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Abstract  Mites of the genus Tyrophagus (Acari: Acaridae) are among the most wide-
spread and common mites, inhabiting diverse natural and anthropogenic habitats. Some
species are pests of agricultural products and stored food and/or live in house dust, causing
allergies to humans. We sequenced 1.2 kb of the mitochondrial COI gene for 38 individu-
als belonging to seven species of Tyrophagus, including T. curvipenis, T. putrescentiae,
T. fanetzhangorum, T. longior, T. perniciosus, and T. cf. similis. Molecular phylogenetic
analyses (1) recovered two major clades corresponding to the presence or absence of eye-
spots, and (2) separated all included morphological species. Tyrophagus curvipenis and T.
putrescentiae had the lowest between-species genetic distances (range, mean+SD): 14.20—
16.30, 15.17+£0.40 (K2P). The highest within-species variation was found in T. putres-
centiae 0.00-4.33, 1.78 +£1.44 (K2P). In this species, we recovered two distinct groups;
however, no geographical or ecological dissimilarities were observed between them. Based
on our analyses, we document important morphological differences between T. curvipenis
and T. putrescentiae. For the first time, we record the occurrence of T. curvipenis in the
New World and suggest that it may be an emerging pest as it is currently spreading in agri-
cultural produce.
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Introduction

Mites of the genus Tyrophagus have a worldwide distribution and are present in a varied
range of natural and human-associated habitats (Robertson 1959; Hughes 1976). Most spe-
cies are fungivorous (Hughes 1976) and occur in a wide range of food substrates including
dried meat, seeds, cheese, wheat, flour, fruits, tubers and others, reducing the nutritional
value of the products through direct damage and indirectly by spreading fungi and bacteria
(Hughes 1976; Hubert et al. 2004; de Oliveira et al. 2007).

Even though only a few astigmatid mites are considered as truly phytophagous, some
species of the genus Tyrophagus, e.g., T. neiswanderi and T. similis, are economically
important plant pests that have been associated with direct damage to plants (Lange and
Bacon 1958; Hughes 1976; Buxton 1989; Fisher 1993; Kasuga and Amano 2003, 2006;
Zhang 2003; Kasuga and Honda 2006; Khaing et al. 2014). One of the potential plant pest
species, T. curvipenis, was described from a greenhouse in Portugal, feeding on algae and
pollen of orchid flowers (Fain and Fauvel 1993). Later, this species was reported in various
Old World countries: Greece, France, New Zealand and Australia (Fan and Zhang 2007;
Badieritakis et al. 2012). Tyrophagus curvipenis occurs in stored food products as well as
on various plants and animal materials (Fan and Zhang 2007) but unlike other species in
the genus, T. curvipenis is more frequent on plants than in typical stored products.

Distinction among different species of Tyrophagus can be challenging given the mor-
phological similarities between closely related species, the presence of cryptic species
and the occurrence of several species in the same geographical region (Yang et al. 2011;
Erban et al. 2016). There are disagreements about the exact number of valid species, spe-
cies boundaries, and distribution (Klimov and OConnor 2009, 2010, 2015; Fan and Zhang
2014).

The lack of morphological differences adequate to easily distinguish between species,
makes molecular tools highly valuable for precise identification. DNA barcodes are short
sequences of a single gene present in a wide number of species and have been employed
as a useful tool facilitating identification of closely related species and provide, most of the
time, accurate species assignment (Hebert et al. 2003; Janzen et al. 2005; Meier et al. 2006;
Yang et al. 2011; Puillandre et al. 2012; Pentinsaari et al. 2016).

One of the most widely employed markers is the mitochondrial Cytochrome Oxidase
subunit I (COI), which has been used to investigate intra- and interspecific variation in
many arthropods including various mites, such as, feather mites (Bochkov et al. 2014;
Doiia et al. 2015; Klimov et al. 2017), phytophagous mites (Navajas et al. 1996; Skoracka
and Dabert 2010; Khaing et al. 2015), predatory mites (Li et al. 2012), and stored product
mites (Webster et al. 2004; Yang et al. 2011; Khaing et al. 2014; Sun et al. 2014; Erban
et al. 2016; Yang and Li 2016; Que et al. 2016). This locus possesses a high level of vari-
ability, enabling distinction between two or more groups of individuals that originally were
described by morphological characters either as a single or as distinct species and helps
to establish the species status of these individuals (Hebert et al. 2003, 2004a; Pentinsaari
et al. 2016).

