancestral character state in this line-
age (Masta and Boore 2008). Although losses of individual 
arms are generally rare in animals, several arthropod and 

nematode lineages deviate markedly from this canonical con-
figuration (see next section). The mitochondrial genome of 
M. petronia falls within the size range typical of Acariformes 
and retains the complete complement of 37 genes, includ-
ing all PCGs and tRNAs. Relative to the M42 ground pat-
tern (Aydemir 2024), only a single rearrangement involving 
the transposition of trnE was detected. In Brachypylina, 
most mitochondrial gene-order differences involve tRNA 
genes, whereas the arrangement of PCGs appears compara-
tively stable, a pattern also observed in other Acariformes 
lineages (Arribas et  al. 2020). Despite this conserved gene 
order, the mitochondrial genome of M. petronia exhibits pro-
nounced genomic compaction, as indicated by the high fre-
quency of gene overlaps, including overlaps between genes 
encoded on the same strand. Such compact organization 
parallels patterns reported in other arachnids and is gener-
ally interpreted as the result of strong directional selection 
favouring reduced mitochondrial genome size and enhanced 
replication efficiency (Boore 1999, Masta and Boore 2004). A 
seven-nucleotide overlap between atp8 and atp6, frequently 
observed in arthropod mitogenomes, is likely to reflect bicis-
tronic transcription of these genes. A more unusual feature 
involves the apparent overlap between the 3′ end of nad3 and 
the 5′ end of trnA, which spans the full length of the anno-
tated trnA sequence despite both genes being encoded on 
the same strand. A canonical stop codon for nad3 occurs two 
nucleotides downstream of the annotated trnA boundary, sug-
gesting non-standard transcript processing. Several scenarios 
might account for this pattern, including alternative termi-
nation of nad3, atypical cleavage of polycistronic transcripts, 
or the presence of a highly modified or vestigial tRNA gene. 
Comparable cases in mtDNA of other metazoans indicate that 
remnants of tRNA-like structures can persist as processing 
signals rather than as fully functional genes (Dörner et  al. 
2001). Based on the conserved adjacency of nad3 and trnA in 
ancestral arthropod and acarine gene-order models (Xue et al. 
2016), the predominance of acarine gene orders retaining 
this arrangement and the consistent adjacency of trnW and 
trnC within Oribatida (Aydemir 2024), trnA in M. petronia 
most probably resides between nad3 and trnL2. The extreme 
truncation of mitochondrial tRNAs observed in M. petronia is 
consistent with the condition widely reported in Acariformes 
mites (including Sarcoptiformes and Trombidiformes), which 
frequently exhibit extensive loss of canonical secondary 
structural elements, and contrasts with the comparatively 
more conserved cloverleaf tRNA structures typically found in 
Parasitiformes (Xue et al. 2016, Yang et al. 2022). This pat-
tern might reflect that structural degeneration, rather than 
consistent reductions in tRNA gene length, represents the pri-
mary mode of tRNA evolution in these lineages.

Extensive mitochondrial tRNA truncation and 
compensatory evolution

Within its highly compact mitochondrial genome, the most 
distinctive feature of M. petronia is the extensive reduction 
of mitochondrial tRNA structure. Animal mitochondrial 
tRNAs typically range from 70 to 100 nucleotides in length, 
whereas markedly shortened and even armless tRNAs have 
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been reported only in a limited number of metazoan lineages 
(Wolstenholme et  al. 1987, Chen et  al. 2011, Ozerova et  al. 
2024, Ye et al. 2025). Among these, enoplean nematodes rep-
resent one of the best-characterized examples, possessing mul-
tiple mitochondrial tRNAs lacking both D and T arms (Jühling 
et al. 2012, Wende et al. 2014, Schäffer et al. 2018).

In M. petronia, the loss of one or both arms, together with 
frequent mismatches in stem regions, exceeds the degree of 
reduction reported for most Acariformes mites (Domes et al. 
2008, Xue et al. 2016). The occurrence of tRNAs completely 
lacking both arms (e.g. tRNA C) places this species among 
the most structurally modified mitochondrial tRNA systems 
known in metazoans, comparable to only a few nematode and 
tetranychid mite lineages (Wolstenholme et al. 1987, Warren 
and Sloan 2021).

