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ABSTRACT

Mitochondrial (mt) genes, such as cytochrome C oxidase genes (cox), have been widely used for baIEl;g
in many groups of organisms, although this approach has been less powerful in the fungal kingdom due
to the rapid evolution of their mt genomes. The use of mt genes in phylogenetic studies of Dikarya has
been met with success, while early diverging fungal lineages remain less studied, particularly the arbus-
cular mycorrhizal fungi (AMF). Advances in next-generation sequencing have substantially increased the
number of publically available mtDNA sequences for the Glomeromycota. As a result, comparison of
mtDNA across key AMF taxa can now be applied to assess the phylogenetic signal of individual mt coding
genes, as well as concatenated subsets of coding genes. Here we show comparative analyses of publically
available mt genomes of Glomeromycota, augmente h two mtDNA genomes that were newly
sequenced for this study (Rhizophagus irregularis DAO 59 and Glomus aggregatum DAOM240163),
resulting in 16 complete mtDNA datasets. R. irregularis isolate DAOM240159 and G. aggregatum isolate
DAOM?240163 showed mt genomes measuring 72,293 bp and 69,505 bp with G + C contents of 37.1%
and 37.3%, respectively. We assessed the phylogenies inferred from single mt genes and complete sets
of coding genes, which are referred to as ‘“supergenes” (16 concatenated coding genes), using
Shimodaira-Hasegawa tests, in order to identify genes that best described AMF phylogeny. We found that
rnl, nad5, cox1, and nad2 genes, as well as concatenated subset of these genes, provided phylogenies that
were sip2ilas to the superge . This mitochondrial genomic analysis was also combined with principal
coordi nd partitionin%]‘yses, which helped to unravel certain evolutionary relationships in the
Rhizophagus genus and for G. aggregatum within the Glomeromycota. We showed evidence to support
the position of G. aggregatum within the R. irregularis ‘species complex’.

© 2016 ier Inc. All rights reserved.

1. Introduction

Elucidating the population structure and inferring the evolu-
tionary histories of species are critical toward understanding their
role in ecosystems, and for microorganisms, this generally requires
a molecular approach. Developing effective methods, genetic
markers, and discriminating criteria are key to phylogenetic analy-
sis and species diagnosis. Mitochondrial (mt) genes and genomes
have been used extensively in phylogenetic and population genetic
studies of a wide range of organisms. Typical mt genomes comprise
a single molecule of DNA, which is usually circular and contains all
mt genes, while the number of mt genes varies among species. It
has often been assumed that the phylogenetic signal of each mt
gene is identical, or highly similar, due to the physical proximity
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of these genes which lie within the same mtDNA molecule
(Avise, 1994). However, mtDNA analyses in many organisms have
suggested divergence in the phylogenetic signal strength of mt
genes among and within species (Duchene et al., 2011). Several
studies have indicated that sequencing of complete mtDNA mole-
cules, referred to as “supergenes” (i.e. complete set of mt protein
coding genes), provides the highest phylogenetic resolution among
studied animals (Duchene et al., 2011; Fenn et al., 2008; Havird
and Santos, 2014). In addition, recent developments in next-
generation sequencing technologies have generated a huge number
of mtDNA datasets across a broad range of organisms, in particular
in the kingdom Animalia (Duchene et al., 2011; Havird and Santos,
2014). These publically available mtDNA datasets offer opportuni-
ties to perform large-scale comparative mt genomic analyses, to
infer phylogenetic relationships (for identification purposes) and
to compare the phylogenetic signals of complete sets of mt genes,
or of concatenated subsets of individual mt genes. Numerous
phylogenetic studies have been performed on single mt genes such


wyp
高亮


备注
条形码

wyp
高亮


备注
增强与

wyp
高亮


备注
主成分分析

wyp
高亮


备注
分区分析

wyp
高亮


备注
复合种

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2016.01.009&domain=pdf
http://dx.doi.org/10.1016/j.ympev.2016.01.009
mailto:Mohamed.Hijri@umontreal.ca
http://dx.doi.org/10.1016/j.ympev.2016.01.009
http://www.sciencedirect.com/science/journal/10557903
http://www.elsevier.com/locate/ympev

