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Abstract: Eriophyoid mites (Acariformes, Eriophyoidea) are microscopic chelicerates morphologi-
cally greatly preadapted to endoparasitism on plants. Members of at least six phylogenetically distant
eriophyoid genera from two families homoplastically transitioned to endoparasitism and acquired
the ability to penetrate under the plant epidermis and feed on parenchymatous cells, usually causing
necrosis. Theoretically, endoparasites are expected to show patterns of codivergence with hosts
more than ectoparasites. Novophytoptus Roivainen 1947 is the only eriophyoid genus comprising
exclusively endoparasitic species living in subepidermal tissues of herbaceous monocots of three
families of the order Poales: Cyperaceae, Juncaceae, and Poaceae. Here, we described two new en-
doparasitic species, N. limpopoensis n. sp. and N. zuluensis n. sp., from southern African sedges Carex
spicatopaniculata Boeckeler ex C.B.Clarke and C. zuluensis C.B.Clarke, respectively, and investigated
the Cox1 phylogeny of Novophytoptus. Contrary to expectations, molecular phylogenetics did not re-
cover host-specific mite clades associated with Cyperaceae and Juncaceae, but revealed geographical
groups of Novophytoptus species from Africa and Eurasia. Our results provide a substantial basis for
future coevolutionary studies on novophytoptines, which will be possible when more species and
sequences of Novophytoptus from geographically remote regions and from diverse hosts representing
all major clades of Poales become available for analyses.

Keywords: endoparasite; monocot; sedge; grass; rush; air-cavity; codivergence

1. Introduction

Mites of the superfamily Eriophyoidea Nalepa 1898 are microscopic and highly host-
specific parasites permanently associated with three groups of higher vascular plants—ferns,
gymnosperms, and angiosperms [1]. Up to now, this taxon includes about 5000 described
species; however, recent estimates suggest that many species are still not discovered and the
world fauna of Eriophyoidea may comprise up to 240,000 species [2,3]. Most known species
of eriophyoids are typical ectoparasites, living as vagrants on vegetative and generative plant
organs, piercing the epidermal cells by needle-shaped stylets and sucking the cell sap through
their beak-like proboscis [4,5]. About 20% of species are capable of manipulating the normal
development of plant organs caused by unknown factors within the saliva injected in plant
cells, thereby inducing the growth of galls, and feeding on the cells of gall tissues [5-7].
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Parasitism is a form of symbiotic relationship between organisms in which one (par-
asite) benefits at the expense of the other (host) [8]. Ectoparasites and endoparasites
(including intercellular and intracellular forms) are two main groups of parasitic organisms.
Intracellular endoparasites live within cells, whereas intercellular endoparasites live in
the spaces between cells of the internal organs and tissues of their host. Mites (Acari) are
an ancient and extremely diverse group of arachnids that have commonly exploited the
parasitic niche as ectoparasites and, to a lesser extent, endoparasites of invertebrates and
vertebrates [9]. Mite endoparasitism on plants is rarely discussed in the literature, and
there is a tradition to classify such a relationship predominantely as a form of herbivory or
“phytophagy” [10], although ecologically, it shares characteristics with endoparasitism on
animal hosts.

Eriophyoids are significantly simplified and miniaturized organisms posessing only
two pairs of legs, an elongated body covered with cuticular rings, a large reproductive
system, well-developed central nervous system and musculature, and lacking specialized
respiratory and excretory systems [4,11]. Despite their highly adaptive morphological
attributes, Eriophyoidea are a very ancient, early derivative group, as evidenced by the
finding of similarly morphological forms in the related superfamily Triasacaroidea in
Carnian-aged amber of the Triassic Era, ca., 230 Ma [12]. Morphologically, eriophyoids
are greatly preadapted to endoparasitism, especially those that possess a vermiform body
resembling shapes of nematodes. Recent cladistic studies suggest that Triasacaroidea, Erio-
phyoidea, and their sister group, the soil mites of the early derivative family Nematalycidae,
synapomorphically share a worm-like annulated opisthosoma [13-15]. This habitus could
have evolved in their common ancestor as an adaptation for inhabiting narrow tunnel-like
interstitial spaces in soil, making eriophyoids highly predisposed to living within plant
tissues after they switched to phytoparasitism [14,16].

There is a lack of data on how common endoparasitism is in Eriophyoidea. Current
data suggest that members of at least six phylogenetically remote genera (Aceria Keifer
1944, Eriophyes von Siebold 1851, Novophytoptus Roivainen 1947, Oziella Amrine et al. 2003,
Schizoempodium Oldfield 1998, and Trisetacus Keifer 1952) from two families (Eriophyidae
Nalepa 1898 and Phytoptidae Murray 1877) homoplastically transitioned to endopara-
sitism [17]. They acquired the ability to enter the tissues underneath the epidermis, repro-
duce in subepidermal intercellular spaces, and feed on parenchymatous cells, often causing
local necrosis.