A reductive event affecting tRNA C, tRNA F, and tRNA 
H has previously been inferred for the common ancestor of 
Acariformes (Xue et al. 2016), but the more extensive mod-
ifications observed in M. petronia are likely to represent a 
lineage-specific intensification of this evolutionary trend. 
Similar episodes of independent tRNA reduction have evolved 
in several invertebrate groups, particularly nematodes and 
arachnids, suggesting an unusual tolerance for departures 
from the canonical cloverleaf structure (Masta and Boore 
2008, Jühling et al. 2012, Wende et al. 2014).

The persistence of such highly reduced tRNAs implies the 
evolution of compensatory mechanisms that maintain trans-
lational functionality. Proposed mechanisms include mod-
ifications of mitochondrial ribosomal architecture, altered 
elongation-factor interactions, RNA-editing processes that 
restore pairing in destabilized stems, and post-transcriptional 
maturation pathways that compensate for truncated acceptor 
arms prior to CCA-tail addition (Yokobori and Pääbo 1995, 
Börner et al. 1996, Warren and Sloan 2021).

Recent transcriptomic studies further indicate that uncon-
ventional transcriptional strategies might contribute to tRNA 
functionality in compact mitochondrial genomes. In the sar-
coptiform mite Tetranychus urticae, paired sense and anti-
sense expression of several mitochondrial tRNAs has been 
demonstrated, challenging the traditional view of strictly uni-
directional transcription (Warren and Sloan 2021). Such pat-
terns might represent an additional consequence of genome 
compaction, which is typically associated with reduced 
intergenic regions and extensive gene overlap (Boore 1999, 
Lavrov 2007).

In this context, the ambiguous placement of trnA in M. 
petronia is particularly noteworthy. Although complete gene 
loss followed by nuclear encoding and mitochondrial import 
cannot be excluded, the presence of a plausible secondary 
structure within the expected genomic interval and the con-
servation of this locus across Acariformes strongly suggest 
that trnA has been retained in a highly modified form.

Overall, the mitochondrial genome of M. petronia provides 
evidence for a substantially remodelled translational system, 
probably shaped by genome compaction together with the 
evolution of compensatory mechanisms acting at the levels of 
transcription, RNA processing, and translation.

Phylogenetic implications and placement  
of Maudheimia

Phylogenetic analyses based on mitochondrial PCGs recov-
ered topologies consistent with major morphological hypoth-
eses concerning Sarcoptiformes relationships, including the 
monophyly of Astigmata and Oribatida, with the exception 
of S. magnus, suggesting that astigmatid mites originated 
within oribatid mites. This latter placement is, nonetheless, 
consistent with current understanding of oribatid phylog-
eny (Norton 1998, Lindquist et al. 2009, Schatz et al. 2011, 
Behan-Pelletier and Lindo 2023); it was also observed in a pre-
vious mtDNA-based phylogenetic study (Li and Xue 2019) and 
aligns with the traditional separation of Sarcoptiformes into 
the two cohorts Mixonomatides and Desmonomatides. The for-
mer includes the Phthiracaroidea, whereas the latter encom-
passes all other Sarcoptiform lineages, further divided into the 
subcohorts Nothrina, Brachypylina, and Astigmata (Fig.  4). 
Our findings are also broadly congruent with the large-scale 
molecular analysis by Cordes et al. (2024), who demonstrated 
extensive paraphyly and polyphyly among higher oribatid 
taxa using 18S rDNA data from >300 species. Their study 
showed that only a minority of currently recognized superfam-
ilies were consistently recovered as monophyletic, suggesting 
that convergent evolution has strongly influenced many mor-
phological traits traditionally used in oribatid systematics. The 
non-monophyly of Ceratozetoidea recovered in our mitog-
enomic analyses, owing to the placement of E. contaminatus 
within the clade, is consistent with this broader pattern and 
further supports the need for integrative systematic revisions 
combining morphology and molecular datasets.

From a morphological perspective, the relationship between 
oribatid and astigmatid mites has long been debated. These 
results reinforce the view that Phthiracaroidea represent a 
deep lineage within Oribatida. The recovery of Astigmata 
within a paraphyletic Oribatida is likewise consistent with 
several previous molecular studies (Dabert et al. 2010, Li and 
Xue 2019), although alternative topologies based on differ-
ent nuclear datasets have also been proposed (Pepato et al. 
2010, Schäffer et  al. 2010, Xue et  al. 2016). Together with 
the observations by Cordes et al. (2024), the present results 
indicate that acariform mites are likely to be characterized 
by repeated morphological convergence and the persistence 
of plesiomorphic character combinations, complicating 
morphology-based reconstructions.