M. Nadimi et al./ Molecular Phylogenetics and Evolution 98 (2016) 74-83 75

as cytochrome C oxidase subunit 1 (cox1) (Borriello et al., 2014;
Hebert et al., 2003; Ratnasingham and Hebert, 2007; Roe and
Sperling, 2007) and the mitochondrial large subunit gene (rnl) to
infer evolutionary relationships between organisms (Borstler
et al., 2008; Bruns et al., 1998). However, the phylogenetic signals
produced by these extensively studied genes have not often been
compared with the complete set of mt genes or with other mt gene
subsets. Such comparative analyses are key to accurately assessing
the evolutionary relationships of mt genomes within a given group
of organisms, and for identifying genes with strong phylogenetic
signals that can be used to discriminate between closely related
taxa. For instance, the arbuscular mycorrhizal fungi (AMF), a group
of closely related symbionts of plant roots, are notoriously difficult
to characterize and distinguish through molecular methods. A
more comprehensive mitochondrial-based approach could provide
a solution to this issue.

The arbuscular mycorrhizal fungi are obligate biotrophs among
the most abundant eukaryotic symbionts of plants, and not only
improve plant mineral uptake and enhance plant productivity and
diversity (Smith and Read, 2008), but also help in the control of
plant pathogens (Azcon-Aguilar and Barea, 1997; Garcia-Garrido
and Ocampo, 2002; Ismail and Hijri, 2012; Ismail et al., 2011) and
stimulate the fitness of plants in polluted environments
(Hildebrandt et al., 1999; Zhang et al., 2014). The AMF constitute
an early diverging fungal lineage, whose mycelia are typically
formed by coenocytic branching hyphae (i.e. hyphae that lack
septae) in which nuclei and cell organelles including mitochondria
can freely move through the hyphal network (Marleau et al., 2011).
Mitochondria inheritance in Glomeromycota as well as in fungi has
been discussed in Nadimi et al. (2015). In addition AMF interact clo-
sely with bacteria and fungi that were found inside their mycelia as
well as adhering on the surface of spores and hyphae where the
form biofilm-like structures (Hijri et al., 2002; Bianciotto et al.,
2003; Scheublin et al., 2010; Lecomte et al., 2011; Iffis et al,,
2014). Although, AMF have been shown to harbor a complete and
functional meiotic and pheromone-sensing pathway, as well as sets
of mating types (Halary et al., 2013, 2011; Pelin et al., 2012), sexual
reproduction has not yet been observed. Limitations in distinguish-
ing morphological characters and molecular traits are among the
major factors limiting progress in AMF research. In addition,
intra-isolate genetic polymorphism and nuclear organization are
still under debate. Some studies referred to AMF as monokaryotic
organisms (Pawlowska and Taylor, 2004; Tisserant et al., 2013;
Ropars and Corradi, 2015), while many lines of evidence supported
the theory that AMF harbor genetically different nuclei in a com-
mon cytoplasm, making these organisms highly unusual
(Angelard et al., 2010; Beaudet et al.,, 2015; Boon et al., 2015,
2010, 2013; Hijri and Sanders, 2005; Kuhn et al., 2001). Initial spe-
cies definition of the Glomeromycota was based on the morphology
of spores and spore clusters such as spore wall ontogeny, size,
shape, color, hyphal attachment and reaction to staining solutions
(e.g. Melzer’s). Currently, molecular phylogeny based on the analy-
sis ribosomal rDNA sequences combined with morphology, are
used for species definition in Glomeromycota (Schiissler and
Walker, 2010). In contrast to the nuclear genomes of AMF, mito-
chondrial coding-genes such as rnl and cox1, as well as complete
mtDNAs, have been reported to be homogeneous in many AMF taxa
(Borstler et al., 2008; Lee and Young, 2009; Raab et al., 2005; Thiery
et al., 2010), although this has been challenged by Beaudet et al.
(2015). Investigating large datasets of mtDNAs could offer opportu-
nities to advance our understanding of the population genomics
and phylogeny of AMF.