Novophytoptus (Phytoptidae) is the only eriophyoid genus comprising exclusively
endoparasitic species living on monocots. It belongs to the monotypic phytoptid subfamily
Novophytoptinae Roivainen 1953 and possesses a set of morphological traits rarely ob-
served in other groups of eriophyoids or unique for Novophytoptus, some of which could
have evolved as adaptations to endoparasitic life style [17,18]. Novophytoptus species lack
gnathosomal seta d, tibial solenidion ¢, and femoral setae bv I and II, have unusually long
setae sc (>50 um), eye-like structures on anterorlateral areas of the prosoma, 10-20 ventral
annuli between the genital coverflap and coxae II, two pores under the genital cover-
flap (Figure 1F) leading to uncommonly large spermathecae (Figure 1G), and a plate-like
anterior genital apodeme orthogonal to the main body axis (Figure 1G,H).

All Novophytoptus species live in air-cavities of leaves, leaf sheaths, and stems of herba-
ceous monocots of the order Poales (Figure 1A,B) and damage spongy tissues between
veins. As a result, characteristic “brownish stripes” corresponding to necrotized subepi-
dermal parenchyma appear on the infested plant organs (Figure 1C-E). Novophytoptines
penetrate and exit subepidermal spaces of their hosts through circular holes (Figure 1E),
which they possibly “cut” or “drill” in the epidermis, or through epidermis stomata [17,20].
However, it was shown that their stylets are unsuitable for making holes large enough
for a mite to squeeze through, and the sizes of mature epidermal stomata are too small
for penetration by eriophyoids [17]. Therefore, the exact mechanism of epidermal perfora-
tion is still unknown. Probably, mites attack the plant epidermis in the early stage of its
development when the leaf or stem is young and a small hole initially produced by the



Diversity 2023, 15, 416

30f18

POALES

mite’s stylets in the relatively soft, developing epidermis later enlarges to become a larger
aperture. Alternatively (but less likely, we believe), the mites could kill several neighboring
epidermal cells and penetrate later through the large area of the destroyed epidermis.
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Figure 1. (A)—Group of Novophytoptus longissimus in a Petri dish with water, (B)—a female of
N. longissimus (arrow) inside stem of Juncus conglomeratus (Serbia), (C,D)—necrosis of intervein leaf
mesophyll caused by N. luzulis on Luzula pilosa (C, Northern West Russia) and by N. rostratae on
Scirpus sp. (D, Northern West Russia), (E)—emergency exit in stem epidermis of Scirpus sp. used
by N. rostratae for leaving subepidermal spaces, (F)—paired pores (arrows) leading to spermathecal
tubes in N. maritimus (DIC LM, Ukraine), (G)—a generalized 3D scheme of female internal genitalia
of Novophytoptus, (H)—3D reconstruction of anterior genital apodeme in N. rostratae (asterisk indicate
ventral opisthosomal cuticle). (I)—Novophytoptine species diversity mapped on the phylogeny of
Poales (simplified from [19]). Numbers of Novophytoptus species (including the two new species
described in this paper) associated with Poaceae (blue), Juncaceae (black), and Cyperaceae (red) are
indicated in circles. Five main lineages of Poales are indicated above branches. Type localities of
Novophytoptus species are shown by dots (colored according to the host family) on the background
world map. Scale bar: (A,B) = 200 mm; (C) = 5 mm; (D,E) = 2 mm; (G,H) =5 um. Notations:
sp—spermatheca, st—spermathecal tube, aga—anterior genital apodeme.
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Up to now, Novophytoptus has been recorded from two large lineages of Poales—cyperids
and graminids, with most species (77%) associated with cyperid families Juncaceae and Cyper-
aceae and only three species (23%) with graminid family Poaceae (Figure 11I). In 20132017,
several expeditions focused on exploring the eriophyoid fauna of South Africa were orga-
nized by the ARC Plant Protection Research Institute (Roodeplaat, Gauteng, South Africa) in
cooperation with Saint-Petersburg State University (Russia). During these expeditions, special
efforts were made to elucidate if Novophytoptus occurs in the African continent because, at that
time, this genus was known only from Europe, and North and South America. Mites of this
genus were not found on Xyris sp. (xyrids, Xyridaceae) sampled in 2013 in the Magaliesberg
mountains near Pretoria (South Africa), nor on Prionium serratum (L.f.) Drege (cyperids, Thurni-
aceae) and Restio spp. (restiids, Restionaceae) sampled in 2016 near Cape Town. However, they
were frequently recorded on various sedges and rushes (Cyperaceae and Juncaceae, cyperids)
in Gauteng, Mpumalanga, Limpopo, and Western Cape provinces of South Africa in 2013,
2016, and 2017.