Several studies have used COI (Xia et al. 2007; Yang et al. 2011; Khaing et al. 2014;
Erban et al. 2016) or other molecular markers (Noge et al. 2005; Yang et al. 2011; Beroiz
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et al. 2014) to identify some species of Tyrophagus: T. putrescentiae, T. fanetzhangorum,
T. neiswanderi, T. similis, and T. longior. However, there is still much uncertainty regard-
ing the genetic variation within and among species in Tyrophagus. Until now, no study has
reported population genetic structure in any of the species of this genus.

Here we infer phylogenetic relationships of seven species of Tyrophagus based on COI
sequences (1.2 kb) including several economically important species: 7. putrescentiae,
T. curvipenis, T. fanetzhangorum, T. longior, T. perniciosus, and T. cf. similis. We then
use this phylogeny to validate previously defined morphospecies. For species clustering
as monophyletic groups, we calculate within- and between-species genetic distances. In
particular, we focus on 7. curvipenis, a potential agricultural pest (see above), which is dif-
ficult to distinguish from T. putrescentiae and T. fanetzhangorum. Based on results of our
analyses, we summarize important morphological differences between T. curvipenis and T.
putrescentiae and provide new information on the distribution of the former species.

Materials and methods
Mite samples and morphological identification

Samples were collected from 13 countries and numerous habitats (Table 1). Mites were
manually collected with a mounting needle under a dissecting microscope and stored in
ethanol (99.5%). When needed, materials containing mites were sieved. Slides were pre-
pared in Hoyer’s medium, and the specimens were identified using the most recent taxo-
nomic keys (Fan and Zhang 2007, but see Klimov and OConnor (2009) with regard to
T. putrescentiae). The specimens used to sort out the relevant morphological differences
between T. putrescentiae and T. curvipenis were collected in Costa Rica from chayote
plants (Sechium edule). Voucher specimens are deposited in the University of Michigan
Museum of Zoology (UMMZ), Ann Arbor, MI, USA.

DNA extraction, amplification and sequencing

The specimens used for DNA extraction were preserved in 99.5% ethanol and stored at
—80 °C. Genomic DNA was extracted from a single specimens using a QIAamp DNA
Micro kit (Qiagen) following the manufacturer’s protocol for tissues, with some modifica-
tions (Klimov and OConnor 2008).

A fragment of 1257 bp of the COI gene was amplified by a nested PCR using
the following primers (5'-3"): COX1_16F (TGANTWTTTTCHACWAAYCAYAA),
COX1_1324R (CDGWRTAHCGDCGDGGTAT) and COXI1_25Fshort T (TGTAAA
ACGACGGCCAGTTCHACWAAYCAYAARRAYA), COX1_1282R_T (CAGGAAACA
GCTATGACCCCWVYTARDCCTARRAARTGTTG) (Klimov et al. 2018). For uniform
sequencing, M13FORW/REYV tails (underlined in the sequences above) were added to the
COX1_25Fshort_T forward and COX1_1282R_T reverse primers.

Amplification reactions were performed in a 20-ul volume with Platinum Taq DNA Pol-
ymerase (Invitrogen) in a Mastercycler gradient, Eppendorf thermocycler. The master mix
for initial PCR contained: 2.0 ul of PCR buffer (1X), 1.4 ul MgSO4 (50 mM), 1.4 pL of
dNTP (10 mM each), 0.8 pl of each oligonucleotide primers COX1_16F and COX1_1324R
(10 uM), 0.12 pl of Platinum Taq polymerase (1.5U) and 0.4-1 ul of genomic DNA tem-
plate. The total volume was increased to 20 pl with distilled water. The thermocycler
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protocol was set as follows: 94 °C for 2 min, 10 cycles of 94 °C for 30 s, 40 °C for 1 min,
72 °C for 2 min, and 25 cycles of 94 °C for 30 s, 48 °C for 35 s and 72 °C for 2 min, with a
final extension step of 72 °C for 7 min.

