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Abstract

Members of the Moelleriella (Hypocreales, Clavicipitaceae) genera are insect

pathogens with specificity for scale insects and whiteflies. However, no

mitochondrial genomes are available for these fungi. Here, we assembled

seven mitogenomes from M. zhongdongii, M. libera, M. raciborskii, M.

gracilispora, M. oxystoma, Moelleriella sp. CGMCC 3.18909 and Moelleriella sp.

CGMCC 3.18913, which varied from 40.8 to 95.7 Kb. Synteny and codon

usage bias was relatively conserved; with the mitochondrial gene arrangement

completely homologous to the gene order of 16 other species within the

Hypocreales. However, extensive intron polymorphism exists between

Moelleriella species. Evolutionary analyses revealed that all 15 core protein

coding genes had ka/ks < 1, indicating purifying selection pressure. Sequence

variation within the mitochondrial ribosome protein S3 (rps3) gene showed

the largest genetic distance with the NADH dehydrogenase subunit 4L (nad4L)

showing the smallest. Comparative mitogenomic analyses showed that introns

were the main factor contributing to the size variation of Moelleriella and more

widely in Hypocreales mitogenomes. Phylogenetic analyses indicate that the

seven Moelleriella species examined form a well-supported clade, most closely

related to Hypocrella. These data present the first mitogenome from

Moelleriella and further advance research into the taxonomy, origin, evolution,
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and genomics of Moelleriella.

Keywords: Moelleriella, Mitogenome, insect pathogen, phylogeny analysis,

Hypocreales, Clavicipitaceae

Introduction

The genus Moelleriella belongs to Ascomycota, Sordariomycetes, Hypocreales,

Clavicipitaceae, which was established by Bresadola in 1896 to accommodate

M. sulphurea type species (Chaverri et al., 2008) . The genus Moelleriella is

commonly parasitic on scale insects and whiteflies and currently comprises 52

species. The genus is characterised by brightly coloured ascospores (mainly

orange), pyriform to subglobose ascospores, cylindrical ascospores, filiform

multiseptate ascospores that disarticulate at the septa within the ascus and

aschersonia-like anamorphs with fusoid conidia (Isaka et al., 2009; Khonsanit

et al., 2021; Wang et al., 2024) . Moelleriella is predominantly found in the

tropics, with several species isolated from the subtropics, and shows an Old

World (OW)/New World (NW) disjunction in distribution (Aylor et al., 1999;

Agrawal et al., 2016). In addition, geographically restricted species have been

reported for some members of Moelleriella (Oborník et al., 2000) . As

sensitivity to ultraviolet light, solar radiation and temperature are important
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factors known to affect the survival of entomopathogenic fungal spores, as

well as of hosts such as whiteflies, most Moelleriella-infected specimen are

found on the underside of forest foliage, i.e., leaves, and under conditions of

high relative humidity (Brancini et al., 2022; Seib et al., 2023; Bohatá et al.,

2024) . Traditionally, Moelleriella species and members of closely related

genera have been classified on the basis of morphological differences, and

although the majority of Moelleriella species can apparently be cultured on

standard media, a comprehensive substrate allowing for growth of all species

has not been reported, and neither have fungal sexual structures been

observed during growth on artificial media (Chaverri et al., 2005; Zhu and

Zhuang, 2015). Moelleriella species can most often be reliably distinguished by

observing the characteristics of spores, coupled to molecular taxonomic

analyses of the sequences of various loci, e.g., LSU, EF1-α, and RPB1. The

genus Moelleriella is currently divided into the “effuse” “globose” branches

based on DNA sequence data that correlated with stromatal morphology, with

each branch containing 13 species (Chaverri et al., 2008; Yang et al., 2023).

However, lack of more comprehensive molecular data and heterogeneity

continue to be important obstacles in the study of phylogenetic analyses of

Moelleriella species, as well as our understanding of their host specificity and

distribution.