In this paper, we describe two new Novophytoptus species from African sedges, provide
their Cox1 sequences, and reconstruct a molecular phylogeny of Novophytoptus in order
to test two hypotheses: (1) species of Novophytoptus cluster according to the families of
their hosts, and (2) the phylogenetic relationships of Novophytoptus species are related to
geographic proximity, more specifically to the continent on which they occur. We also
examined specimens of three additional Novophytoptus species (including paratypes for
some of them) that morphologically resemble the two new species from South Africa in
order to find characterstics for separating them the most effectively.

2. Material and Methods

Morphology. Live mites used in the descriptions and phylogenetic analyses were
collected in 2017 in South Africa from plants using a fine minuten pin and a dissecting
microscope, and then placed in Eppendorf tubes filled with 96% ethanol. Ethanol-preserved
material was used for DNA extraction and slide mounting. The mites were mounted in
Hoyer’s medium with iodine [21] and cleared on a heating block at 90 °C for 3-5 h. Slide-
mounted specimens were examined with differential interference contrast (DIC) light
microscopy (LM) using a Leica DM2500 (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a digital camera, ToupCam UCMOS09000KPB. Images and specimens were
analyzed and measured using ToupTek ToupView (Hangzhou ToupTek Photonics Co., Ltd.,
Hangzhou, China). In the descriptions of the new species, the measurements of a holotype
(female) are given followed by measurement ranges for the paratype females. In the
description of males, the measurements are given as ranges. All measurements are given in
micrometers (um) and are lengths, except when mentioned otherwise. The classification
and terminology of the external morphology follow [2,4]. Drawings of mites were sketched
by pencil using a video projector [22], scanned, and finalized in Adobe Illustrator CC
2014 (Adobe Systems, San Jose, CA, USA) using a Wacom Intuos S CTL-4100K-N (Wacom
Co., Ltd., Kazo, Saitama, Japan) graphics tablet. Host plants were identified by Dr. K.W.
Sepheka (SANBI, South African National Biodiversity Institute, Pretoria) and their scientific
names were verified and given according to [23].

Comparative material. Slide-mounted females of Novophytoptus rostratae Roivainen
1947 from the Acarological collection of the Zoological Institute of RAS (Russia); two
paratype females of N. ammophilae Skoracka et Boczek 2000 loaned from the Department of
Animal Taxonomy and Ecology, A. Mickiewicz University (Poznan, Poland); two paratypes
of N. silvai Flechtmann 2004 loaned from the collection of the Department of Entomology,
Phytopathology, and Agricultural Zoology of the University of San-Paolo (Brazil) were
used as comparative material.

DNA extraction and sequencing. For DNA extraction, 1-3 mite specimens of each
species were crushed with a fine pin in a 3 pL drop of distilled water on a cavity well
microscope slide. The drop was pipetted into a thin-walled PCR tube with 20 pL of 5%
solution of Chelex® 100 Resin (Bio-Rad Laboratories, Inc., Hercules, CA, USA) before being
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heated two times (5 min at 95 °C). The solution above the settled Chelex® granules was
used as the DNA template for PCR to amplify a fragment of subunit I of Cox1. Thermal
cycling profiles and primers (for PCR and for sequencing) used were as specified by [24].
After amplification, 3.5 uL of each reaction product was mixed with 0.5 pL of SYBR Green
I (Lumiprobe, Hannover, Germany) and analyzed by electrophoresis in a 1% agarose gel
to assess the product size and concentration. Sequences were obtained using BigDye
Terminator v.3.1 chemistry in a 3500x] Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA). New sequences were compared with the sequences of Eriophyoidea
currently available in GenBank (22 November 2022) using blastn and blastx algorithms
(http:/ /blast.ncbi.nlm.nih.gov /Blast.cgi, accessed on 22 November 2022).