For the second PCR, the master mix was modified with a reduced quantity of Taq Poly-
merase 0.08 ul (1.0 U), 0.6 ul of PCR products from the first PCR reaction and the primers
COX1_25Fshort_T and COX1_1282R_T. The thermocycler protocol was set as follows:
94 °C for 2 min, 20 cycles of 94 °C for 30 s, 49 °C for 30 s, 72 °C for 2 min, and 18 cycles
of 94 °C for 30 s, 52 °C for 35 s and 72 °C for 2 min, with a final extension step of 72 °C
for 7 min.

PCR products were visualized by electrophoresis on a 1.5% agarose gel, 1X TA buffer,
100 V for approximately 35 min. Bands were excised under UV light and purified with
QIAquick® gel extraction kit (Qiagen). Sequencing was done in both directions using a
3730XL sequencer (Applied Biosystems) at the University of Michigan DNA sequencing
Core.

Sequence editing, genetic distance and diversity indexes

Chromatograms were resolved in Sequencher v.5.4.6 (Sequencher® 2016); primer and
low-quality sequences were trimmed. The original length of the amplified COI sequences
was 1257 bp. After trimming, the final COI alignment included 1227 sites for 39 sequences
including the outgroup (AD513 Sancassania sp.). Sequences were imported to Mes-
quite (Maddison and Maddison 2011) and each codon was color-coded according to its
amino acid translation. No indels or stop codons, which are indicative of pseudogenes,
were detected. The sequences were deposited in GenBank under the accession numbers
KY986243-80 (Table 1).

An additional 11 COI sequences of Tyrophagus were retrieved from the nucleotide and
EST GenBank databases (NCBI) (Table 1). The retrieved sequences were aligned and
checked for quality. Primer sequences and low-quality regions were removed from the
dataset.

Uncorrected and K2P (Kimura’s two parameter) pairwise genetic distances were cal-
culated in the software Sequence Matrix (Vaidya et al. 2011). The number of polymor-
phic sites and genetic diversity indexes (nucleotide diversity) were calculated for 7. putres-
centiae using the software DNAspS.1 (Librado and Rozas 2009). The results obtained
in DNAsp5.1 for the haplotype diversity were used for haplotype network analyses. We
assessed the genetic structure through median-joining haplotype networks (Bandelt et al.
1999) using the software PopArt (Leigh and Bryant 2015).

A barcoding gap analysis was performed to compare the genetic distances using the pro-
gram ABGD (Puillandre et al. 2012). This program was run with the following arguments:/
abgd-a-p 0.001-P 0.17-d 0-X 1.5. Pairwise distances were calculated using K2P.

Non-synonymous/Synonymous ratio (Ka/Ks) was calculated with the software HyPhy
(Kosakovsky-Pond et al. 2005) using the server Datamonkey (Delport et al. 2010). A Mixed
Effects Model of Evolution (MEME) was used to detect specific sites evolving under posi-
tive selection (Murrell et al. 2012). We also used the phylogenetic partition codon model
BUSTED (Branch-Site Unrestricted Statistical Test for Episodic Diversification) to test for
gene-wide selection in 7. putrescentiae lineages (Murrell et al. 2015).

@ Springer
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Phylogenetic analysis

A nucleotide substitution model and a codon-based model were tested. The best-fitting
nucleotide substitution model (HKY + G +1) was selected based on the Akaike Informa-
tion Criterion (AIC) as implemented in MEGA v.7 (Kumar et al. 2016). The phylogenetic
analysis was done in RAXML (Stamatakis et al. 2008) using a Maximum Likelihood (ML)
framework. Statistical support for bipartitions was estimated by a bootstrap analysis with
1000 replicates. The GY94 codon-based model (Goldman and Yang 1994) was imple-
mented in HyPhy (Kosakovsky-Pond et al. 2005) and MrBayes (Huelsenbeck and Ronquist
2001).

