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Abstract
Eriophyoid mites (Acari: Eriophyoidea) are among the smallest of terrestrial arthropods and the most species-rich group of herbivorous mites with a high host specificity. However, knowledge of their species diversity has been impeded by the difficulty
of their morphological differentiation. This study assembles a DNA barcode reference
library that includes 1850 mitochondrial COI sequences which provides coverage for
45% of the 930 species of eriophyoid mites known from China, and for 37 North
American species. Sequence analysis showed a clear barcode gap in nearly all species,
reflecting the fact that intraspecific divergences averaged 0.97% versus a mean of
18.51% for interspecific divergences (minimum nearest-neighbour distances) in taxa
belonging to three families. Based on these results, we used DNA barcoding to explore the species diversity of eriophyoid mites as well as their host interactions. The
1850 sequences were assigned to 531 barcode index numbers (BINs). Analyses examining the correspondence between these BINs and species identifications based on
morphology revealed that members of 45 species were assigned to two or more BINs,
resulting in 1.16 times more BINs than morphospecies. Richness projections suggest
that over 2345 BINs occurred at the sampled locations. Host plant analysis showed
that 89% of these mites (BINs) attack only one or two congeneric host species, but
the others have several hosts. Furthermore, host-mite network analyses demonstrate
that eriophyoid mites are high host-specific, and modularity is high in plant-mite networks. By creating a highly effective identification system for eriophyoid mites in the
Barcode of Life Data Systems database (BOLD), DNA barcoding will advance our understanding of the diversity of eriophyoid mites and their host interactions.
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I NTRO D U C TI O N

a detailed understanding of herbivores and their interactions with
plants is lacking (Hebert, Penton, et al., 2004). This is particularly

Because plants and their herbivores comprise a high proportion

true for cryptic species where difficulties in identification impede

of terrestrial biodiversity (Price, 2002), they play a central role in

evaluations of species richness and determinations of host specific-

energy flow to higher trophic levels (Futuyma & Agrawal, 2009).

ity, limiting understanding of plant-herbivore interactions. Although

Although strong evidence points to the rapid impoverishment of

cryptic species are morphologically indistinguishable, they are often

global biodiversity (Hallmann et al., 2017; Van Klink et al., 2020),

readily discernible by molecular approaches (Bickford et al., 2007;
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Gill et al., 2016). In recent decades, it has become clear that cryptic

Skoracka, 2006; Wang et al., 2016). The high host specificity of erio-

species are prevalent, particularly in animal lineages with small body

phyoid mites may indicate that some species can only use certain

size and simplified morphology (Bickford et al., 2007).

hosts (de Lillo et al., 2018; Oldfield, 1996; Robinson & Strauss, 2020;

Including more than 4400 described species, the Eriophyoidea is

Skoracka et al., 2010), perhaps linked to adaptive evolution that is

the most species-rich superfamily of Acari (Zhang et al., 2011). This

linked to their small genome sizes and reduced number of environ-

superfamily includes three families: Phytoptidae (c. 160 species),

mental response gene families (Greenhalgh et al., 2020). This close

Eriophyidae (c. 3,790 species), and Diptilomiopidae (c. 450 species)

relationship can increase differentiation linked to host associations–

(Amrine et al., 2003; Zhang et al., 2011). Including some of the small-

morphologically indistinct species have distinct genetics resulting

est arthropods (~0.2 mm in length), eriophyoid mites have fewer

from the usage of different hosts–a situation facilitating the origin

morphological characters than other mites (e.g., just two pairs of legs,

of cryptic species (Laska et al., 2018; Skoracka & Dabert, 2010;

fewer setae, ringed opisthosoma; Amrine et al., 2003). Their small

Skoracka et al., 2012). However, few studies have examined the in-

body size and simplified morphology raises the possibility that many

teractions between eriophyoid mites and their hosts.