To date, 16 fully sequenced Glomeromycota mt genomes have
been published, representing two major glomeromycotan families:
the Glomeomeraceae (14 mtDNAs) and the Gigasporaceae (two

mtDNAs) (Beaudet et al., 2013a, 2013b; de la Providencia et al.,
2013; Formey et al., 2012; Nadimi et al., 2012, 2015; Pelin et al.,
2012). These mtDNA datasets offer opportunities to compare the
intra- and inter-specific diversity of mt genomes and genes among
closely related AMF taxa, as well as the usefulness of various mt
genes in phylogenetic analyses. In this study, we sequenced and
mapped the mtDNAs of two AMF species, Rhizophagus irregularis
DAOM240159 and Glomus aggregatum DAOM240163, to augment
the publically available set of AMF mtDNAs. We performed a
mitogenomics comparative analysis, as well as principal coordi-
nate and partitioning analyses, in order to: (1) assess the phyloge-
netic signals of mt coding genes; (2) evaluate their potential use in
inferring AMF phylogenies; and (3) unravel evolutionary relation-
ships within the Rhizophagus genus.

2. Materials and methods
2.1. Fungal material and DNA extraction

Spores and mycelium of a Glomus aggregatum isolate
(DAOM240163) and of a Rhizophagus irregularis isolate
(DAOM240159) were cultivated in vitro on a minimal (M) medium
with carrot roots that had been transformed with Agrobacterium
rhizogenes (Bécard and Fortin, 1988). The medium was dissolved
using a solution of 0.82 mM sodium citrate and 0.18 mM citric acid,
and fungal mycelia were collected by sieving the suspension. The
collected fungal material was checked for root contamination
under a binocular microscope. DNA extraction was performed
using the DNeasy Plant kit (Qiagen, Mississauga, ON) according
to the manufacturer’s instructions.

2.2. Sequencing, assembly and gene annotation

Whole genome shotgun sequencing was performed using Roche
454 GS FLX Titanium technology, with one full run per isolate.
Sequencing was performed at the Genome Quebec Innovation
Center (McGill University, Montreal, QC). The reads were de novo
assembled with Newbler v2.9 at the Genome Quebec facility, and
mitochondrial contigs were identified and pooled for each isolate.
Gene annotation was performed using an automated mt anno-
tator MFannot (http://megasun.bch.umontreal.ca/cgi-bin/mfannot/
mfannotinterface.pl), followed by manual inspection. The R. irregu-
laris DAOM197198 mtDNA (accession number HQ189519) was
used as reference for sequence analyses and mtDNA comparison.
Sequencing of the PCR products (acquired for joining mtDNA
contigs) was performed using Sanger technology at the Genome
Quebec Innovation Center (McGill University, Montreal, Canada).
The annotated mtDNAs of R. irregularis DAOM240159 and G. aggre-
gatum DAOM240163 were deposited in GenBank under the acces-
sion numbers KM586389 and KM586390, and circular maps were
built using OGDraw v. 1.2 software (Lohse et al., 2013). Compara-
tive sequence analyses were performed using the National Center
for Biotechnology Information (NCBI) genomic database and multi-
ple sequence alignment. Nucleotide blast was used for similarity
analyses, followed by amino acid comparisons for more distinct
sequences. A search with terastx was also performed using a mini-
mum E-value cutoff of 1e—10 and 50% minimum identity.

2.3. Polymerase chain reactions (PCR)

As mentioned above, conventional PCRs were used to fill the
gaps between mt contigs in order to complete the mtDNA genome
for each isolate. Conventional PCRs were performed in a final
volume of 50 ul containing 1x PCR buffer, 1.5 mM MgCl,,
0.2 mM of each deoxynucleotide triphosphate (dNTP), 0.5 uM of
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each primer, 1 unit of Platinum Taq DNA Polymerase (Life Tech-
nologies, Burlington, ON), and 5-20 ng of genomic DNA was used
as a template. Cycling parameters were: 94 °C for 90 s, followed
by 38 cycles of 94 °C for 1 min, annealing temperature (variable
based on the designed primers but generally ~60 °C) for 30s,
72 °C for 90 s and a final elongation at 72 °C for 5 min. PCR prod-
ucts were directly sequencing as described above.