Sequence alignment and molecular phylogenetic analyses. Apart from the two new
Cox1 sequences obtained in this study, the genus Novophytoptus is represented by 20 sequences
of 5 genes (Cox1—7, 285—5, 185—4, hsp70-5—23, ef1-alpha—1) in the Nucleotide NCBI database.
All available Cox1 sequences of Novophytoptus were included in the analyses. Cox1 sequences
of Oziella atherodes Chetverikov 2011 (closely related out-group) and Pentasetacus araucariae
Schliesske 1980 (distant out-group) were used for rooting the trees. Sequences were aligned
using the L-INS-i MAFFT algorithm [25] and the web-based program interface [26] with
the default settings. The absence of stop codons in Cox1 sequences was checked with Mega
7 [27]. The Cox1 alignment contained 11 sequences with 1166 nucleotide positions. The Cox1
sequences were analyzed as (a) nucleotides, (b) codons, and (c) amino acids. Maximum
likelihood analyses were conducted in IQ-tree 2 [28]. For gene evolution, the following models
were selected using ModelFinder [29] as implemented in IQ-tree 2 based on the Bayesian
Information Criterion: TIM2 + F + I + G4 (a), GY+F+R3 (b), and mtART + R2 (c). Branch
support values were generated from Ultrafast bootstrap approximation (UFBoot) with 10,000
bootstrap alignments, 1000 maximum iterations, and a minimum correlation coefficient of
0.99. Values of an SH-like approximate likelihood ratio test (SH-aLRT) with 1000 replicates
were labeled on the maximum likelihood (ML) trees.

3. Taxonomy

Superfamily Eriophyoidea Nalepa 1898

Family Phytoptidae Murray 1877

Subfamily Novophytoptinae Roivainen 1953

Genus Novophytoptus Roivainen 1947

Type species: Novophytoptus rostratae Roivainen 1947

Number of species: 13.

Species included: N. aculeatus Pye 2012, N. ammophilae Skoracka et Boczek 2000,
N. glyceriae Skoracka et Boczek 2000, N. limpopoensis n. sp., N. longissimus Chetverikov,
Petanovié 2016, N. luzulis Chetverikov 2015, N. maritimus Chetverikov 2015, N. rostratae
Roivainen 1947, N. silvai Flechtmann 2004, N. stipae Keifer 1962, N. tauricus Mitrofanov,
Sharonov, Sekerskaya 1983, N. zuluensis n. sp., and Novophytoptus sp. (undescribed species
from South Africa).

Hosts: sedges (Cyperaceae), rushes (Juncaceae), and grasses (Poaceae).

Relation to hosts: all members of this genus are endoparasites, living under the
epidermis in air-cavities or in spaces of parenchymatous tissues of leaves, leaf sheaths,
and stems.

Novophytoptus ammophilae Skoracka et Boczek 2000 (Figure 2). Two paratype fe-
males from Ammophila arenaria (L.) Link. (Poaceae), from POLAND: Western Pomerania,
MiKdzyzdroje, on dune, 21 July 1999, slides #P1 and #P2, coll. A. Skoracka. The mites were
found vagrant on leaves and causing no visible damage [30].
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Figure 2. DIC LM images of two paratype females of Novophytoptus ammophilae Skoracka et Boczek
2000. (A,B)—prodorsal shield, (C)—coxal apodemes, (D,E)—empodia I (D) and II (E), (F)—entire
female, (G)—dorso-lateral aspect of telosome. Scale bar: (A-C,G)—10 um; (D,E)—1 um; (F)—30 pum.

Remarks. This species has (1) the last 34 dorsal telosomal annuli smooth; (2) very
strong coxal apodemes protruding inside body in a form of blunt rod-shaped processes;
(3) indistinct lateral margins of prodorsal shield; (4) all opisthosomal setae of normal
thickness except stout and thickened setae f; (5) two groups of microtubercles preceding
tubercles of sc and no microtubercles in the medioposterior field of prodorsal shield;
(6) almost smooth lateral areas of prodorsal shield; (7) admedian and median lines fused
forming entire central ridge; (8) asymmetrical empodia: in empodium II, one of the terminal
rays is about 5-6 times longer than the other; in empodium I, terminal rays are subequally
long and situated on a short rod-like shaft and, thus, remote from other rays; (9) ventral
surfaces of femur, genu, and tibia of both legs with thin longitudinal striae. Novophytoptus
ammophilae is close to N. maritimus Chetverikov 2015. The traits (4), (6), and (7) from the
list above differentiate these two species: contrary to N. ammophillae, in N. maritimus, all
opisthosomal setae are notably thickened, lateral areas of the prodorsal shield with distinct
sinuous lines, and median and admedian lines non-fused.