Scale insects (Coccidae and Lecaniidae, Homoptera) and whiteflies are

major pests and target a wide variety of host plants. In particular, they act as
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important vectors for the transmission of a wide range of plant viruses and are

often difficult to control. Species of Moelleriella have been recognized as

pathogens of scale insects/whiteflies by modern naturalists in the late 19th

century (Mongkolsamrit et al., 2011; Wang et al., 2014) , with M. libera

(anamorph A. aleyrodis) one of the first species used for whitefly control in

Eastern Europe and Asia (Qiu et al., 2013; Ausique et al., 2017) . Further

studies have showed Moelleriella species to be promising for pest biological

control, including as a resource for green agriculture development and as part

of Integrated Pest Management (IPM) practices. However, significant obstacles

include the observation that most species of Moelleriella produce few spores in

artificial media, making them difficult to produce on a large scale

(Campos-Esquivel et al., 2022) . Even with such current limitations, the

metabolites of Molleriella species have been shown to possess a variety of

activities of biopharmaceutical interest, including compounds that display

anti-proliferative, anti-malarial and anti-bacterial/fungal activities (Guo et al.,

2015; Sadorn et al., 2020; Aragão et al., 2024). Knowledge concerning genetic

features of Molleriella species, can therefore help in cultivation, bioprospecting,

and pest control application.

Mitochondria contain their own genomes and are double-membrane

organelles that provide energy for normal life activities in eukaryotes and are

involved in signalling, genetic evolution and other processes (Gray et al.,

2001; Murphy et al., 2009; Muñoz-Gómez et al., 2017) . Genetic variation in

Author-formatted, not peer-reviewed document posted on 25/11/2024. DOI:  https://doi.org/10.3897/arphapreprints.e142537



the mitochondrial genome due to its matrilineal inheritance properties, can be

used to examine diversity and evolutionary processes (Basse 2010; Wang et

al., 2018; Li et al., 2022; Song et al., 2024) . Although the mitochondrial

genomes of fungal genera vary significantly, most fungi typically contain 15

conserved protein-coding genes (PCGs) which include: atp6, atp8, atp9, cob,

cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad6 and rps3 (Li et al.,

2019; Castrillo et al., 2023) . In addition to these conserved genes, two

ribosomal RNAs, rns, rnl and tRNAs also occur in fungal mitochondrial

genomes (Wu et al., 2021; Zubaer et al., 2021). To date, there are no reports

on the mitochondrial genomes of Moelleriella species, and here we report on

the sequence, assembly and annotation of the mitogenomes of seven

Moelleriella species. These genomes were analysed with respect to codon

preference, intron dynamics, gene homology, and extrapolated to evolutionary

analyses of the core PCGs within Hypocreales. Furthermore, a phylogeny

based on the mitogenome dataset was sued to clarify the evolutionary position

of Moelleriella in Hypocreales. Our results fill gaps in the mitochondrial

genomic information of Moelleriella, and provide references data for molecular

analyses on the origin, evolution, and diversity within Moelleriella.

Materials and methods

Sample collection and DNA extraction

The specimens were collected from the provinces of Fujian, Jiangxi and
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Zhejiang, and the samples were kept dry after collection. One to two fresh

ascospores were selected and dispersed as a spore suspension in sterile dH2O

on an ultra-clean workbench, and uniformly spread on the PDA plate. Isolates

were single colony purified or allowed to grow as a mycelium after which the

edge was used for subculturing. Once purified, growing mycelia were

maintained in 30% glycerol and stored at -80oC. A total of seven Moelleriella

species were used for molecular multilocus nucleotide sequencing. Target loci

included the LSU, RPB1 and EF-1α sequences which were amplified and

analysed as described (Mu et al., 2024; Zhao et al., 2024). In addition,

morphological characteristic for each isolate was determined. Total DNA was

extracted using the Fungal DNA Mini Kit (OMEGA-D3390, Feiyang Biological

Engineering Corporation, Guangzhou, China). The concentration and purity of

each sample was confirmed via spectroscopic analyses (Nanodrop, Thermo

Fisher Scientific, USA).

Mitogenome sequencing and assembly

High-quality genomic DNA was utilized for the construction of sequencing

libraries. The libraries were sequenced using the Illumina HiSeq platform with

a 2×150 double-end sequencing strategy. Raw sequences obtained were

quality assessed and filtered to obtain clean sequences using the FastaP

v0.20.0 (Chen 2023) , and used Kraken2 v2.1.3 to identify mitochondrial

sequences in the sequencing data (Breitwieser et al., 2018) . Assembled
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filtered sequences were analysed using SPAdes v3.14.1 and NOVO Plasty was

used to validate assembly of the mitogenome sequences (Bankevich et al.,

2012; Dierckxsens et al., 2017).