Results
Geographic distribution of Tyrophagus curvipenis

Since its description in 1993 by Fain and Fauvel, T. curvipenis has been reported from
several places in Europe, Australia and New Zealand. Our study records this species for
the first time in the New World (Fig. 1). We morphologically identified T. curvipenis in
UMMZ collected in 1977 from a Microtus pennsylvanicus (Rodentia: Cricetidae) nest in
Maryland (USA) (BMOC 77-0510-004, no sequence data), and we found it on chayote
fruits (Fig. 2) and stems from Costa Rica in 2015. Due to the commercial importance of
this fruit (Barquero 2015), these collections will be described in more detail below. In
addition to these, we found 7. curvipenis in large numbers inside a nectarine fruit (Pru-
nus persica) imported from Spain to Russia, and a small population from a bird nest from
Costa Rica (Table 1).

On chayote, we observed large numbers of mites (mixed population of T. putrescentiae
and T. curvipenis) in the field. Mites initially increased their numbers on decaying fruits
or leaves, and once the population increased, they migrated and colonized other chayote
plants, principally those showing some level of damage or decomposition. As the leaves
are very close to the fruits, it is very likely that some of the mites moved from the leaves

-

CR®

N AU

> NZ
I KM ) 4;7
0 2,500 previous records lnew records ?

Fig. 1 Geographic distribution of Tyrophagus curvipenis. Light gray color indicates previous records and
dark gray color indicates the new records for this species. (Color figure online)
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Fig. 2 Floral remains on the cavity of a chayote fruit and a close up of Tyrophagus sp. and fungal hyphae
growing on the floral remains

to the fruits. Most of the mites were detected in the cavity between the flower and the
fruit (where the flower is attached to the fruit) (Fig. 2). The majority of the mites was
observed in association with fungi or algae that grew on the plants or fruits (Fig. 2). How-
ever, regardless of the large number of mites found in the field, there was no (or at least we
did not notice) direct damage caused by the feeding of the mites on the plants or fruits.

Morphological differences between Tyrophagus putrescentiae and T. curvipenis

Tyrophagus putrescentiae (TP) and T. curvipenis (TC) are morphologically similar, but
each has distinguishing characters. We used the specimens found in chayote plants to ver-
ify the diagnostic characters that separated these two species. The major differences are:
(1) proximal part of spermathecal duct in TC is slender (Fig. 3a), whereas in TP it is gradu-
ally widened (Fig. 3b); (2) coxal plate II in TC is broad and there is no distinct concavity
in the posterior margin (Fig. 3c), whereas in TP, the coxal plate II is medium sized and a
shallow but distinct concavity is noticeable in the posterior margin (Fig. 3d); (4) solenidia
wl on tarsi I-1I are slender in TC (Fig. 3e), whereas in TP they are wider (Fig. 3f); (4) the
shaft of the supracoxal seta (scx) in TC is slender or moderately tapering from base to apex
(Fig. 3g), whereas in TP it is prominently enlarged at the base of pectinations (Fig. 3h). For
more details about the characters that these two species share, and differences with other
species refer to Fan and Zhang (2007).

Genetic distances and barcoding gap analysis

Genetic distances among the three species, T. putrescentiae (TP), T. curvipenis (TC) and
T. fanetzhangorum (TF), were greater than within-species distances of any of these species
(Table 2).

Genetic distances within TC (TC vs. TC) and TF (TF vs. TF) were lower than those
exhibited by TP (TP vs. TP). In TP, both K2P and the uncorrected distances indicated the
presence of considerable within-species variation (Table 2) (range, mean+SD): 0—4.33,
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T. curvipenis T. putrescentiae

Spermatheca

Omega Coxal plate

Supracoxal setae

Fig. 3 Main morphological characteristics differentiating Tyrophagus curvipenis and T. putrescentiae. a
spermatheca 7. curvipenis (9), b spermatheca T. putrecentiae (?), ¢ coxal plate Il T. curvipenis (?), d
coxal plate Il T. putrescentiae (), e omega I (wl) T. curvipenis (?), f omega I (o1) T. putrescentiae (?), g
supracoxal seta (scx) T. curvipenis (), h supracoxal seta (scx) T. putrescentiae (Q)
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Table 2 Uncorrected and K2P (Kimura’s two parameter) intra- and interspecific genetic distances (%) of
Tyrophagus putrescentiae (TP), T. curvipenis (TC) and T. fanetzhangorum (TF)