Novophytoptus rostratae Roivainen 1947 (Figure 3A-F). Whitish and slightly orange
females and males and immatures inside air cavities under leaf epidermis of Carex rostrata
Stokes (Cyperaceae) (type host), from FINLAND: Imatra, 61°09'52.3" N 28°46'17.0" E, 3
July 2012, slide series #I1/10-12, coll. P.E. Chetverikov. Damaged areas between veins of
green infested leaves are brown because of necrosis of subepidermal parenchyma.
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Figure 3. DIC LM images of females of Novophytoptus rostratae Roivainen 1947 (A-F) and N. silvai
Flechtmann 2004 (G-J). (A)—Prodorsal shield, (B)—semi-lateral view of entire mite, (C)—smooth
dorsal telosomal annuli, (D)—internal genitalia, (E)—empodia I and II, (F)—tarsal solenidia I and II.
Scale bar: (A) = 15 um; (B) = 50 um; (C) = 3 um; (D-F) =5 um; (G)—30 um; (H)—10; (I))—2 um.

Remarks. N. rostratae, the type species of the genus Novophytoptus, was described
from a sedge C. rostrata from Finland in the middle of the 20th century as vagrant on
leaves [31]. Later, it was shown that (a) N. rostratae is an endoparasite living under the
leaf and stem epidermis on various hosts of cyperaceous genera Bolbloschoenus, Carex,
Eriophorum, Scirpoides, and Scirpus in Eurasia; (b) the specimens sampled from mite popula-
tions associated with different hosts are so similar morphologically that only multivariate
statistics of morphometric data can differentiate them [32,33]. Considering the unusually
large and diverse list of hosts, this taxon may be a complex of cryptic species such as Aceria
tosichella Keifer or Abacarus hystrix (Nalepa) from grasses [34,35]. The diagnostic traits of
N. rostratae are: (1) distinct ridge delimiting lateral margin of prodorsal shield; (2) higher
body width/length ratio because the mite is more robust, thick, and wide in comparison to
some other members of Novophytoptus, e.g., N. stipae, N. longissimus, N. maritimus, and N.
luzulis, which have more elongated, worm-like bodies; (3) smooth dorsal telosomal annuli;
(4) median and admedian lines completely fused into a solid thick ridge in anterior third
of prodorsal shield but distinctly diverging in posterior half of the shield; (5) differently
shaped empodia I (symmetrical, the terminal fork close to the shaft) and II (asymmetrical,
one of the terminal rays is about 3-4 times longer than the other); (6) femur and genu of
both legs with thin longitudinal striae ventrally, while tibiae I and II smooth ventrally.
The combination of characteristics (1), (2), (3), and (6) separates N. rostratae from all other
species of Novophytoptus.
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Novophytoptus silvai Flechtmann 2004 (Figure 3G-J). Two paratype females from
Cyperus giganteus Vahl. (Cyperaceae), from BRAZIL: Sao-Paolo, Pariquera-acu, 24°36'51" S,
47°33/22" W, 7 October 2003, slides #17 and #19 from series #2650, coll. L.V.E. Silva. The
mites were found vagrant on leaves and inflorescences and “ ... in the spaces inside older
leaves, intralaminar, from where they emerge, in large numbers, through cuticular holes
cut in the leaf epidermis” [20].

Remarks. The two investigated paratype slides are in poor condition: the medium
contains cracks, grains, and bubbles; the paratype specimens are overly flattened and mite
exoskeletons are so translucent that topographies of dorsal and ventral cuticles are visually
merged and could hardly be discerned from each other (Figure 3G,H). However, it was
possible to ascertain that (1) lateral margins of the prodorsal shield are indistinct and the
ridges, which were observed in N. rostratae, are absent (Figure 3H vs. Figure 3A); (2) the
shape of opisthosoma is similar to that in N. rostratae; (3) dorsal telosomal annuli are smooth;
(4) median and admedian lines converge in anterior third of prodorsal shield forming entire
thick ridge; (5) both empodia I and II are asymmetrical because their terminal rays are not
equal in length; this difference is more pronounced in empodium II; (6) three parallel lines
between tubercles of ve and sc, depicted in drawings of N. silvai in the original description,
are absent in paratypes; however, similarly shaped ridges on coxal plates II are present
and can be observed through dorsal cuticle, providing the false impression that they are
lines of the prodorsal shield. Among all Novophytoptus spp., N. silvai is morphologically
closest to N. rostratae. Traits (1) and (5) from the list above differentiate these two species
most effectively.