2.4. Datasets and sequence alignments

Sixteen completely sequenced mt-genomes whose length ran-
ged between 59,633 bp (G. cerebriforme) and 97,349 bp (Gigaspora
rosea) were used in comparative analyses. The complete mtDNA
alignment was evaluated for phylogenetic and comparative
mitogenomic analyses. 16 genes containing 14 protein-coding
genes (atp6, atp8, atp9, cox1, cox2, cox3, nadl, nad2, nad3, nad4,
nad4L, nad5, nad6 and cob) and two ribosomal coding subunits
(rns and rnl) were concatenated to construct the “supergene” set.
Multiple nucleotide sequence alignment was performed using
ClustalW as implemented in MUSCLE version 3.8.31 (Edgar,
2004). The number and percentage of polymorphic sites per gene,
sequence length and overall average of mean distance of the 16
mitochondrial genes used in the study, are summarized in Table 1.
Polymorphic sites were computed using DnaSP v5 (Librado and
Rozas, 2009).

2.5. Phylogenetic analyses

Phylogenetic analyses were performed for all mt genes from
fully sequenced mtDNAs of AMF isolates (Table 2). Nucleotide
alignments of all datasets were used to infer maximum likelihood
(ML) phylogenies as implemented in RAXML (Stamatakis et al.,
2008), using the RAXML-HPC2 on XSEDE web-server at CIPRES
[http://www.phylo.org] (Miller et al., 2010). Node support was
determined using rapid bootstrapping with 1000 replicates. All
datasets were analyzed using the GTRGAMMA model. Phylogenies
were also generated for the datasets using concatenation of all mt
genes (supergene set) and for a subset of genes, using concatena-
tion of the four best-performing mt genes (genes that showed
similar tree topology to that of supergene).

Table 1
Polymorphic sites and the overall average of mean distance of 16 mitochondrial genes
used in the study.

Genes Overall average Length  Number of Percentage of
of mean distance  (bp) polymorphic polymorphic sites
sites (%)
rnl 131.9 2965 536 18.1
nad5  158.1 2478 707 28.5
cox1 107.8 1586 436 275
nad2  138.8 1554 553 35.6
s 195.4 1512 802 53.0
nad4  30.2 1500 134 8.9
nad3  47.7 1242 174 14.0
cob 97 1157 386 334
nad1 86.2 975 359 36.8
cox2 67.9 852 270 31.7
atp6 102 816 359 44.0
cox3 63.4 809 259 32.0
nad6  48.3 579 200 34.5
nad4L 51.6 276 216 78.3
atp9 16.8 225 65 28.9
atp8 13.8 147 59 40.1

Table 2

Arbuscular mycorrhizal fungal isolates used in our mitogenomic analyses. PCGs means protein coding genes; NM means not mentioned.
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Number of introns in PCGs
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2.6. Statistical analysis of phylogenies

Topologies of each dataset, composed of each of the 16 mt
genes, or a subset of the four best-performing mt genes with differ-
ent combinations were compared to the supergene set. Statistical
analyses of the comparisons of phylogenetic signals for different
datasets, as well as comparisons of the topologies derived from
mt genes and that of supergene, were performed using
Shimodaira-Hasegawa (SH) tests, implemented in RAXML using
‘f h’ parameters locally. The SH test provides log-likelihood values
and the variation scores (LnL) between the supergene topology and
each of the topologies inferred from single mt gene subsets, with
respect to the standard deviation (SD). This test was performed
for phylogenies inferred using the ML approach based on nucleo-
tide datasets.