Annotation of mitogenomes

The annotation of protein-coding genes (PCGs), introns, rRNA genes and tRNA

genes of the mitogenome was conducted using the MFannot and MITOS2

(Bernt et al., 2013; Valach et al., 2014) , rRNA and tRNA sequence analyses

were also examined using RNAweasel

(https://github.com/BFL-lab/RNAweasel) and tRNAscan-SE v2.00 for

validation (Lowe and Chan, 2016) . Subsequently, the NCBI Open Reading

Frame (ORF) Finder (https://www.ncbi.n- lm.nih.gov/orffinder) was

employed to predict ORFs in the assembled mitochondrial genomes, with

analyses followed by functional annotation using Blastn and BlastP (Bleasby

and Wootton, 1990) . Intron-exon boundaries were detected using exonerate

v2.2 (Slater and Birney, 2005) . All annotation results were manually

corrected as needed. Graphical maps of the assembled mitogenomes were

drawn using OGDraw v1.3.1(Greiner et al., 2019).

Sequence analysis

The base compositions of the mitogenomes were calculated using the MEGA

11 v11.0.13 (https://megasoftware.net/). GC skew and AT skew were
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calculated according to the following formulas: AT skew = [A − T]/[A + T],

and GC skew = [G − C]/[G + C] (Wang et al., 2017) . RSCU values were

determined using Condon W (https://sourceforge.net/projects/codonw/). A

total of 15 core protein coding genes were individually aligned using MAFFT

v7.11 from 27 mitogenomes (7 determined here, and 20 from the NCBI

database) (Katoh et al., 2002) . Nonsynonymous substitution rates (Ka) and

synonymous substitution rates (Ks) of the core PCGs were calculated using the

DnaSP v5.1.0 (Librado and Rozas, 2009) . MEGA11 v11.0.13 software, using

the Kimura-2-parameter (K2P) substitution model, was employed to detect

paired genetic distances between the 15 core PCGs. BLASTn (e-value 10-10)

was also used to compare the Moelleriella mitogenomes and to detect the

presence of any large segments of intragenomic duplications within their

genomes (Chen et al., 2015) . Tandem repeats were identified using the

Tandem Repeats Finder (Benson, 1999).

Comparative analyses of mitogenomes and intron analysis

The Moelleriella mitogenomes were compared using BLASTn (e-value 10-6),

with homology analyses utilising TBtools(Chen et al., 2023) . The length and

compositional distribution of the mitogenomes of 27 species from the

Hypocreales was examined using ggplot2 v.4.3.2

(https://github.com/tidyverse/ggplot2), and correlations between

mitogenome size and the six components (core PCGs, RNA regions, intergenic
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regions, intronic regions, homing endonuclease genes (HEGs) and un_orf) were

calculated. Intron dynamics analyses were performed as previously described

(Ji et al., 2023). To determine insertion positions of introns, comparisons were

conducted using MAFFT v.7.11, based on genetic code 4 and codons. The

mitogenome from M. gracilispora was used as a reference to describe intron

insertion positions. A total of three introns insertion positions differences

between species were still considered to have the same overall intron insertion

distribution.

Mitochondrial phylogenetic analysis

The mitogenomes of 94 Ascomycota species were downloaded from the NCBI

database and a phylogenetic tree was constructed based on the combined

dataset (14 conserved protein coding genes) to determine phylogenetic

relationships. Pleurotus ostreatus from the class Agaricomycetes was used as the

out group. The 14 fungal core PCGs were aligned using the MAFFT v.7.11,

followed by manual adjustments in MEGA11 v11.0.13. Subsequently, the

PCGs were merged into a combined dataset using PhyloSuite v1.2.3 (Xiang et

al., 2023) . Phylogenetic analyses were conducted based on both maximum

likelihood (ML) and Bayesian inference (BI) methods. ML analysis was

performed using RaxML-HPC2 on XSEDE v.8.2.12 via the CIPRES Science

Gateway portal, while BI analysis was carried out by MrBayes on XSEDE

v.3.2.7a(https://www.phylo.org/). The best evolutionary models for
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individual partitions were determined on the basis of MrModeltest

v.2.3.MCMC chains were executed for 160,000 generations with a sampling

frequency of 100 generations. A burn-in fraction of 0.25 was implemented,

and posterior probabilities (PP) were inferred from the resulting trees. The

consensus tree was constructed using FigTreev.1.4.4

(http://tree.bio.ed.ac.uk/software/figtree/). Newly generated sequences from

this study have been deposited in GenBank. Branches showing ML bootstrap

support values (≥ 70) and Bayesian posterior probability (≥ 0.90) were

considered significantly supported.