Within Oribatida, genus Maudheimia was consistently 
placed among the Brachypylina, in agreement with pre-
vious morphological revisions (Coetzee 1997, Coetzee 
and Weigmann 2012). Its close mitochondrial affinities to 
Chamobates and Ceratozetella reflect shared aspects of gene 
order and support the stable placement of Maudheimiidae 
within Ceratozetoidea (with Phenopelopoidea nested within). 
However, the instability and non-monophyly observed for 
several brachypyline lineages in both our analyses and those 
of Cordes et al. (2024) suggest that the current circumscrip-
tion of Ceratozetoidea might require reassessment in future 
studies based on broader phylogenomic datasets.
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Although the present study was not designed to perform 
formal molecular dating analyses, the mitogenomic and phy-
logenetic evidence obtained here contributes to a more robust 
understanding of the placement of Maudheimiidae within 
Oribatida. In particular, the consistent recovery of M. petro-
nia within Brachypylina and its affinities with ceratozetoid 
lineages provide independent molecular support for previous 
morphology-based classifications (Coetzee 1997, Coetzee and 
Weigmann 2012).

Nevertheless, the present data do not provide a basis for 
robust inferences regarding the age of Maudheimiidae, the 
timing of diversification within the genus, or the histor-
ical processes underlying its present-day Antarctic distri-
bution. The present mitochondrial dataset includes only a 
single representative species of the family and lacks the 
broader taxonomic sampling, nuclear markers, and cali-
bration framework required for reliable temporal and 
biogeographical reconstruction. Consequently, previous 
hypotheses concerning the origin and historical persistence 
of Maudheimia in Antarctica (Marshall and Coetzee 2000, 
Pugh and Convey 2008) cannot be evaluated directly using 
the present data.

Population structure and historical 
biogeography

The three Victoria Land populations examined here show low 
to moderate genetic diversity and a clear pattern of geograph-
ically isolated haplogroups. This genetic structure is consistent 
with the life-history traits of Antarctic soil arthropods, which 
typically exhibit limited dispersal and long-term population 
persistence in microrefugia (Stevens and Hogg 2006, Brunetti 
et al. 2021). The absence of deep genetic breaks between pop-
ulations indicates that M. petronia represents a single, evo-
lutionarily coherent species across the sampled region. This 
pattern aligns with a scenario of small, stable, and geograph-
ically isolated populations derived from refugial lineages that 
survived Pleistocene glacial maxima (Marshall and Coetzee 
2000, Collins et al. 2023).

One notable exception to this general pattern is observed 
in the Crater Cirque population, which shows unexpectedly 
high haplotypic divergence, with intrapopulation p-distances 
exceeding those observed between populations. This pattern 
suggests a complex demographic history and might reflect 
the long-term persistence of multiple mitochondrial lineages 
within a single refugial area. Additional populations and/
or nuclear markers will be necessary to distinguish between 
these hypotheses. The limited number of analysed popula-
tions prevents any robust conclusions regarding the role of 
major geographical barriers in the region (e.g. glaciers and 
mountain ridges) in shaping the distribution of M. petronia 
specimens. Moreover, different glacier systems might have 
acted as barriers to dispersal to varying degrees and at differ-
ent times during the Quaternary, resulting in a spatially and 
temporally dynamic influence on population connectivity, 
as suggested for other Antarctic terrestrial invertebrate taxa 
(Boschi et al. 2025).