K2p Uncorrected

Comparison Mean +SD Range Mean+SD Range

TP versus TP 1.78 £1.44 0.00-4.33 1.54+1.34 0.00-3.58
TC versus TC 0.83+0.56 0.00-1.31 0.84+0.57 0.00-1.30
TF versus TF 0.98+0.15 0.82-1.15 0.97+0.15 0.81-1.14
TP versus TC 15.17£0.40 14.20-16.30 13.60+0.27 12.92-14.18
TP versus TF 17.03+£0.43 15.89-18.11 15.12+£0.29 14.32-15.97
TC versus TF 18.44+0.42 17.88-19.17 16.16+0.32 15.72-16.70

1.78 +1.44 (K2P) and 0-3.58, 1.54 + 1.34 (uncorrected). Genetic distances between TP ver-
sus TF and TP versus TC were lower than those exhibited by TC versus TF (Table 2). The
highest between-species difference was observed between TC and TF (range, mean + SD):
17.88-19.17, 18.44 +0.42 (K2P) and 15.72-16.70, 16.16 +0.32 (uncorrected).

The barcoding gap analysis (Fig. 4) shows the distribution for the pairwise differ-
ences, where the left side of the histogram (low divergence) represents the intraspecific
differences, and the right side of the histogram (higher divergence) represents the inter-
specific differences. The intraspecific distances fluctuate from 0.00 to 0.05, whereas the
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interspecific distances can vary from 0.12 to 0.21. The intra-interspecies gap ranges from
0.05 to 0.12 (Fig. 4).

Amino acid mutations

We looked for non-synonymous mutations that resulted in amino acid changes. In the cir-
cumstances where no amino acid changes occur, it is more likely that we are dealing with
the same species as mutations at the DNA level do not result in phenotypical changes. In
addition, departure from neutral evolution, which is the common assumption of many phy-
logenetics programs, can be detected by comparing synonymous versus non-synonymous
mutations.

Some amino acid changes were found in the sequences within the two T. putrescentiae
(TP) groups. Independently of the group, several samples had amino acid changing muta-
tions (Table 3) whereas others had only synonymous mutations (not causing amino acid
substitutions) when comparing to a reference (AD1398, sequenced from the population
used to designate the neotype of TP).

We found a total of five non-synonymous mutations in nine of the samples; of these two
mutations occurred in a single specimen belonging to group 2 (Table 3). It is interesting
that all other sequences classified in group 2 shared the identical amino acid sequences
with the reference. Several sequences from group 1 presented one amino acid change. The
cluster that includes AD1912, AD1974, AD1999, AD2004, AD2013 and AD2015, showed
one novel non-synonymous mutation, alanine A'** to serine S'*. Other non-synonymous
mutations occurred in AD1924 (leucine L' to phenylalanine F'¥7) and AD1928 (glycine
G'” to serine S'7?).

In comparison to TP, all sequences of T. curvipenis had four non-synonymous muta-
tions (glutamic acid E**! to aspartic acid D**!, serine $**3 to glycine G**, threonine T*°? to
valine V*? and alanine A*' to valine V#'*) and T. fanetzhangorum had two non-synony-
mous mutations: isoleucine ! to leucine L*°! and valine V*°! to isoleucine I*°! (Table 3).

The ka/ks rate radio (according with MEME) for Tyrophagus was of 0.00384. This
model found no evidence for positive/diversifying selection in all the sites. Also, BUSTED
found no evidence (LRT, p=0.46) of gene-wide episodic diversifying selection for the
branches of TP. Therefore, there is no evidence that any sites have experienced diversifying
selection.

Phylogenetic analysis

Our phylogenetic analysis recovered two distinct groups of Tyrophagus that coincide with
the presence or absence of eyespots (Fig. 5). The first clade corresponds to the group with
eyespots, including T. putrescentiae, T. curvipenis and T. fanetzhangorum, and the second,
to the group without eyespots including 7. longior, T. perniciosus and T. cf. similis. Two
different groups were identified among T. putrescentiae samples (Fig. 5). The first group
includes the majority of the samples and was widely distributed, being present in several
countries and substrates/hosts. No geographical or food preferences were apparent for the
second group. Both the GenBank EST sequence data (Table 1) and the sequence AD1398
originated from the population used to designate the neotype by Klimov and OConnor
(2009), fall within the group 1 of T. putrescentiae (Fig. 5).