Data availability

The complete mitogenomes of the seven Moelleriella species were deposited in

the GenBank database under the accession numbers PQ367224–PQ367230.

Results

Characterization of the seven Moelleriella mitogenomes

The circular mitochondrial genomes of seven Moelleriella species were

determined as follows: 57023 bp for M. zhongdongii, 40823 bp for M. libera,

45471 bp for M. raciborskii, 79556 bp for M. gracilispora, 95666 bp for

M.oxystoma, 5389 bp for Moelleriella sp.C9(Moelleriella sp. CGMCC3.18909,

unpublished data), and 54896 bp for Moelleriella sp.C3(Moelleriella sp.

CGMCC3.18913, unpublished data)(Figure1). The highest GC content was
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observed in M. raciborskii (28.20%), while the lowest was seen in Moelleriella

sp.C3 (26.10%). The average GC content was 27.10%. GC-skew values in the

mitogenomes were from 0.0943 to 0.1128, and AT-skew values were from

0.0291 to 0.0572, the AT and GC skews were found to be positive for all seven

mitogenomes. In total, the number of protein-coding genes present in

Moelleriella mitogenome determined ranged from 18 to 26 (Table S1). Each

mitogenome encoded 15 core PCGs (atp6, atp8, atp9, cob, cox1-3, nad1-6, rps3),

two ribosomal RNAs (rns and rnl), and tRNA gene numbers ranging from 25 to

27 (Fig. 1, Table S2).

Moelleriella oxystoma was found to contain 12 uncharacterized open

reading frames (un_ORFs), whereas M. raciborskii had only one, with other

species ranging from 5-12. The number and distribution of introns exhibited

significant variation. Intronic analyses revealed that M. gracilispora and M.

oxystoma, contained more introns than the other species examined, and that

these were mainly distributed in the cob, cox1, cox3, nad1 and rnl genes. M.

libera had the fewest introns, which were mainly distributed in the cob, cox2-3,

nad1, nad5, and rnl genes. Variable numbers of intronic ORFs encoding

GIY-YIG and LAGLIDADG homing endonucleases were identified in the

mitogenomes (Table S2). In terms of sequence composition, PCGs were

consisted of the largest percentage (average =34.78%), while RNA regions

constituted an average of 11.33% of the total sequence (Table S3).
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Codon usage analysis

The codon usage patterns in different Hypocreales mitogenomes were

analysed. The cox1 gene in 23 Hypocreales mitogenomes utilized ATG as its

start codon, 3 others used TTG, and Pleurocordyceps sinensis used ATA. Most

core PCGs in the 27 Hypocreales mitogenomes used ATG as start codons,

although the cob gene of Stachybotrys chlorohalonata and Stachybotrys

chartarum uesd GTG as start codons. In addition, the cox2 gene of Moelleriella

sp.C3, the cox3 gene of S.chlorohalonata and S. chartarum, and the nad3 gene

of M. zhongdongii, M. oxystoma and Moelleriella sp.C9 used TTG as their start

codon. Two different stop codons were found in the mitogenomes of the 27

Hypocreales species examined. These include TAA, which was detected in 15

genes, and TAG found in seven genes (atp9, cob, nad1, nad3, nad5, nad6,

rps3)(Table S4). Codon usage analysis indicated that the most commonly used

codons in the Moelleriella mitogenomes were UUA (leucine; Leu), followed by

AGA (arginine; Arg) (Fig. 2A). Furthermore, codon usage bias in Moelleriella

was essentially identical to other Hypocreales species.

Repetitive sequence analysis

The Moelleriellamitogenomes analysed contained 2-16 repeat regions. The size

of these sequences varied from 35 to 405 bp, with the largest repeat identified

in M. oxystoma in the nad2 gene. The second largest repeat (284 bp) region

was found in the M. gracilispora cox2 gene. Pairwise nucleotide identities of
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the repeater sequences between the Moelleriella mitogenomes ranged from

76-100%, and intra-genomic repeats accounted for 1.02%, 0.32%, 0.38, 3.53%,

3.06%, 1.91% and 0.37% of the mitogenomes of M. zhongdongii, M. libera, M.

raciborskii, M. gracilispora, M. oxystoma, Moelleriella sp. C9 and Moelleriella

sp.C3, respectively (Table S6).