2.7. Distance matrix, principal co@te analysis, and partitioning
analysis

All analyses were conducted in R v.3.0.2 (R Foundation for
Statistical Computing; available at http://www.R-project.org).
Using the ‘read.alignment’ function of the ‘seqinr’ packages
(Charif and Lobry, 2007), ‘dist.hamming’, ‘dist.dna’ and ‘dist.ml’ of
the ‘phangorn’ package (Paradis et al., 2004) distance matrices
were computed from nucleotide concatenated alignment of the
16 genes used in this study. The similarity relationship between
isolates was assessed with a principal coordinate analysis (PCoA)
plot, using the ‘pcoa’ function of the ‘ape’ package (Paradis et al.,
2004). In order to detect isolate clusters within the plot, partition-
ing analysis were computed using a K-means clustering approach,
and analyses were computed using ‘kmeans’ of the ‘fpc’ package
(Hennig, 2010), looking for a bend in the sum of squared roots
(SSE). We also used partitioning around k-medoids to estimate
the number of clusters, using the ‘pamk’ function of the ‘fpc’ pack-
age (Hennig, 2010).
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3. Results and discussion
3.1. Overview of mtDNA diversity and evolution in the Glomeromycota

Fourteen complete mtDNAs belonging to two orders
(Glomerales and Diversisporales) and three genera (Glomus,
Rhizophagus and Gigaspora) were retrieved from public databases,
and this dataset was augmented by two newly sequenced mtDNAs,
resulting in a total of 16 mtDNAs from the Glomeromycota phylum
(Table 2). Although mt genome structure and genome synteny
varies somewhat among the studied isolates, they all contain 14
protein-coding genes and 2 ribosomal subunit genes. R. irregularis
isolate DAOM240159 and G. aggregatum isolate DAOM240163 are
the two newly sequenced mt genomes, measuring 72,293 bp and
69,505 bp, with G+ C contents of 37.1% and 37.3%, respectively
(Fig. 1). Both mitochondrial genomes harbor the full set of typical
fungal genes, such as three subunits of ATP synthase (atp6, atp8
and atp9), three cytochrome oxidase subunits (cox1, cox2 and
cox3), seven subunits of the NADH dehydrogenase (nadl, nad2,
nad3, nad4, nad5, nad6 and nad4L) and apocytochrome b (cob).
They encode 25 tRNAs and small and large ribosomal subunits
(mtSSU and mtLSU) (Fig. 1). In total, 41 genes encoded on the same
strand in both genomes are found in each mtDNA (Fig. 1). The
annotated sequences of R. irregularis DAOM240159 and G. aggrega-
tum DAOM240163 were deposited in GenBank under the accession
numbers KM586389 and KM586390, respectively. Our phyloge-
netic analysis, based on the concatenation of all individual mt
genes (supergene), clustered G. aggregatum within the R. irregularis
group. However, using sequence comparison of intergenic regions,
we were able to discriminate G. aggregatum and R. irregularis
isolates (Table 3). G. aggregatum was described by Schenck and
Smith in 1982 after being found in the roots of citrus trees in
Florida (Schenck and Smith, 1982). Spores can be formed individu-
ally in the soil and in roots or aggregates without a peridium. These
spores are globose, subglobose, obovate, and cylindrical to irregu-
lar. In fact, G. aggregatum and R. irregularis are very close according

sul

v
/Iad4
hady
2 Rhizophagus fasciculatus
"ad‘”-g’ 72,252 bp

[l DNA polymerase (dpo)
[l Open Reading Frames (ORFs)

Fig. 1. Comparison of the mitogenomes of the Glomus aggregatum isolate (DAOM240163) and the Rhizophagus irregularis isolate (DAOM240159). The circular mapping
genomes were opened upstream of rnl. Genes on the outer and inner circumference are transcribed in a clockwise and counterclockwise direction, respectively. Gene and
corresponding product names are cox1-3, cytochrome c oxidase subunits, atp6, 8, 9, ATP synthase subunits; cob, apocytochrome b; nad1-4, 4L, 5-6, NADH dehydrogenase
subunits; rnl, rns, large and small subunit rRNAs; A-W, tRNAs, the letter corresponding to the amino acid specified by the particular tRNA followed by their anticodon.