Novophytoptus zuluensis n. sp. Female holotype (n = 10, Figure 4A-G, Figures 5,
6 and 7A-C). Idiosoma vermiform, 301 (284-312), 37 (36—41) wide at the level of setae
c2, 45 (4348) wide at the level of setae f. Prodorsal shield subpentagonal, 22 (21-24),
16 (15-17) wide with two ocella-like spots (="eye-like structures” sensu [36]) lateral to
setae ve. Median line of prodorsal shield faint and short, present only in the median part
of the shield. Admedian lines complete, slightly converging midway and forming entire
thick ridge (under DIC LM). Three short, curved lines (submedian I, II, and III) between
admedian and tubercle of ve and one oblique line (submedian IV) lateral to tubercles of
ve. A pair of thin (sometimes poorly distinct) L-shaped lines, flanking admedian ridges in
their posterior half, and posterolaterally reaching near sc tubercles; sparse microtubercles
along the base of L-shaped lines. Two short converging ridges (somewhat forming a “v”)
preceding first dorsal opisthosomal annulus in the center. Setae ve 11 (10-16), directed
anterolaterad, tubercles 9 (8-10) apart; sc 66 (60-79), directed posterolaterad, tubercles
14 (14-17) apart. Distance between tubercles ve—sc 14 (14-16). Gnathosoma elongate,
directed straight forward at slightly ventral angle, 21 (20-22); pedipalp coxal seta ep 2 (2-3),
pedipalp genual seta d absent, subapical pedipalp tarsal seta v 0.5 (0.5-1). Ventrally, basal
gnathosoma covered by rectangular suboral plate (n = 4) about 9-10, 5-6 wide, with two
ridges forming V-shaped figures.

Leg I 25 (24-29), tarsus 4 (4-5), u’' 3 (2-3), ft' 3 (3-5), ft” 11 (9-12), w with tiny terminal
spherical knob, 4 (4-5), empodium I 4/4-rayed, 5 (5-6), each ray of the three basal pairs with
one additional secondary branch, terminal paired rays without additional branching, medial
terminal ray 2-3 times longer than lateral (thus, empodium I is distinctly asymmetrical); tibia 6
(6-8), smooth ventrally, I’ 4 (4-5), genu 4 (34), ventrally with 3-4 indistinct longitudinal striae,
1”11 (10-14), femur 8 (7-9), ventrally with 5-8 longitudinal striae, bv absent. Leg II 23 (22-28),
tarsus 4 (4-5), 1’ 2 (2-3), ft' 3 (3-4), ft” 14 (13-17), w with tiny terminal spherical knob, 8 (7-9),
empodium II 4/4-rayed, 7 (6-8), each ray of the three basal pairs with one additional secondary
branch, terminal paired rays without additional branching, medial terminal ray 3—4 times longer
than lateral (thus, empodium Il is distinctly asymmetrical); tibia 5 (5-7), smooth ventrally, genu
3 (34), ventrally with 3-5 indistinct longitudinal striae, I 11 (10-14), femur 7 (7-8), ventrally
with 5-7 longitudinal striae, bv absent.
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Figure 4. Drawings of prodorsal shields, legs, and tarsal appendages of Novophytoptus zuluensis
n. sp. (A-G) and N. limpopoensis n. sp. (H-Q). (A)—Female prodorsal shield, (B,C)—legs Il and I,
(D)—empodium I, (E)—tarsal solenidion I, (F)—empodium II, (G)—tarsal solenidion II, (H)—female
prodorsal shield, (I)—empodium I, (J)—tarsal solenidion I, (K)—empodium II, (L)—tarsal solenidion
II, (M)—male empodium I, (N,O)—male tarsal solenidia I and II, (P,Q)—legs I and II. Scale bar 5 pm.
Notations of lines of prodorsal shield (A): sm1, sm2, sm3, and sm4—submedian I, II, III, and IV lines;
Isl—L-shaped line.

Mite collection sites
Carex spicatopaniculata

Carex zuluensis

Figure 5. Estimated distributions of Carex spicatopaniculata and C. zuluensis (based on open data source
from www.gbif.org, africanplantdatabase.ch, and www.inaturalist.org accessed on 22 November 2022)
and collection sites of N. limpopoensis n. sp. (1) and N. zuluensis n. sp. (2) in Africa.
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Figure 6. DIC LM images of Novophytoptus zuluensis n. sp. (females). (A)—dorsal view of entire mite,
(B)—tarsal appendages I and II, (C)—prodorsal shield, (D)—internal genitalia, (E)—coxigenital area,
(F)—two pores (arrows) leading to spermathecal tubes, (G)—lateral view of prosoma, (H)—telosome.
Scale bar: (A) = 40 um, (B) =4 um, (C,E,H) = 10 um, (D) =5 um, (F) =2 pm, (G) = 15 um.