A total of 68 tandem repeats were found in the Moelleriella mitogenomes,

with the number of repeats ranging from 4 to 14. The longest tandem repeat

was found inM. raciborskii (136 bp). All of the tandem repeats were duplicated

1-2 times in the seven Moelleriella mitogenomes. The proportions of tandem

repeat in M. oxystoma, M. gracilispora, Moelleriella sp.C3, Moelleriella sp.C9,

M.raciborskii, M. libera, and M. zhongdongii were 0.29%, 0.51%, 0.74%, 0.77%,

0.81%, 1.22% and 1.32%, of the total mitogenome, respectively (Table S7).

Genetic distance and evolutionary rates of core PCGs

Within the 15 core PCGs, the rps3 gene had the highest median

Kimura-2-parameter distance (K2P) genetic distance in the 27 Hypocreales

species dataset used, followed by the nad6 and atp6 genes, indicating that

these genes diverged early and have accumulated the highest level of change

(mutations) as compared to the other mitochondrial PCGs. The nad4L gene has

the lowest median K2P distance, indicating the lowest degree of change (high

conservation). These findings were furthers supported by analyses which

showed that the rps3 and nad6 genes had the highest mean number of
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nonsynonymous substitutions per nonsynonymous site (Ka values), and the

nad4L gene the lowest. The nad3 gene had the highest synonymous

substitution rate (Ks), while the rps3 gene had the lowest Ks value (Fig. 3,

Table S8). The Ka/Ks values of the 15 core PCGs were all well below 1,

indicating that these genes have undergone strong purifying selection during

evolution.

Intron dynamics in Moelleriella mitogenomes

Intron numbers varied: M. zhongdongii(17), M. libera(9), M. raciborskii(13),

M.gracilispora(34), M. oxystoma(33), Moelleriella sp.C9(16) and Moelleriella

sp.C3 (16), and where dispersed in 13 genes: atp6, atp9, cob, cox1, cox2, cox3,

nad1, nad2, nad4L, nad5, nad6, rnl and rns (Fig. 4), with intron gain and loss

seen. Introns were classified into intron position sets (IPSs) based on insertion

positions in M. gracilispora genes and common introns were defined as those

occurring in the same IPS across the Moelleriella mitogenomes examined.

These data revealed a total of 138 IPSs (Figure 4A), of which 13 were

common among the Moelleriella species, with each Moelleriella species also

containing unique introns. The cox1 gene had the highest number of introns,

followed by the rnl and cob genes. In Moelleriella species, most of the introns in

the cox1 gene were conserved, but only one intron in the cob gene was

conserved (cob-393). Highly conserved introns were also found in the nad1,

cox2, cox3 and nad5 genes. Only M. oxystoma contained introns in the nad6
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and nad2 genes, the presence of introns in the rns gene was only seen in M.

raciborskii and M.gracilispora. Contrary to PCGs, non-coding genes (e.g., rnl)

exhibited lower intron insertion position conservation (Figure 4A). Except for

M. raciborskii, M.libera and M. zhongdongii, the intron lengths of the remaining

four Moelleriella species showed a clear unimodal distribution, M. raciborskii

showed a bimodal distribution, whereas M. libera and M. zhongdongii showed a

three-peaked distribution (Figure 4B). Intron lengths of all Moelleriella species

were enriched in the 1000-2000 bp length region. Length distributions of

common introns and species-specific introns showed no significant differences

(Figure 4C). In addition, in most Moelleriella species examined, there were

more introns in the mitogenome located between codons (phase 0) than

between the first and second bases within codons (phase 1) or between the

second and third bases (phase 2) (Figure 4D). The number of introns in phase

1 was comparable to that in phase 2, but in M. raciborskii and M. libera, the

number of introns in phase 1 was less than that in phase 2. M. zhongdongii

showed a codon phase distribution with almost equal numbers in each

category.

Comparative analysis of Hypocreales mitogenomes

A comparative analysis of the mitogenomes of 27 species of Hypocreales,

including seven species of Moelleriella, was conducted. The size of the genome

exhibited considerable variability, ranging from 23794 bp (Orbiocrella petchii)
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to 99850 bp (Fusarium ussurianum), with a mean value of 44953 bp (Fig. 5,

Table S1). Furthermore, the proportion of the five fractions (un_ORFs, intronic

regions, intergenic regions, RNA regions, and core PCGs) varies between

different species. Core PCGs and RNA regions account for more than 60% of

the mitogenome in fungi such as Memnoniella echinata, Purpureocillium

takamizusanense and Cordyceps militaris, and only 1/3 or less in other species.