wyp
高亮


备注
主坐标分析

http://www.R-project.org

78 M. Nadimi et al. / Molecular Phylogenetics and Evolution 98 (2016) 74-83

Table 3
Sequence comparison of intergenic regions between R. irregularis 197198 and G aggregatum.
IGRs Variable regions position
rnl-cox2 41 bp insertion in position 1042 in G. aggregatum

nad3-nad6 37 bp insertion in position 88 in G. aggregatum
nad5-cob 40 bp insertion in position 927 in G. aggregatum
nad4L-cox1 Polymorphism from 748 to 787 bp in DAOM197198 and 745-795 in G. aggregatum
atp9-rns 65 bp deletion from position 5550 in G. aggregatum
Polymorphism from 5410 to 5424 bp in DAOM197198 and 745-795 in G. aggregatum
nad6-cox3 36 bp insertion in position 557 in G. aggregatum
cox3-rnl 8628 bp insertion in position 1 in G. aggregatum
About 7500 bp polymorphism at position 404 of DAOM197198 (9034 in G. aggregatum)
to morphological characters of their s with the only topology (Fig. 2). However, the other four genes (i.e. rnl, nad5, cox1
ta difference being that G. aggregatuni spores possess an and nad2), which were the longest mt genes, reproduced similar

inner laminated wall that strongly reacts to Melzer’s reagent, while
the inside of spores are sometimes differentiated (Sokolski et al.,
2011). A phosphate transporter gene was able to slightly discrim-
inate G. aggregatum from a dozen R. irregularis isolates (Sokolski
et al.,, 2011), while other genes such as ATPase H+, ATPaseFOF1,
as well as ITS, 18R and 25S rRNA genes were not able to discrimi-
nate these two species. In a recent reclassification of the
Glomeromycota, the position of G. aggregatum was classified as
uncertain (Schiissler and Walker, 2010).

3.2. Assessment of the phylogenetic signal of single mt genes and
subsets of genes

Maximum likelihood phylogenies were inferred from nucleo-
tide sequence alignments of the complete set of mt genes (16 cod-
ing genes in total). The percentage of polymorphic sites varied
amongst studied genes, ranging from 8.9% to 53% (Table 1). We
assessed the phylogenetic signal of single mt genes, which was
compared with the supergene signal via Shimodaira-Hasegawa
(SH) test (Fig. 2). These comparisons allowed us to determine the
performance of single mt genes, and to determine the best combi-
nation of gene subsets with phylogenies similar to the supergene
phylogeny. Twelve topologies inferred from single mt genes
showed a significant reduction in log-likelihood (LnL) and
statistically different topologies from that shown in the supergene

rnl-nad2
rnl-nad5
cox1-nad5
cox1-nad2
cox1-rnl
nad2-nad5
rnl-cox1-nad5
nad2-rnl-cox1
nad5-nad2-rnl
nad5-nad2-cox1
nad5-nad2-rnl-cox1
rnl*

rns
cox3

topologies to the supergene tree, with much more subtle decreases
in LnL relative to the supergene phylogeny (Fig. 2). Visual inspec-
tion, coupled with statistical tests of single gene topologies,
showed that the other mt genes provided poorly supported trees
for two main reasons: (i) genes such as atp9, cob, cox2 and rns could
not resolve distant taxa such as Gigaspora spp. and Glomus cerebri-
forme from Rhizophagus spp.; (ii) nad4L, nad6, and atp8 genes pro-
vided low resolution for resolving Rhizophagus sp. isolates from
other Rhizophagus irregularis, which has been showed to be diver-
gent (e.g. topologies inferred from cob and nad4L are demonstrated
in Fig. 3). Furthermore, we evaluated the minimum number of con-
catenated mt genes required to statistically reproduce a topology
similar to that of the supergene using ML. A SH test of the combi-
nation of ‘best-performing’ genes revealed low decreases in
log-likelihood scores (Fig. 2). Phylogenies inferred from combina-
tions of genes containing cox1 with nad2 or rnl, provided topologies
that are statistically identical to the supergene topology (Fig. 3),
with the smallest decreases in LnL (Fig. 2).