eriophyoid species are actually a species complex, reflecting the

In this study, we assemble the first extensive set of DNA bar-

scarcity of diagnostic morphological traits. Reports of cryptic spe-

code reference sequences for eriophyoid mites. It includes records

cies in eriophyoid mites have reported both host-dependent species

for 419 Asian eriophyoid mite species (covering 45% of the Chinese

complexes (i.e., one morphospecies on multiple host plants with ge-

fauna; Hong et al., 2010) and 37 North American species (covering

netic differences among hosts) such as in Aceria tosichella (Skoracka

58% of the Canadian fauna; personal observation). We use DNA

et al., 2018), Abacarus hystrix (Živković et al., 2017), and Trisetacus sil-

barcoding to both delimit species and detect cryptic taxa to enable

vestris (Lewandowski et al., 2014), and habitat-dependent complexes

comparison of their diversity in different ecoregions. We also ex-

(i.e., one morphospecies with a broad distribution, but showing ge-

amine the interactions between mites and their hosts for all three

netic divergence among geographical regions) such as in Trisetacus

families of eriophyoids. This work has produced a highly pragmatic

juniperinus (Lewandowski et al., 2014) and Aceria species (Laska et al.,

identification system for eriophyoid mites in BOLD which will facili-

2018). Although species complexes have been reported in a few erio-

tate understanding of their diversity and host interactions.

phyoid mites, the extent of cryptic diversity is unknown.
Molecular approaches for species discovery, such as DNA barcoding (Hebert et al., 2003), can overcome the difficulty in discriminating
eriophyoid mites through morphology. The barcode index number
(BIN) system provides an effective method for species delineation as
each sequence cluster is assigned a unique alphanumeric (BIN URI)

2

|
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2.1 | Mite sampling and morphological
identification

which reflects the patterning of intra-and interspecific divergences
(Ratnasingham & Hebert, 2013). Its effectiveness in species delin-

The present records derive from eriophyoid mites collected between

eation has been demonstrated in extensive studies (e.g., Díaz et al.,

2015 and 2020 in Asia and North America (Table S1). Among them,

2016; Huemer et al., 2014; Kekkonen & Hebert, 2014; Pentinsaari

85% derive from China (1,569), 11% from Canada (208), 1% from

et al., 2017; Schmid-Egger et al., 2019; Yin et al., 2020). DNA barcod-

USA (17), and 3% (56) from Malaysia, Vietnam, and Laos (Figure 1

ing is also effective in revealing cryptic species, but most past studies

and Table S1). Mites were recognized in the field with a 30× hand

have targeted vertebrates (April et al., 2011; Kerr et al., 2007), insects

lens and then manually extracted from their host plant foliage with

(Dincă et al., 2021; Schmid-Egger et al., 2019), or spiders (Blagoev

a fine dissecting needle under a stereo microscope. Specimens were

et al., 2016). Only a few studies have used this approach to examine

stored in 100% ethanol at −20°C until DNA extraction. Each individ-

mites (Donã et al., 2015; de Rojas et al., 2018; Young et al., 2012,

ual was bisected with a needle; the posterior segment was used for

2019). The Barcode of Life Data Systems database (BOLD; http://

DNA extraction, while the anterior was retained as a voucher. Mites

www.boldsystems.org/) includes only 113 barcode sequences for

were slide-mounted and then identified morphologically under a

eriophyoid mites (as of January 24, 2022). Eriophyoid mites, the most

Zeiss A2 microscope following Lindquist (1996) with generic clas-

species-rich herbivores in the Acari, remain poorly investigated.

sifications following Amrine et al. (2003). Specimens and vouchers

A detailed understanding of interactions between eriophyoid

are stored in the Arthropod/Mite Collection at the Department of

mites and their host plants would advance ecological and evolu-

Entomology, Nanjing Agricultural University and at the Centre for

tionary studies on this group because of the pivotal role played by

Biodiversity Genomics, University of Guelph.

such interactions in species differentiation and diversity (Skoracka
et al., 2010). Network analyses can effectively represent species interactions, facilitating species identification and classification while

2.2 | DNA isolation, amplification, and sequencing

also advancing understanding of their roles in ecosystem dynamics
(Bascompte & Jordano, 2007). Whether a species is a host gen-

When available, up to three individuals per putative mite species

eralist or specialist is a good predictor of how it will impact other

detected on a particular plant were selected for molecular analysis.

organisms and the stability of network structures (Li et al., 2016;

In total, genomic DNA was extracted from 4000 specimens. This

|
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F I G U R E 1 Sampling locations and ecoregions. (a) Collection sites for the 1625 eriophyoid mites examined from Asia. Size and colour
indicate the number of specimens analysed from each site. (b) Sites within a 100 km radius are aggregated into 61 centroids with each
centroid indicating a different nature reserve or park sampled in a particular ecoregion
total included 854 specimens processed using standard protocols

After editing, they were submitted to GenBank (https://www.ncbi.

employed at the CCDB, the Canadian Center for DNA Barcoding

nlm.nih.gov/genba
nk/) (accession nos. MZ482020-
MZ483868).