The proportion of intergenic regions ranged from 7.14% to 29.08% across

different species, meanwhile, un_ORFs percentages ranged from 5% to 30%

across species. Conversely, in fungi such as Samsoniella hepiali, Cordyceps

militaris, and Orbiocrella petchii, there is no un_orf (Figure 5, Table S1).

Furthermore, we investigated the potential correlation between

mitogenome size and its content. Our findings surface that significant positive

correlations were found between mitogenomic lengths and intergenic regions

(R = 0.759, p = 3.3 × 10−9), HEGs (R = 0.941, p =1.3 × 10−10), intronic

regions (R = 0.961, p = 3.8 × 10−19), and un_ORF sequences (R = 0.702,

p= 2.1× 10−6), which has been demonstrated that they exert a significant

influence on the variability observed in mitogenomic size (Fig.6C-F). However,

RNA regions and core PCG lengths displayed no notable correlation with

mitogenomic size (R = 0.017, p = 0.51, R = 0.199, p = 0.02)(Fig.6A, B).

The observed differences in mitogenome composition across 27 Hypocreales

species could be attributed to several factors, including repetitive sequence

transfers and gain/loss events of introns and un_ORFs. These mechanisms may
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explain the observed variations in mitogenome length among these species.

Gene arrangement in the mitogenome

We compared the arrangements of 15 core PCGs and 2 rRNAs in the 27

Hypocreales mitogenomes and found that 23 members exhibited identical

gene arrangement, with isolates within Stachybotrys, Metacordyceps and

Clonostachys showing differences and following the gene order: cox1, nad1,

nad4, atp8, atp6, rns, cox3, nad6, rnl, rps3, nad2, nad3, atp9, cox2, nad4L, nad5,

cob. Stachybotrys andMetacordyceps have their nad2 and nad3 genes positioned

between the cox1 and atp9 genes rather than between the rps3and atp9 genes

as seen in most Hypocreales mitogenomes analyzed, with Clonostachys having

the cox2 gene between the nad4 and atp8 genes (Fig. 7). In general, the

mitogenomes of Hypocreales exhibit a high degree of conservation.

Phylogenetic and synteny analysis

To reconstruct the evolutionary lineage of the analysed mitogenomes,

phylogenetic trees were constructed using two phylogenetic inference

methods, Bayesian inference (BI) and maximum likelihood inference (ML),

based on the DNA sequences of the 14 conserved mitochondrial

protein-coding genes (PCGs) using a combined dataset from 95 different

species from eight orders (Table S9). Identical tree topologies were obtained

using the two phylogenetic inference methods, with Pleurotus ostreatus used as
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the outgroup. All the major clades were well-supported in the phylogenetic

tree (BPP ≥ 0.90;BS =100), and those of the same genus grouped in the same

branch and show similar or consistent characteristics in terms of GC content

and gene conservation(Fig.8). This analysis also revealed a close evolutionary

relationship between Moelleriella and Hypocrella. To further assess the

relationship between the mitogenomes of Moelleriella and its closest relatives,

homologous genes were compared using BLASTN. These analyses indicated a

considerable number of homologous co-linear fragments within Moelleriella

(Fig. 9, Table S10), with the longest between Moelleriella sp.C3 andMoelleriella

sp.C9 (6737bp). The highest number of homologous collinear fragments was

observed in Moelleriella sp.C3 and M. gracilispora, with lower levels seen

betweenMoelleriella and its close relative, H. discoidea, with the latter showing

extensive rearrangements.

Discussion

The mitogenome sizes of seven Moelleriella species ranged from 40,828 to

95,666 bp, with an average size of 61,038 bp. Previous studies have shown

that the main factors contributing to variations in the size of fungal

mitochondrial genomes are varying numbers of introns, the accumulation and

distribution of repetitive sequences, and the dynamics of intergenic

regions (Ma et al., 2022) . Our data indicate that intron insertions were the

main cause of mitogenome size variation betweenMoelleriella species, and that
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the number of introns was proportional to genome size. More broadly,

mitogenomes within the Hypocreales species varied considerably, ranging

from 23754 to 99850 bp. Correlation analysis revealed that the sizes of the

un_ORFs, HEGs, intronic regions, and intergenic regions contributed to

mitogenome length variation (correlation coefficients > 0.7), which suggest

significant intron drift and the acquisition/loss, particularly of un_ORFs, in

Hypocreale. Furthermore, GC skew and AT skew varied considerably among

the 27 species examined, with most species having positive GC and AT skew,

indicating someinter-genera differences.