Here we demonstrate that choosing a single mt gene in phylo-
genetic analysis may not reflect the phylogeny of the complete set
of mt coding genes. Some studies have shown that phylogenies
from combinations of all mt genes or from complete mitogenomes
represent the highest phylogenetic performance and more robust
results than those produced by single genes and gene subsets
(Duchene et al., 2011; Havird and Santos, 2014). These studies

Aln L

cox2
cox1*

cob

atp9

atp8

atp6

nadé6
nads*

nad4L
nad4

nad3
nad2*
nadl

o

50 100

150 200 250 300

Fig. 2. Difference in log-likelihood measured via SH test by comparing phylogenetic topologies inferred from single mt genes relative to that of the “supergene” set.
Difference in LnL compared to the supergene phylogeny for all 16 mt genes (y-axis) has been shown on the x-axis as ALnL. The four best-performing genes (i.e., cox1, rnl, nad5
and nad2) are indicated by *. Phylogenetic analyses were performed under ML and SH test implemented by RAXML locally.
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identified the most informative mt regions (genes) and evaluated
the minimum amount of data required to infer phylogenies that
were similar to supergene or complete mtDNA topologies. There-
fore, the most informative mt genes or regions might vary among
taxonomic groups and organisms (Duchene et al., 2011; Havird
and Santos, 2014).

Mt genes rnl and cox1 have previously been used independently
to infer phylogenies among taxa of the Glomeromycota (Borriello
et al., 2014; Borstler et al.,, 2008; Raab et al., 2005). Our study
demonstrates that phylogenetic analysis that combines cox1 and
either rnl or nad2 performs better than analysis on individual
genes, not only considering the performed phylogenetic analyses,
but also the evolutionary features of each individual gene. There

are certain evolutionary aspects of rnl and cox1 that need to be
considered prior to their use in phylogenetic analyses of either
organelles or organisms. For example, it is known that rnl is able
to carry inserts and introns in variable regions that are not excised
at the RNA level (Raab et al., 2005). Thus, it is often not easy to
align mitochondrial rDNA sequences across species, due to introns,
insertions, and the loss of domains. There is still no reliable method
for inferring precise ends of the rnl gene, as the sequences of both
terminal regions are highly variable. The only method for precise
annotation is RNA analysis (Lang et al., 1987; Nadimi et al.,
2012). However, most of the available rnl sequences in public data-
bases are not annotated precisely. Therefore, rnl can be useful for
short distance species phylogenies, but would be problematic for
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phylogenies that attempt to resolve among fungal clades or deeper
levels. There are also several reports regarding the evolutionary
history and structure of cox1, which hampered the use of this gene
for annotation, phylogenetic analyses and barcoding. For example,
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Nadimi et al. (2012) reported the occurrence of a group I intron-
mediated trans-splicing in cox1 of Gigaspora rosea that has been
previously described in several other organisms (Burger et al.,
2009; Grewe et al., 2009; Hecht et al., 2011; Nadimi et al., 2012;
Pombert and Keeling, 2010). Frequent horizontal gene transfer
within the introns of this gene, which has been reported in the lit-
erature (Beaudet et al., 2013a; Lang and Hijri, 2009), may also com-
plicate the sequencing and assembly of this region, as well as
downstream phylogenetic analyses. In the case of cox1, its annota-
tion is easier compared with rnl gene. This is mainly due to the
high number of publically available annotated cox1 sequences
which facilitates nucleotide sequence comparison and annotation
of newly sequenced cox1 genes. The above-mentioned findings
limit the usefulness of individual rnl and cox1 genes for phyloge-
netic analyses of AMF. The mentioned points are also important
to be considered for successful annotation and phylogenetic anal-
yses. Combinations of multiple genes (e.g., different combinations
of cox1, rnl and nad2) may help to overcome these drawbacks.