(deWaard et al., 2019) and 3146 specimens processed at Nanjing

In addition, collection data, taxonomic information, sequences,

Agriculture University using a DNeasy Blood and Tissue Kit (Qiagen)

and trace files were submitted to BOLD (Ratnasingham & Hebert,

following a modified protocol (Dabert et al., 2008). PCR was used to

2007) This information is available in the following data set “DS-

amplify the 658 bp barcode region of the mitochondrial COI gene

ERIYY DNA Barcodes for Eriophyoidea”, which can be accessed at

using the primer pairs LepF1/LepRI (Hebert, Penton, et al., 2004),

the following doi: dx.doi.org/10.5883/DS-ERIYY. Sequences meet-

Lco1490/Hco2198 (Folmer et al., 1994), or bcdF01/bcdR04 (Dabert

ing quality criteria (>500 bp, <1% ambiguous bases, no contamina-

et al., 2008). Each PCR employed a 20 μl reaction containing 12.5 μl

tion, no stop codons) were assigned to a barcode index number (BIN)

of PCR SuperMix (Transgen Biotech Co., Ltd.), 2 μl of template DNA,

(Ratnasingham & Hebert, 2013), which is an alpha numeric assigned

and 0.4 μM of each primer. The PCR thermocycling profile involved

to each sequence cluster of eriophyoid mites.

an initial 3 min of denaturation at 94°C; 35 cycles of 30 s of dena-

To identify potential species complexes, we constructed a

turation at 94°C, 30 s of annealing at 42–55°C (depending on the

neighbour-joining tree employing the K2P distance metric using

primers) and 1 min of extension at 72°C; followed by a final 5 min

the Taxon ID tree tool on BOLD (Figure S1) (Ratnasingham &

extension at 72°C with products held at 4°C. PCR products were vis-

Hebert, 2007). Host plant information was included to examine

ualized on a 1% agarose gel, purified, and bidirectionally sequenced

the relationship between the host plant and BIN/species assign-

using BigDye Terminator Cycle Sequencing Kit (v3.1) at either

ment. To assess levels of variation within species and divergence

General Biosystems (Anhui) Co., Ltd. or the Centre for Biodiversity

between species, genetic distances were calculated with MEGA

Genomics (University of Guelph) on an ABI 3730XL DNA Analyser

6.0 (Tamura et al., 2013) employing the Kimura 2-p arameter (K2P)

(Applied Biosystems).

distance parameter (Kimura, 1980). The delimitation results based
on BIN analyses were categorized into four types: (1) “match”

2.3 | Sequences editing, submission, and genetic
distance analysis

means that all sequences of a morphospecies are placed in the
same BIN, (2) “split” indicates that sequences of a morphospecies
are assigned to two or more BINs, (3) “merge” applies when sequences of two or more morphospecies are combined into one

All COI sequences were aligned and trimmed to the same length in

BIN, and (4) “mixture” describes situations where sequences

Geneious 8.1.9 (Kearse et al., 2012). All sequences were subjected to

of one morphospecies form a complex involving both splits and

BLAST searches in GenBank to check for possible PCR contamination.

merges (Ratnasingham & Hebert, 2013).

4
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TA B L E 1 Summary of DNA barcode statistics for three families of eriophyoid mites
Eriophyidae

Phytoptidae

Diptilomiopidae

Total

Individual

1350

90

410

1850

MTU (Species)

347

16

93

456

MTU (Genera)

79

4

16

99

Mean individual per sp. (range)

3.9 (1–88)

5.6 (1–3 4)

4.4 (1–20)

4.05 (1–88)

Singletons

140

8

26

174

Doubletons

104

2

17

123

Mean intraspecific genetic
distances (range, SD)

1.15% (0–25.76, 0)

1.02% (0–9.83, 0)

0.74% (0–14.36, 0)

0.97% (0–25, 0)

Mean smallest interspecific
genetic distances (range, SD)

19.86% (2.26–35.37, 7.17)

17.37% (3.79–26.83, 6.58)

18.30% (0.32–28.7, 7.39)

18.51% (0.32–35.37, 7.12)

2.4 | Network analysis for three families

broadleaf (TSMB); temperate grasslands, savannas and shrublands
(TGSS); montane grasslands and shrublands (MGS); and deserts and
families

xeric shrublands (DXS) (Dinerstein et al., 2017). To assess sampling

(Diptilomiopidae, Eriophyidae. Phytoptidae) of Eriophyoidea.