Morphological stability and taxonomic 
consistency

Morphological observations under light microscopy and 
SEM fully corroborate the diagnostic features of M. petro-
nia. Characters such as notogastral architecture, porose area 
patterning, epimeral setation, and cerotegumental structures 
consistently matched the species diagnosis and exhibited 
negligible variation across populations. This morphologi-
cal uniformity is congruent with the genetic data and sug-
gests strong stabilizing selection on phenotypic traits, with 
reduced developmental plasticity. Such patterns are com-
monly observed in oribatids from extreme environments, 
where ecological variability is limited and developmen-
tal processes tend to produce highly buffered (canalized) 
phenotypes (Coetzee 1997). Despite the complete lack of 
shared haplotypes between the three localities and the clear 
genetic separation of Crater Cirque (Fig.  1), the morphol-
ogy of M. petronia seems to remain remarkably conserved 
(morphostasis). The variability found in leg chaetotaxy is 
not correlated with the identified genetic groups, suggest-
ing that these morphological fluctuations are an expression 
of phenotypic plasticity rather than ongoing evolutionary 
divergence. These data support the hypothesis of a strong 
selective control exerted by the extreme conditions of 
Victoria Land (Collins et al. 2023), which stabilizes the phe-
notype despite the millennia-long isolation of M. petronia 
populations. Physiological resilience and evolutionary per-
sistence in Maudheimia specimens might be linked to their 
weakly sclerotized exoskeleton and lichen-based diet. The 
analysed material shows a lightly sclerotized, brown cuticle 
on the body and legs, accompanied by a sparsely developed 
waxy cerotegument. A flexible cuticle represents a special-
ized adaptation to the cold, arid environments of Antarctica, 
potentially enhancing the ability to maintain contact with 
moist microhabitats (such as rock crevices, mosses, or lichens) 
and aiding in water conservation in desiccating conditions. 
Moreover, in nutrient-poor and low-oxygen environments, 
where metabolic rates are naturally reduced, investment in a 
thick, heavily sclerotized exoskeleton might be unnecessary 
or even disadvantageous. In such systems, morphological 
traits are expected to be shaped predominantly by abiotic 
constraints and energy limitation rather than by complex 
biotic interactions, consistent with the strongly environ-
mentally driven structure of Antarctic terrestrial ecosystems 
(Convey et al. 2014, Chown and Convey 2016).

Conclusion
Overall, this study substantially advances the understanding 
of M. petronia systematics and contributes to a broader knowl-
edge of mtDNA evolution and biogeography in Antarctic 
Oribatida. Although the presence of M. petronia in this sec-
tor of the Antarctic continent (where it is endemic) has long 
been recognized, the present analyses provide an integrated 
reassessment of its morphology, phylogenetic placement, and 
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mitochondrial genomic architecture. Morphological evidence 
confirms that M. petronia is fully congruent with the diag-
nostic characters defined in Wallwork’s original description 
(Wallwork 1962) and in subsequent revisions of the genus by 
Coetzee (1997) and Coetzee and Weigmann (2012).

At the mitochondrial genomic level, M. petronia is char-
acterized by a striking combination of relatively conserved 
mitochondrial PCG order and extremely derived tRNA struc-
tures. The pronounced reduction and structural modifica-
tion of tRNAs, together with extensive genome compaction, 
are consistent with evolutionary pressures favouring mito-
chondrial genome minimization, potentially reducing the 
costs associated with genome replication and maintenance, 
although mutational biases and other non-adaptive processes 
might also contribute to these patterns (Lynch et  al. 2006, 
Lynch and Marinov 2015). Despite this extreme structural 
simplification, populations of M. petronia remain genetically 
cohesive, albeit spatially fragmented, a pattern consistent 
with long-term persistence in isolated Pleistocene refugia.

Taken together, the principal findings of this study can be 
summarized as follows: (i) M. petronia exhibits highly derived 
and functionally reduced tRNA structures; (ii) extensive 
genome compaction and tRNA reduction are likely to represent 
adaptive features linked to mitochondrial efficiency (although 
no specific analysis has been performed to test this hypothe-
sis); (iii) the placement of Maudheimia within Ceratozetoidea 
is strongly supported by congruent morphological and mitog-
enomic evidence; and (iv) contemporary populations of  
M. petronia form a genetically cohesive yet geographically frag-
mented species shaped by historical isolation. Future research 
should prioritize mitochondrial transcriptomic analyses (RNA 
sequencing) and functional assays of tRNA processing to elu-
cidate how these highly reduced tRNAs remain operational 
within the mitochondrial translational machinery.

Expanded phylogenomic datasets integrating nuclear mark-
ers, complete sampling of all described Maudheimia species, and 
time-calibrated analyses will be essential to determine whether 
the evolutionary origin of Maudheimiidae pre-dates the final 
break-up of Gondwana or instead reflects a later Antarctic 
diversification associated with Neogene and Quaternary cli-
matic oscillations. In parallel, expanded population-genetics 
and phylogenetic investigations incorporating the remaining 
Maudheimia species would greatly refine our understanding of 
the evolutionary history and biogeographical diversification 
of this enigmatic Antarctic mite lineage.
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