Some inconsistences were found in the sequences previously deposited in Gen-
Bank, and for this reason, these samples were not used in the final phylogenetic analyses
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Fig. 5 Maximum likelihood tree for species of Tyrophagus inferred from COI sequences. Bootstrap sup-
port is indicated next to each branch

(Supplementary Fig. S1). The inconsistences include sample NC_028725.1 (T. longior
from China), which did not cluster with the group of mites without eyespots, and sample
NC_026079.1 (T. putrescentiae from China), which did not cluster with either of the two
groups of T. putrescentiae, but instead formed a basal branch of T. putrescentiae (Supple-
mentary Fig. S1).

Genetic diversity indexes and haplotype network analysis of Tyrophagus
putrescentiae

Genetic diversity indexes were calculated for T. putrescentiae (Table 2). A total of 1165
sites were monomorphic, out of 1227 nucleotides sequenced. From the 62 polymorphic
sites, 57 included synonymous and five non-synonymous mutations.

As it was mentioned above (phylogenetic analysis), two different groups were identi-
fied within T. putrescentiae. Our analyses here, showed 16 different haplotypes for the two
groups of T. putrescentiae which are separated from each other by 25 mutational steps
(Fig. 6). Haplotype diversity was 0.934 and the average number of nucleotide differences
(K) was 16.667. The network (Fig. 6) shows closely related haplotypes connected by lines
and indicates the number of mutations (in parenthesis) between the most similar ones. For
example, sample AD1979 (group 1) had more variation with respect to the other haplo-
types that belong to the same group. Furthermore, sample AD1925 is the most distinct
from the rest of the haplotypes from the group 2 (Fig. 6). This sample has two unique non-
synonymous mutations (Table 3). According with this network, AD1979 and AD1925, are
the most dissimilar haplotypes from each other.
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Fig. 6 Haplotypes network for Tyrophagus putrescentiae. Numbers in parenthesis correspond to the muta-
tional steps. Green dots correspond to group 1 and pink dots to group 2. (Color figure online)

Discussion
Tyrophagus curvipenis: species boundaries, distribution and pest status

Even though T. curvipenis has been previously reported from several places around the
world (Fig. 1), it is very likely that the actual distribution of this mite is much broader.
The limited number of records of T. curvipenis could be due to difficulties is distinguish-
ing T. curvipenis from other closely related species, in particular the widespread species
T. putrescentiae. Tyrophagus curvipenis is usually found in field situations rather than
in stored products. It prefers habitats or hosts with irregular surfaces, such as the natural
openings of chayote fruits (Fig. 2) or crevices formed on other plants. The preference of T.
curvipenis for these areas is probably due to the high humidity retained there and the pro-
liferation of fungi and algae that are available as a source of food. Whereas 7. longior, T.
putrescentiae, T. similis and T. neiswanderi have been reported as agricultural pests caus-
ing direct damage to plants (Buxton 1989; Fisher 1993; Kasuga and Amano 2003, 2006;
Zhang 2003; Kasuga and Honda 2006; de Oliveira et al. 2007), there are no reports cor-
relating the presence of 7. curvipenis with any particular direct damage to plants or fruits.
However, the possibility that 7. curvipenis can feed on young leaves, flowering buds or
fruits should then not be ignored. On the other hand, one can expect fungal transmission
into the wounds on the leaves surface caused by the feeding of mites. An analogous situa-
tion is documented for Rhizoglyphus robini feeding on onions (Hanuny et al. 2008).

It is known that T. curvipenis, like other species of Tyrophagus, is an omnivorous
generalist and can consume different food types with different nutrient contents. Ye and
Zhang (2014) evaluated the effect caused by three different diets on the development of T.
curvipenis and concluded that even when the food type affects the body length and width
of the adults, this species survived and developed normally regardless of different food
sources. Even though T. curvipenis has not been associated with any particular damage,
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it is regularly intercepted at international ports of entry by quarantine inspectors in natu-
ral cavities or crevices of fruits and leaves, causing substantial disruptions in international
trade (Barquero 2015, Ronald Ochoa, pers. comm. 2017).