completeness in China, we plotted rarefaction curves based on the

Each network is presented as a matrix of host plants and mite

number of individuals and number of sites analysed for each spe-

species and was constructed as a binary matrix: 0—a bsence of

cies using the iNEXT function in R (Hsieh et al., 2016). iNEXT also

interaction; 1—
p resence of interaction. We used connectance

predicts an asymptote based on the expected number of elements

(C) and modularity (M) to describe network structure (Dormann

in rarefaction curve analysis. BIN richness was estimated using

et al., 2009). Connectance provides an inverse measure of net-

the incidence-based coverage estimator (ICE; Chao et al., 2000) in

work specialization as it is the ratio of the number of realized links

EstimateS (Colwell & Elsensohn, 2014).

We

separately

analysed

data

for

the

three

in a network divided by the number of possible links (Jordano,
1987) so low connectance means high specialization. Connectance
values were calculated using R package bipartite v2.15 (Dormann
et al., 2009). By contrast, modularity describes the tendency for

2.6 | Species complex analysis of Abacarus
hystrix and Phyllocoptruta platyclada

species subsets to be more frequently connected with each other
than with the other species in the network (Dormann et al., 2009;

Two species of Eriophyidae were selected for detailed investigation

Thébault & Veech, 2013). Modularity was computed using the

−Abacarus hystrix and Phyllocoptruta platyclada. Across its cosmo-

Newman Q (Newman & Girvan, 2004) employing the hybrid +

politan distribution, Ab. hystrix feeds on many different grasses and

simulated annealing model as the optimization algorithm to detect

has been recognized as a likely species complex (Laska et al., 2018).

network modules (Guimera & Amaral, 2005) by MODULAR v0.21

The second taxon, Phyllocoptruta platyclada, a recently described

(Marquitti et al., 2014).

species (Xue et al., 2007), feeds on a narrow range of conifers but

Connectance and modularity values were calculated under a null

has an exceptionally broad distribution in China. The data set for

model to control for the influence of ecological and sampling factors

Ab. hystrix included 18 new and 24 published sequences (Table

(de Araujo et al., 2015; Villa-Galaviz et al., 2012). We used the null

S2), while that for P. platyclada included 22 new sequences (Table

model “Erdős-Rényi” and “r2dtable” to calculate modularity and con-

S1). Phylogenetic analyses were performed using the maximum

nectance values, respectively. We used standard Z-scores of each

likelihood (ML) method in RAxML-NG (Kozlov et al., 2019) for Ab.

metric based on the distribution of values generated by a null model

hystrix. The optimal substitution model (GTR GAMMA) was identi-

of 1000 resamples. Network graphics and matrices were drawn in

fied by jModelTest 2.1.10 (Darriba et al., 2012) using the Bayesian

the R package bipartite (Dormann et al., 2009).

information criterion (BIC). ML branch support values were generated by bootstrap analysis (Felsenstein, 1985) with 1000 repli-

2.5 | Ecological distribution and species richness of
Chinese fauna

cates. A neighbour-joining tree was constructed using the Kimura
2-parameter distance model for 22 samples of Phyllocoptruta platyclada in BOLD. In addition, haplotype diversity was calculated with
DnaSP 5.10.01 (Librado & Rozas, 2009) to investigate patterns of

As most of our eriophyoid mite samples derived from China

population differentiation. An unrooted haplotype network was

(Figure 1 and Table S1), we examined their distribution by ecoregion.

constructed with POPART 1.7 using the median-joining method

Ecoregions of China are divided into five categories: Temperate

(Bandelt et al., 1999) using a TCS network (Clement et al., 2000)

broadleaf and mixed forests (TBMF); tropical and subtropical moist

employing the default 95% connection limit.

|
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With a total of 531 BINs versus 456 MTUs, BIN counts were 1.16

3.1 | Sampling results, species richness, and
barcode analysis

times higher than MTU counts. While for all three families (Figure 2),
the BIN/MTU ratio ranged from 1.12 for Diptilomiopidae to 1.17
for Eriophyidae and 1.31 for Phytoptidae. Specimens representing
409 of the 456 MTUs were assigned to a single BIN while 45 MTUs