As with almost all fungal mitogenomes characterized thus far, all seven

Moelleriella species described herein, contained a core set of PCGs that play an

important role in cellular energy metabolism and functional

maintenance(Allen, 2015) . Some differences in length, GC content, and base

composition of the core PCGs were noted, and the evolutionary trajectory of

these genes display different levels of change and positive/purifying selection

(Huang et al., 2024). Codon usage is often linked to gene expression levels and

can be used to gain evolutionary insight into species relatedness. We found

almost identical codon preferences in the mitogenomes of the seven

Moelleriella species characterized, with some variation in use of start and stop

codons for the core PCGs. In addition, several non-conserved PCGs of

unknown function were identified, suggesting unknown functions encoded

therein and gene gain/loss in specific lineages.
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Introns are prevalent in fungal mitochondrial genomes and are mainly

divided into groups I and II, with the cox1 gene usually containing the largest

number of introns, and intron polymorphisms affect the size and evolution of

fungal mitotic genomes (Férandon et al., 2010; Stone et al., 2018; Li et al.,

2023). IPS analyses were used to delineate and compare the location of intron

insertions. These analyses revealed that intron insertion sites exhibit frequent

gain/loss dynamics, and none of the introns were shared by all seven

Moelleriella species examined. These data are similar to what has been

observed in Cordyceps and other fungi (Zhang et al., 2013). Approximately

5-10% of group I introns typically carry HEGs that can potentially act as

mobile genetic elements (Hedberg and Johansen, 2013) . A total of 138

introns were identified in our Moelleriella analysis, most of which were group I

with HEGs. While it is unclear which may be “active”, these findings may

account for the diversity of intron insertion positions found. In addition,

introns were evenly distributed in the Moelleriella mitogenomes, and intron

positions in different species were most prevalent between codons ("phase 0"),

similar to what has been commonly described (Nielsen and Wernersson,

2016) . Overall, the fact that the Moelleriella species examined share a small

number of intron insertion positions suggests loss of ancestral introns and

large changes in intron insertion positions during evolution.

Compared to nuclear genomes, mitochondrial genomes typically evolve at

faster rates and are more prone to accumulating mutations, which can increase
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their analytic utility for monitoring evolutionary changes during species

differentiation. One aspect of this is the order of mitochondrial genes, which

can undergo rearrangement, can readily be seen in genome alignment analyses,

and hence has been used an important reference for reconstructing the

evolutionary relationships (Li et al., 2018, 2021). However, mechanisms of

rearrangement of fungal mitochondrial genomes may be more intricate than

previously thought, and some caution should be taken in deriving conclusions

(Zheng et al., 2018). Despite gene rearrangements being widespread in fungi,

our study found that the Moelleriella mitogenomes have a consistent gene

arrangement which is generally conserved throughout the Hypocreales.

Different gene arrangements were found only in Stachybotrys chartarum,

Stachybotrys chlorohalonata and Metacordyceps chlamydosporia, consistent with

previous findings (Xia et al., 2016) . Recent studies have shown that the

mitogenomes of Hypocreales species display six different patterns of gene

arrangement and five different patterns of nad2/nad3 connectivity, most of

which are rare, and that the rare patterns are restricted to a few fungal species

or groups of fungi (Xia et al., 2016) . Our data do show however, important

rearrangements in the Moelleriella mitogenomes, consisting of mostly small

homologous fragments, with many homologous co-linear genomic blocks

shared with close relatives, while the 15 core PCGs and 2 rRNA genes were

completely conserved. These data suggest Moelleriella species may have

undergone important changes during evolution centered around mechanisms

Author-formatted, not peer-reviewed document posted on 25/11/2024. DOI:  https://doi.org/10.3897/arphapreprints.e142537



that cause frequent short fragment rearrangements, with certain regions more

prone to recombination (“hot spots”), especially those near repetitive

sequences or gene spacer regions. It is well recognized that the mitochondrial

genome is independent of the nuclear genome and has characteristics of more

rapid evolution. Mitochondrial genes have been used as reference “molecular

markers”, as tools for studying the phylogenetic placement and evolution of

fungi(Chen et al., 2019).