Phylogeny of the genus Tyrophagus

Our topology (Fig. 5) fully agrees with the current morphology-based taxonomy where
the different species cluster separately. The tree clusters the species of Tyrophagus into
two main lineages coinciding with the presence or absence of eyespots. In the lineage with
eyespots (T. putrescentiae, T. curvipenis and T. fanetzhangorum), the three species were
clearly separated from each other (Fig. 5). Our tree agrees with other phylogenetic works,
separating different species of Tyrophagus (Beroiz et al. 2014; Khaing et al. 2014; Erban
et al. 2016). However, our topology also showed some differences with respect to some
of these studies. For example, Beroiz et al. (2014) inferred a tree for several species of
Tyrophagus where this genus formed a paraphyletic group, whereas our tree found a mono-
phyletic group for all the species under study. This previous result, however, probably sim-
ply represents a rooting artifact (an in-group root was used) rather than true phylogenetic
relationships.

Our phylogenetic tree (Fig. 5) detected two distinct groups within the clade of T. putres-
centiae. The first group is widely distributed and is found more commonly than the sec-
ond. Even though COI sequences separate these two groups of T. putrescentiae, this locus
did not show any differences among geographical populations nor indicate any correla-
tion between the populations and their habitats. This implies that gene flow may be limited
between the two groups. Given these results, it is necessary to conduct additional studies
to elucidate the genetic composition and morphological differences between these groups.

It is important to emphasize that a single-locus does not provide enough evidence to
absolutely delimit species, and it is better to use an integrative approach combining this
data source along with other information (Padial et al. 2010; Schlick-Steiner et al. 2010;
Yeates et al. 2011; Carstens et al. 2013; Hamilton et al. 2014; Pante et al. 2015). In par-
ticular, analyzing multiple loci under the multispecies coalescent model is clearly more
advantageous than single-locus estimates. A multispecies coalescent framework can pro-
vide more accurate assessments of the process of allele coalescence for a given species his-
tory (DeSalle et al. 2005; Felsenstein 2006; Heled and Drummond 2010; O’Meara 2010;
Rannala and Yang 2013; Zhang et al. 2014).

COI genetic distances and aminoacid changes in three closely related species

Among T. curvipenis, T. putrescentiae, and T. fanetzhangorum, the highest intraspecific
variation was found within the species T. putrescentiae (Table 2). This species also showed
one or two aminoacid changes for some of the populations sequenced here (Table 3). In the
circumstances where amino acid changes occur, it is possible the protein structure could
change in different species. In this case, these amino acid changes do not represent a dif-
ferent species but might be an indication of divergence of these populations from other T.
putrescentiae populations.

These results are not surprising given its worldwide distribution and the extraordinary
capacity that this species has to live in diverse habitats and consume different kinds of food
(Hughes 1976; Duek et al. 2001; Zhang 2003; Fan and Zhang 2007; Klimov and OCon-
nor 2009; OConnor 2009; Khaing et al. 2014). Additionally, international trade (mainly
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agricultural products and processed food) has allowed this species to move from one geo-
graphical region to another with few constraints (Dhooria 2016). The results obtained
here contrast with those of Yang et al. (2011) who did not find any intraspecific varia-
tion within 7. putrescentiae using the COI, probably due to the small size of the amplified
region (377 bp) and the relatively few sequenced populations. Khaing et al. (2014) reported
a small genetic variation (0.1 and 0.2% K2P) in their T. putrescentiae sample (370 bp for
COI) with respect to other samples deposited in the GenBank database. Other studies (Ber-
oiz et al. 2014; Erban et al. 2016) suggest a much larger variation within T. putrescentiae,
as indicated by the large distances between terminals on the tree, but these did not report
exact values.

The average interspecific K2P genetic distances were higher than 15% for T. curvipenis,
T. putrescentiae and T. fanetzhangorum (Table 2), suggesting that they are likely independ-
ent evolutionary lineages with no gene flow among them. Our results agree with previ-
ous findings (Beroiz et al. 2014; Erban et al. 2016) suggesting that 7. putrescentiae and T.
fanetzhangorum are valid species, despite the small number of morphological differences
between them.