In total, we analysed 4000 mites from 63 sites (Table S3). After

showed a BIN split with their members being assigned to two or

excluding 2150 low quality sequences, 1850 barcode compliant

more BINs, collectively involving 119 BINs. The final two MTUs

sequences were recovered, representing 99 genera and 456 mor-

formed a merger, that is, they were assigned to a single BIN. This

phological taxonomic units (MTUs) (Table S1). On average, four

case involved two congeners, Rhyncaphytoptus mori (Liu & Kuang,

sequences were obtained per MTU (range = 1−88) (Table 1). From

1998) and R. taihangensis (Xue & Hong, 2005) were collected from

this total 1563 specimens were identified to a known species while

Morus alba and Morus mongolica, respectively. Although members of

most of the others (287) represent a new species that could only be

these taxa were assigned to the same BIN (BOLD: AEC7233), they

assigned to a genus (Table S1). BIN analysis assigned the 1850 se-

did show low interspecific divergence (0.32%) and the topology of

quences to 531 BINs (Table 1). Nearly half (56%) of these BINs were

the NJ tree suggests they grouped together. It is possible that R.

only represented by one (174) or two (123) specimens, indicating

taihangensis is a synonym of R. mori.

that many more specimens need to be examined in future studies to
ascertain the true BIN diversity (Table 1).

The genetic distance among specimens assigned to a BIN averaged 0.97%, ranging from 0.74% in the Diptilomiopidae, to 1.02% in
the Phytoptidae and 1.15% in the Eriophyidae. By contrast, genetic
distance to the nearest neighbour was 19-fold higher, ranging from
17.37% for the Phytoptidae to 18.30% in the Diptilomiopidae and
19.86% in the Eriophyidae (Table 1). These deep divergences between BINs meant that there was a clear barcode gap between 99%
of eriophyoid mite species.

3.2 | BIN splits
BIN splits (one MTU assigned to two or more BINs) were far commoner than merges (i.e., two or more MTUs assigned to a single BIN).
In fact, 10% of the MTUs (45/456) were split into two or more BINs.
F I G U R E 2 Frequency histogram showing the number of BINs
(blue), morphological taxonomic units (MTUs, orange), and host
plant species (grey) for three families of eriophyoid mites

Most (34) of these MTUs were assigned to two BINs, but 11 MTUs
were partitioned into three or more (Table 2). Tegolophus suffruticosae
was split into five BINs while T. hunanensis was split into seven. Both

TA B L E 2 45 species of eriophyoid mites with a BIN split
Family

BINs

Species

Phytoptidae

2
3

Setoptus sp. HEN14 (1)
Boczekella fabris, Trisetacus ehmanni (2)

Eriophyidae

2

Abacarus sp. CQ9, Abacarus sp. Q318, Abacarus sp. CA51, Aculodes salicis, Aculops sp. HEN34, Aculops ulmi,
Aculus bambusae, Calacarus carinatus, Calepitrimerus linderanis, Calepitrimerus sp. Z308, Epitrimerus sp.
GZ20, Epitrimerus sp. Z344, Knorella gigantochloae, Leipothrix sabinae, Phyllocoptruta sp. GZ77, Tegonotus
mangiferae, Tegolophus celtis, Tegonotus ringsi, Tegolophus sp. Q397, Tegolophus ulmi, Tegolophus oblatus,
Tetra lobulifera, Tetra suspensae, Tetra sp. Z400, Tetrameracarus taiwanensis (25)

3

Aculus nigrus, Tegolophus ringsi, Tetra lobatae (3)

4

Aculops taihangensis (1)

5

Abacarus hystrix, Tegolophus suffruticosae (2)

7

Tegolophus hunanensis (1)

12

Phyllocoptruta platyclada (1)

2

Apodiptacus acutissimae, Apodiptacus castaneae, Catarhinus sp. GZ51, Diptilomiopus bischofiae,
Rhyncaphytoptus sp. HEN6, Rhyncaphytoptus redwayensis, Rhyncaphytoptus ulmi, Trimeroptes sp. YN471 (8)

3

Rhyncaphytoptus longipalpis (1)

Diptilomiopidae

Note: Species in each of three families are grouped by their number of BIN partitions.
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of the species targeted for detailed analysis were involved in BIN

each included one haplotype (H6, H7), each from a single host in

splits with specimens of Ab. hystrix and P. platyclada assigned to 5 and

Turkey while Clade IV was represented by three haplotypes (H1,

11 BINs respectively. Examination of these cases revealed that most

H3, H16) from two hosts in Poland. Clade VI included 14 haplo-

BIN splits were correlated with occupancy of different geographic

types (H2, H3, H5, H8, H9−15, H17−H19) from five hosts in Poland

regions or/and hosts as detailed below for the two target taxa:

and Finland. It is clear that terminals were grouped by their host
plants and regions.