2000

0o 0000
00000000
0000%\}00000000 030

Figure 7. Drawings of coxigenital area (A,F), telosome (B,G), female internal genitalia (C,D), and
male genital area (E) of Novophytoptus zuluensis n. sp. (A-C) and N. limpopoensis n. sp. (D-G). Scale
bar: (A,B,F,G) =10 um; (C-E) =5 pm.
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Ornamentation of coxal plates variable, usually coxae I each ornamented with 3 long
parallel ridges forming together a distinct pattern comprising 6 almost parallel lines, coxae
II each ornamented with 5-6 sinuous longitudinal lines. Prosternal apodeme inversely
T-shaped, 17 (16-18). Setae 1b 10 (9-13), 10 (9-10) apart; 1a 17 (16-24), 4 (4-6) apart; 2a 32
(29-38), 16 (16-18) apart; 15 (13-16) coxigenital annuli before epigynium, pregenital plate
(sensu [37]) absent. Genital coverflap semi-circular, smooth, 5 (5-6), 11 (10-13) wide; setae
3a 9 (8-12), 11 (10-13) apart. Two small cuticular rings 1-1.5 in diameter, delimiting two
pores leading to spermathecal tubes present under genital coverflap (Figure 5F). Internal
genitalia (n = 5). Spermatheca sac-shaped, large, 8-11, 5-7 wide; spermathecal tube curved,
4-5, consisting of two globose segments, longitudinal bridge 6-8, anterior genital apodeme,
10-12 wide, situated in transverse plane.

Opisthosoma vermiform, slightly expanded caudally, widest at level of tubercles f,
with 110 (104-116) dorsal and 92 (84-100) ventral annuli with elongated microtubercles;
last 5-6 dorsal annuli with less numerous and smaller microtubercles. Lateral surface of
caudal lobe with group of small round microtubercles. Setal lengths: c2 15 (13-27), d 20
(18-24), €10 (9-11), f 11 (9-13), h1 3 (3—4), h2 52 (50-66); 12 (10-13) annuli from rear shield
margin to c2; 14 (13-15) annuli between c2-d; 22 (20-25) annuli between d and e; 38 (36—41)
annuli between e and f; 6 (5-6) annuli between f and h1.

Male. Not found.

GenBank data. OP730708 (Cox1, 1166 bp).

Host plant. Carex zuluensis C.B.Clarke (Cyperaceae).

Remarks. The host plant, C. zuluensis, is a robust perennial caespitose herb, 60 (80)-100
(120) cm tall with short woody rhizome, smooth, leafy stems, dark green leaves, 0.6-1.2 cm
wide, glabrous, coriaceous, with scabrid margins and paniculate, lax, oblong inflorescence,
20-40 cm long. This sedge is common in South Africa, Lesotho, and the Kingdom of
Eswatini (previously Swaziland), and also found in Kenya, Tanzania, and Zimbabwe
(Figure 5). Typical habitats are forest margins, swampy places, e.g., stream banks. It is also
often found in open grassland, on steep east- and south-facing grassy mountain slopes at
500-2100 m alt. Flowering period June-July [23,38].

Relation to the host. Mites live under the leaf epidermis within spaces (air-cavities)
of parenchyma, where they feed on parenchymatous cells. Such feeding causes necrosis of
tissues, resulting in a brownish color of the parenchyma and the inner surface of epidermis
of the infested leaf area.

Type locality. SOUTH AFRICA: Whiskey Creek, road Sabie-Lydenburg, 16 November
2017, 25°07'40.1” S 30°35'46.8" E.

Type material. Female holotype on slide E4703, 10 paratype females on slides E4709—
E4712 recovered from vial M147a containing about 40 mites in 96% ethanol. All specimens from
SOUTH AFRICA (type locality), 16 November 2017, coll. P. Chetverikov, S. Neser, C. Craemer.

Etymology. The specific epithet, zuluensis, is an adjective of masculine gender, corre-
sponding to the name of the type host plant (C. zuluensis) of the new species.

Differential diagnosis. The new species is close to N. stipae Keifer 1962. The main
differences are in microtuberculation of the dorsal telosomal annuli (absent in N. stipae),
lengths of setae sc (60-79 vs. 78-138), ft” Il (19-25 vs. 13-17), e (1421 vs. 9-11), and f
(17-21 vs. 9-13); all setae are longer in N. stipae and in the ornamentation of the prodorsal
shield (Figures 4A and 6C). In N. zuluensis n. sp., the prodorsal shield has: almost smooth
lateral areas (distinctly wrinkled in N. stipae), oblique and L-shaped lines (absent in N. stipae),
median line very short (longer and present in posterior half of prodorsal shield in N. stipae), no
microtubercles in the medioposterior area of prodorsal shield delimited anteriorly by L-shaped
lines (medio-posterior third of prodorsal shield densely microtuberculate in N. stipae).