3.3. Assessment of the relationship between isolg]

To further evaluate the relationships between 6 isolates
used in this study, we performed a principal coorji-%e analysis
(PCoA) based on the distance matrix obtained from mitochondrial
nucleotide alignments (Fig. 4). The PCoA plot shows that all
Rhizophagus spp. isolates and G. aggregatum group together. Of
the other three isolates, G. cerebriforme is apart, while both Gigas-
pora spp. cluster more closely together. Both partitioning methods
used (k-means and k-medoids) created two groups, corresponding
to the two orders (Glomerales and Diversisporales) used in the
study. When inferring three groups instead of two on the plot, only
G. cerebriforme separates from the Glomerales group to form the
third group. To further assess the cluster of Rhizophagus isolates,
another principal coordinate analysis (PCoA) was computed,
excluding both Gigaspora species and G. cerebriforme (Fig. 4). Both
partitioning methods inferred three groups, the first including
solely Rhizophagus sp. DAOM213198, the second including R. irreg-
ularis MUCL43204 and Rhizophagus sp. DAOM229456, and the
third including the remaining nine Rhizophagus isolates and
G. aggregatum. One Rhizophagus sp. isolate, DAOM240422, clus-
tered with the other nine Rhizophagus isolates, but with a weaker
similarity (Fig. 4). These results support the G. cerebriforme isolate
as genetically distant from all Rhizophagus isolates and from the
G. aggregatum isolate used in this study. As discussed above,
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spore morphology and phosphate transporter phylogeny are able
to marginally discriminate between G. aggregatum from Rhizopha-
gus isolates. However, our analysis based on the complete mt
genome shows that other Rhizophagus isolates, such as R. irregularis
MUCL43204 and Rhizophagus sp. DAOM213198/DA0OM299456 are
genetically more distant from the other nine R. irregularis isolates
than is G. aggregatum. This evidence supports the position of
G. aggregatum within the Rhizophagus irregularis ‘species complex’.

3.4. Unraveling the Rhizophagus irregularis complex

Comparative mitogenomics analysis of R. irregularis isolates
(Fig. 5) and Rhizophagus spp. reveals a high level of homogeneity
within the coding sequences, while intronic and intergenic regions
showed substantial variable regions, which is consistent with the
rate of evolutionary constraint based on the functions of different
mtDNA regions. However, comparative analyses using ML and
PCoA of coding regions suggest the occurrence of unorthodox
recombinations (Fig. 6) among some Rhizophagus spp. isolates
(DAOM229456, DAOM240422 and DAOM213198) with uncertain
classification, grouping them apart from other known R. irregularis
isolates. Genetic recombinations may have taken place at different
points during the evolutionary history of the different isolates or of
a recent common ancestor, although horizontal gene transfer of
recombined regions is also a possibility. A shared common ances-
tor seems to be the most parsimonious and plausible, due to sim-
ilar signatures observed in recombined regions (Fig. 6). Mt genes
atp6, cox2, nad3, cob, nad4 and atp9 are examples of these recom-
bined mt genes within Rhizophagus spp. (Beaudet et al., 2013a,
2013b).

Comparative analyses of the intergenic regions of Rhizophagus
spp. showed relatively higher levels of similarity in up- and
down-stream sequences of coding genes compared to other inter-
genic regions. Up- and down-stream sequences of coding genes
include 5’ and 3’ extensions of genes (known as 5’ and 3’ untrans-
lated regions), which are transcribed but not translated. The con-
servation of such regions is due to their function, therefore
resulting in a slower rate of evolution relative to non-functional
regions. Consequently, comparative analyses of multiple sequence
alignments of complete mtDNAs grouped Rhizophagus spp. isolates
among the Rhizophagus irregularis species, which we suggest to be
considered as a species complex (e.g. Rhizophagus irregularis
complex).

4. Conclusion

We implemented the existing mtDNA dataset with two newly
completed and annotated mt genomes. Our mitogenomic compar-
ative analysis among several AMF species and isolates allowed us
to assess the phylogenetic signals of individual mt genes in com-
parison to the supergene set. A statistical SH test revealed that
the evolutionary signal differed significantly between single mt
genes, subsets of genes, and the supergene in the Glomeromycota.
The combination of cox1 with either rnl or nad2 genes is a promis-
ing subset of mt genes that could be useful in inferring phylogenies
within Glomeromycota. However, implementation of the mtDNA
dataset with members of other families and genera is needed to
cover the diversity of the Glomeromycota phylum and to infer
robust phylogenies. Further studies on the comparison and poten-
tial combination of mt gene subsets, supergenes, and nuclear ribo-
somal rRNA genes could provide a higher phylogenetic resolution,
and may help to discriminate between closely related members of
the Glomeromycota.
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