3.2.1 | Ab. hystrix

3.2.2 | P. platyclada

Its 42 specimens were collected from eight host plants and from
six regions (Figure 3). The average genetic distance among these

All specimens were collected from the same host plant, Platycladus ori-

specimens was very high (18.69%), strongly suggesting that they

entalis (L.) Franco, in China (Figure 4). The relatively high interspecific

represent a species complex. This conclusion was supported by the

distance of 5.3% (average: 2.96% ± 0.01) combined with the fact that

ML analysis (Figure 3) which assigned the 24 haplotypes among the

specimens were assigned to 12 BINs, suggests that it is also a spe-

42 specimens to six clades. Clade I included four haplotypes (H21−

cies complex. However, no clade was recovered within the P. plat-

H24) from two hosts in China while Clade II included one haplo-

yclada complex. Among the 22 terminals, 13 COI haplotypes were

type (H20) from a single host in Canada and USA. Clades III and V

detected. Only one BIN (BOLD: ADX1472) was represented by two

F I G U R E 3 ML tree and haplotype networks based on host plant. (a) Phylogram for Abacarus hystrix and an outgroup inferred by ML
analysis and (b) haplotype network indicated by different hosts. Maximum likelihood bootstrap proportions are shown in a circle on the
nodes. Colours represent different host plants. Dots on the tips of branches correspond to host plant species

|

YIN et al.

7

F I G U R E 4 Neighbour-joining tree (left)
constructed using the Kimura 2-parameter
distance model for 22 samples of
Phyllocoptruta platyclada; it was rooted
using two outgroup taxa, Epitrimerus
sp. and Aculodes salicis. Haplotype
network (right) for P. platyclada based
on populations from 11 localities. Dots
represent different sampling sites

TA B L E 3 Comparison of structural features for the plant-mite networks for three families of Eriophyoidea
Phytoptidae

Eriophyidae

Diptilomiopidae

Indices

Observed

Null model (Z-score)

Observed

Null model (Z-score)

Observed

Null model (Z-score)

Mite species

23

‒

406

‒

102

‒

Plant species

37

‒

273

‒

103

‒

Connectance

0.059

2.635**

0.004

0.770

0.0123

0.402

Modularity

0.71

−0.120

0.97

4.14***

0.98

3.689***

Note: Standard Z-score of metrics based on the distribution of values generated by the null. Each null model has 1000 resamples, to calculate the
network metrics, and then get a metrics distribution. We calculate the frequencies of values that is bigger or smaller than observed network metrics
in the distribution. Number in bold indicate the observed values of network indices are significantly different from those in the null model.
Significance codes: ***p < .001, **p < .01, *p < .05.

haplotypes (H2 and H3), while the other 11 BINs each correspond to

attacked two congeneric hosts. Other BINs used more; 42 (7.9%)

a single haplotype (Figure 4). Different BINs were united by shared

parasitized two host plant species from different genera, while 16

haplotypes, for example, two haplotypes sharing in Nanjing (H1 and

(3%) had more than three hosts (Figure 5). Among these generalists,

H2), Lianyungang (H2 and H5), Taian (H3 and H8), Dengfeng (H6

the number of hosts ranged from 2 to 22 (mean = 2.6, SE = 2.4), but

and H7), and Lanzhou (H11 and H12), and one haplotype sharing in

only one BIN (Setoptus koraiensis) was an outlier, interacting with 22

Nujiang (H3), Jiaozuo (H3) and Nanyang (H13).

plant species.
Interaction network analyses for the three families indicated

3.3 | Plant-mite interaction analysis

that the Eriophyidae and Diptilomiopidae showed more specialization and modularity than Phytoptidae (Table 3). The observed connectance values were low (Eriophyidae: C = 0.004; Diptilomiopidae:

The 531 BINs were recovered from 420 host plant species. Among

C = 0.012) and did not differ from null model values in Eriophyidae

these, 406 × 278 associations (BIN × plant species) involved

(Null C = 0.731, p = .46) and Diptilomiopidae (Null C = 0.391, p

Eriophyidae, 21 × 39 involved Phytoptidae, and 104 × 103 in-

= .69), but there was a significant difference (p = .08) between the

volved Diptilomiopidae (Table 3, Figures S2 and S3). The BIN/host

observed (C = 0.059) and null model (Null C = 2.64) values in the

ratio was 1.46 for Eriophyidae, 1.0 for Diptilomiopidae and 0.54

Phytoptidae. The observed modularity networks for the Eriophyidae

for Phytoptidae (Figure 2). Most (86.6%) of the eriophyoid BINs

(M = 0.98) and Diptilomiopidae (M = 0.98) were very high and dif-

(460) were found on a single host plant, and another 2.4% (13) only

fered significantly from values based on a random distribution
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analysed, an identification success that has only been matched in a few
other arthropod groups (e.g., apoid wasps 99%, Schmid-Egger et al.,
2019; feather mites 100%, Doña et al., 2015; spiders 98%, Blagoev
et al., 2016). As such, our DNA barcode reference library not only
enables accurate species identification but will also support future
taxonomic, phylogenetic, ecological, conservation, and agricultural research on these morphologically simplified mites. For instance, DNA
barcoding has been used to explore patterns of biodiversity in soil
mites (Young et al., 2019). Also, by revealing cases of deep intraspecific variability, such analysis can help to recognize cryptic species (e.g.,
Hebert, Penton, et al., 2004; Skoracka et al., 2012).

F I G U R E 5 Host specificity in eriophyoid mites as shown by a
frequency histogram of the number of different host plant species
used by each mite BIN

4.2 | BIN splits and cryptic diversity
Our study revealed cases of discordance between MTU and BIN
boundaries, a pattern also noted in work on Canadian soil mites (Young
et al., 2019). In particular, the BIN count (531) for eriophyoid mites

(Diptilomiopidae: Null M = 3.69, p = 0; Eriophyidae: Null M = 4.40, p

was 1.16 times higher than the MTU count (456), indicating cryptic di-

= 0). The observed modularity for the Phytoptidae network was low

versity or overlooked species complexes (Hebert et al., 2016; Polato

(M = 0.878) and not significantly different from null model values

et al., 2018). This result reinforces previous evidence that morphologi-

(Null M = –0.12, p = .54).

cal study often substantially underestimates mite diversity (Cvrkovic
et al.,2016; Laska et al., 2018; Skoracka et al., 2015). The ICE projec-

3.4 | Species distribution and richness analysis in
Chinese fauna

tions based on the present data suggest that the Chinese fauna of eriophyoid mites are likely to include at least 2345 species. This conclusion
is supported by three points: (1) Our study revealed 82 undescribed
MTUs that probably represent new species (Table S4); (2) rarefaction

As 452 of 531 BINs were derived from China, we examined their

curves indicated that our sampling was very incomplete, especially for

distribution and species richness. Among the 452 BINs, 124 (27%)

tropical regions (Figure 6); and (3) many MTUs were represented by

derived from temperate broadleaf and mixed forests (TBMF), 307

just one or two specimens (Table 1). Although our study represents the

BINs from the tropical and subtropical moist broadleaf (TSMB), and

first large-scale assessment of diversity in eriophyoid mites, there is a

only 21 (4.6%) from temperate grasslands, savannas and shrublands

need for more thorough sampling programmes to properly evaluate

(TGSS), Montane grasslands and shrublands (MGS), and deserts and

the species richness of this group.

xeric shrublands (DXS) (Table 4). The slope of the BIN rarefaction

Deep COI divergences within species have frequently been re-

curves was lowest for TGSS + MGS + DXS but showed a consist-

ported in DNA barcode studies and often reflect cryptic diversity

ent increase for the TBMF and TSMB ecoregions (Figure 6). Total

(Bickford et al., 2007). Our work revealed that 9.9% of eriophyoid

species richness estimated using ICE projections was 2345 BINs

MTUs had a BIN split, an incidence similar to that reported in sev-

for the sampled locations (Figure 6), which means that many spe-

eral other groups of arthropods including beetles (5.7%, Pentinsaari

cies await description as just 930 species known from China (Hong

et al., 2014), flies (8.7%, Morinière et al., 2019), moths (9.1%, Zahiri

et al., 2010).

et al., 2014), spiders (19.3%, Blagoev et al., 2016), and wasps (15.8%,
Schmid-Egger et al., 2019). These cases have the potential to limit the
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DISCUSSION