Moelleriella species have important potential for insect biological control

especially against whitefly and scale insect pests (Chaverri et al., 2008) . Our

data and phylogenetic analysis of Moelleriella, using the mitochondrial genome,

can allow for the accurate classification of this genus. Based on the combined

mitochondrial gene set and two phylogenetic inference methods, we obtained

a strongly supported phylogenetic analysis of 94 related species within the

Ascomycota. Our results indicate strong support for the seven identified

Moelleriella species clustered together within a distinct clade with a high level

of support, with Hypocrella the closest relative to Moelleriella. Interestingly,

Hypocrella (which are also entomopathogens) appear to be specific to true soft

scale insects, being restricted to members of the Aleyrodidae(whiteflies)and

Coccidae (family of soft scales insects within the superfamily Coccoidea).

Conclusions

In this study, we assembled and annotated seven mitogenomes from the
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species within the genus Moelleriella from which no information is currently

available. The mitogenomes differed in size, and comparative analyses with 27

Hypocreales species showed that un_ORFs, HEGs, and intronic and intergenic

regions were the key factors influencing genome size, with the greatest

contribution to variation from intronic regions. The codon usage preferences

of the Moelleriella species were conserved, and the core PCGs within

Hypocreales showed varying degrees of selective purification pressure and

show different rates of change (evolution). Intron insertion sites varied among

the Moelleriella species, suggesting intron gain/loss events during speciation.

The order (arrangement) of the PCGs was highly conserved among

Hypocreales species, however, different some variation was observed in

Stachybotrys and Clonostachys. Finally, a phylogeny based on mitochondrial

gene assemblies and two phylogenetic inference methods reveals the

evolutionary position of Moelleriella species in the Hypocreales. Our data

report the first mitogenomes of Moelleriella providing valuable information on

the genetics, evolution and genomics of this genus.
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Fig. 1. Circular maps of the mitochondrial genomes of seven Moelleriella species. Genes

are represented by different coloured blocks. All functional genes were in the same strand.

Gray plot in the inner circle indicates GC content.
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Fig. 2. (A) Stacked column plots of the Relative Synonymous Codon Usage (RSCU) of the

seven Moelleriella mitogenomes. (B) Heatmap of the RSCU of the mitogenomes of 27

Hypocreales species.
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Fig.3. Genetic analysis of the 15 protein-coding genes (PCGs) conserved in the 27

Hypocreales mitogenomes. K2P, the Kimura-2-parameter distance; Ka, the mean number

of nonsynonymous substitutions per nonsynonymous site; Ks, the mean number of

synonymous substitutions per synonymous site.
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Fig. 4. Intron position sets (IPSs) in mitogenomes of the genus Moelleriella and

Characteristics of the introns of Moelleriella species. (A)Bar graph indicating intron

dynamics among seven Moelleriella species. Intron insertion positions were referred to

coding sequences of the M. gracilispora genes. The height of each bar corresponded to its
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respective intron length. (B)The length distribution of the total introns of the Moelleriella

species. (C)Box plots indicating length distributions of common introns and

species-specific introns, respectively. (D)Codon phase distributions of intron insertion

position.

Fig. 5. The lengths of RNA region, core PCGs, intronic region, un_ORFs, and intergenic

region in 27 Hypocreales species.
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Fig. 6. Correlation analysis between the lengths of mitogenomes and the lengths of

(A)core PCGs(B), intergenic region (C), HEGs (D), RNA region (E), intronic region,

(F)un_orf.
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Fig. 7. Gene order analyses for 27 Hypocreales mitogenomes. The same gene is

represented by the same background color. All genes (fifteen core PCGs and two

ribosomal RNAs) are shown in the order of their appearance in the mitogenome, starting

with cox1.
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Fig. 8. A phylogenetic tree inferred from concatenated mitogenomic PCGs of 94

Ascomycota species, based on Bayesian inference (BI) and Maximum likelihood (ML)

methods. (A, B) Tree topology and species list showing the branching of lineages. The

bootstrap values of tree nodes were colour coded. Nodes marked red and blue points

indicated Bayesian posteriors probability (BP) values equal [0.9, 1] and <0.9,

respectively. Genera containing ≥ 3 species were filled with the same colours in the

species list. (C) GC contents (D) Checkmark indicating related species had fungal standard
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PCGs altogether. (E) genome sizes of corresponding mitogenomes.

Fig. 9. Moelleriella mitogenomes synteny. Bars indicate mitogenomes and red regions

indicate regions of covariance.
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