Similarly, our results agree with crossing experiments demonstrating complete repro-
ductive isolation between 7. curvipenis and T. putrescentiae (=T. communis) (Fan and
Zhang 2007). Although the mites were able to copulate with each other, females did not
lay eggs (Fan and Zhang 2007), indicating that these two populations are reproductively
isolated and could represent two separate species under the Biological Species Concept.
Thus, results obtained in those breading experiments do support the general utility of DNA
barcoding approach for reliable species delimitation. However, special attention is needed
when species with high genetic variability are under study, as is the case of T. putrescen-
tiae. Our results (Table 2) showed a high intraspecific variability reaching 4.3% (K2P dis-
tances), whereas the difference for the other species did not exceed 1.3% (T. curvipenis,
K2P distances). Considering these results, one might interpret the data for the populations
with the highest genetic distances (4.3%) and place them as separate species; however,
according with our barcode gap analysis (Fig. 4) the intraspecific variation for these mites
can range from 0 to 5%.

The within-species distance of T. putrescentiae (4.3 or 5.8%, full dataset vs. the Fol-
mer fragment only), is relatively high and broadly overlaps with between-species dis-
tances reported in the literature, e.g., 4% (Dowton et al. 2014), 3.1% (Doiia et al. 2015),
3% (Hebert et al. 2004b; Smith et al. 2005), 2% (Rossini et al. 2016; Smith et al. 2005), or
lower (Hebert et al. 2004a). However, species having compatible or higher within-species
genetic distances are known as well: 10.1% in the human follicle mite, Demodex folliculo-
rum (Demodecidae) (conseravtively recalculated from Palopoli et al. 2015), 5.7-6.8% in
the common blue butterfly, Polyommatus icarus (Lycaenidae) (Wiemers and Fiedler 2007),
and about 6% in the sea snail, Echinolittorina vidua (Littorinidae) (Williams and Reid
2004).

Our haplotype analysis separated T. putrescentiae into 16 haplotypes and 2 groups
(Fig. 6); however there was no strong geographic or habitat structure in the networks.
Other studies found a similar pattern, where populations geographically separated were
genetically more similar than geographically close populations (Noge et al. 2005; Beroiz
et al. 2014).
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Quality of GenBank data

The standardization of DNA barcodes enables using data from many studies (Pentin-
saari et al. 2016); however, it is known that many sequences in GenBank are misidenti-
fied or still have attached primer/vector sequences. This makes it difficult to use those
sequences in other studies and forces the user to be very careful in the analysis of the
data when using these (Meier et al. 2006). Misidentification and primer joined to the
sequences were two of the principal problems encountered here. Misidentification was
suspected for T. longior sequence NC-028725 (Yang and Li 2016) as it clusters with
other sequences of T. putrescentiae (Supplementary Fig. S1). Furthermore, we detected
primer sequence contamination (oligonucleotide primer sequences which were not
removed from the finished sequence) in several T. putrescentiae sequences EU078968,
EUO078969, EF527826, AY525572, HQ287793, HQ287795, HQ287796 (Webster
et al. 2004; Xia et al. 2007; Wu et al. 2007; Yang et al. 2011). On the other hand, the
sequences of those studies have in general a length of 377 bp (trimmed to 334 bp) cor-
responding to the central part of the COI region. Comparing these sequences with our
trimmed fragments (1227 bp), the difference in sizes created inconsistencies in the tree
changing its final topology (Supplementary Fig. S1).

Conclusions

In this work, our barcode analysis confirmed the species status of 7. curvipenis and
other closely related species of Tyrophagus, which are difficult to separate by mor-
phological characters and revealed a high genetic variability and complexity within 7.
putrescentiae. The large genetic distances and amino acid changes found for some 7.
putrescentiae populations could be explained by the worldwide distribution and large
effective population size. Future studies, including species delimitation analyses, are not
only necessary to disentangle the status for all the species of Tyrophagus but also to bet-
ter determine the genetic structure of the two groups of T. putrescentiae among various
populations. Important morphological differences between T. curvipenis and T. putres-
centiae are presented, and we recorded for the first time the occurrence of T. curvipenis
in the New World.
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