4.1 | High performance of DNA barcodes in
resolving eriophyoid mites

efficiency of species identification and affect the overall assessment
of species diversity by DNA barcodes. Although barcode splits can
reflect ancestral polymorphisms (Smith et al., 2012), heteroplasmy
(Frey & Frey, 2004), or nuclear mitochondrial pseudogenes (Song
et al., 2008), but most cases that have been carefully examined actually reflect overlooked species. Diversity in herbivorous taxa is often

This study has established the first DNA barcode library for eriophyoid

associated with host shifts (Winkler & Mitter, 2008) or niche shifts

mites in BOLD based upon the analysis of 1850 sequences that derived

(Ricklefs, 2004). Our results indicate that BIN splits in eriophyoid

from 456 morphospecies in three families. Because COI sequence di-

mites are largely linked to shifts in host usage (e.g., Ab. hystrix) or geo-

vergences between different species averaged 19-fold higher than

graphical isolation (e.g., P. platyclada). Sequencing of more individuals

those within species (Hebert, Stoeckle, et al., 2004), these sequences

per species will almost certainly increase the incidence of BIN splits

enabled discrimination of 99% of the eriophyoid species that were

(Pentinsaari et al., 2017).
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TA B L E 4 The number of ecoregions
per species for Phytoptidae, Eriophyidae,
and Diptilomiopidae

Family

BINs in
Eco_TBMF

BINs In
Eco_TSMB

BINs In Eco_other
(TGSS + MGS + DXS)

Total BINs
In Eco_ALL

Phytoptidae

6 (50%)

6 (50%)

0

12

Eriophyidae

100 (29%)

230 (66%)

18 (5%)

348

Diptilomiopidae

18 (20%)

71 (77%)

3 (3%)

92

Total

124 (27%)

307 (68%)

21 (5%)

452

9

Note: The number of percentages indicates the ratio of species collected from different ecoregions
to all sample.
Abbreviations: DXS, deserts and xeric shrublands; MGS, montane grasslands and shrublands;
TBMF, temperate broadleaf and mixed forests; TGSS, temperate grasslands, savannas and
shrublands; TSMB, tropical and subtropical moist broadleaf.

F I G U R E 6 Rarefaction curves based
on the number of specimens and sampling
sites analyzed (solid line segment) and
extrapolations (dotted line segments) of
sampling curves for species (BIN) richness
with 95% confidence intervals (shaded
areas) for five ecoregions. The solid
dots and other three symbols represent
different ecoregions

4.3 | Plant-mite interaction networks

5

Our network analyses revealed a high level of modularity and spe-

This study assembled a DNA barcode reference library for

cialization between eriophyoid mites and their host plants (Table 4).

500 species of eriophyoid mites, representing about a half of

Modularity plays an important role in stabilizing antagonistic net-

the fauna known from Canada and China. Its development pro-

works and increasing community robustness because changes and

vides an interim taxonomic system for members of this super-

effects do not easily spread across different modules (Stouffer

family which are often difficult to identify because of their very

& Bascompte, 2011). In general, antagonistic networks tend to be

small size. By coupling DNA barcoding with the BIN system, we

more modular because of the evolution of defence mechanisms in

could examine both the extent of cryptic diversity in these mites

hosts and corresponding adaptation strategies (Becerra, 2015).

and their host interactions. The overall results indicate that the

Given this context, selective feeding on closely related host plants

Chinese fauna of eriophyoids is substantially more diverse than

could promote network modularity (Forister et al., 2015; Weiblen

expected, justifying the need for further investigation. The high

et al., 2006). This was true in our study, as when comparing net-

incidence of BIN splits further suggests that cryptic species are

works among three families, the Phytoptidae showed the lowest

prevalent, motivating further evaluation of their diversity. Our re-

modularity and specialization, as well as the lowest diversity and

sults confirm that most eriophyoid mites have high host specific-

ratio of BIN/host (0.53). The Phytoptidae are known to have the

ity so switches in host usage have probably been the main driver

lowest proportion of monophagous species (Skoracka et al., 2010).

of the high levels of modularity and specialization in their host-

In addition, the presence of high specialization in a network is an

mite interactions.

|
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important factor promoting network modularity (Mello et al., 2011).
Specialization is led by niche differentiation; this reduces competi-

AC K N OW L E D G E M E N T S

tion, facilitating species coexistence (Bluthgen et al., 2008). These
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