Novophytoptus limpopoensis n. sp. Female holotype (n = 9, Figure 4H-Q), Figure 7D-G
and Figure 8). Idiosoma vermiform, 261 (256-272), 41 (4044) wide at the level of setae c2,
44 (42-48) wide at the level of setae f. Prodorsal shield subpentagonal, 24 (22-26), 16 (15-18)
wide with two ocella-like spots (="eye-like structures” sensu [36]) lateral to setae ve. Median
line of prodorsal shield distinct, present in posterior half of the shield. Admedian lines complete,
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slightly converging in anterior third and forming entire thick ridge (under DIC LM). Two-three
short, curved lines (submedians I, II, and III) between admedian and tubercle of ve. Two thin
mirrored L-shaped lines and sparse microtubercles along them delimiting anterolaterally a
subtriangular area situated between tubercles of sc and posterior margin of prodorsal shield.
Thin arc-shaped line between posterior margin of prodorsal shield and posterior ends of ad-
median and median lines. Thin short striae near lateral margin of prodorsal shield. Setae ve
14 (12-18), directed anterolaterad, tubercles 8 (7-9) apart; sc 72 (65-83) long, directed postero-
laterad, tubercles 13 (12-16) apart. Distance between tubercles ve-sc 15 (14-16). Gnathosoma
elongate, directed straight forward at slightly ventral angle, 21 (20-23); pedipalp coxal seta ep
3 (34), pedipalp genual seta d absent, subapical pedipalp tarsal seta v 0.5 (0.5-1). Ventrally,
basal gnathosoma covered by elongated rectangular suboral plate with two ridges forming
V-shaped figure.

Figure 8. DIC LM images of Novophytoptus limpopoensis n. sp. (A,B)—dorsal (A) and ventral (B) view of
entire mite, (C)}—prodorsal shield, (D)—ventral aspect of anal lobe, (E)—male genital area, (F)—female
tarsal appendages I and II, (G,H)—male empodia I (G) and II (H), (I)—female coxigenital area, (J)—female
internal genitalia, (K)—semilateral view of telosome. Scale bar: (A,B) = 40 um; (C,D), (LK) = 10 pm;
(E)) =5 um; (F,GH) =2 um.

Leg I 27 (25-30), tarsus 4 (4-5), u’ 3 (3-4), ft' 4 (4-6), ft"" 10 (9-13), w with tiny terminal
spherical knob, 4 (4-5), empodium I 4/4-rayed, 6 (5-6), each ray of the three basal pairs
with one additional secondary branch, terminal paired rays without additional branching,
of equal length or medial ray slightly longer than lateral ray (thus, empodium I is almost
symmetrical); tibia 7 (6-8), smooth ventrally, I 5 (4-7), genu 5 (4-5), with 3—4 longitudinal
striae ventrally, I 15 (12-17), femur 8 (7-9), with 5-7 longitudinal striae ventrally, bv
absent. Leg II 26 (23-27), tarsus 4 (4-5), u’ 3 (3-4), ft' 3 (3-4), ft" 15 (14-17), w with tiny
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terminal spherical knob, 7 (6-8), empodium II 4/4-rayed, 7 (6-7), each ray of the three
basal pairs with one additional secondary branch, terminal paired rays without additional
branching, medial terminal ray 3—4 times longer than lateral (thus, empodium Il is distinctly
asymmetrical); tibia 6 (5-6), smooth ventrally, genu 4 (3—4), with 34 longitudinal striae
ventrally, I 11 (10-14), femur 9 (7-9), with 4-8 longitudinal striae ventrally, bv absent.

Ornamentation of coxal plates variable; in most specimens, coxae I each with 2-3 longitu-
dinal lines and 2—4 faint shorter lines, coxae II each with two distinct lateral lines and shorter
irregularly oriented internal lines. Prosternal apodeme inversely T-shaped, 16 (15-17). Setae 1b
10 (9-12), 10 (9-11) apart; 1a 21 (20-26), 5 (5-7) apart; 2a 40 (36-47), 17 (16-18) apart; 14 (13-15)
coxigenital annuli before epigynium, pregenital plate (sensu [37]) absent. Genital coverflap
semi-circular, smooth, 6 (5-7), 12 (10-13) wide; setae 3a 12 (10-13), 12 (11-13) apart. Two small
pores 1.5-2 in diameter leading to spermathecal tubes present under genital coverflap (not
shown). Internal genitalia (n = 4). Spermatheca sac-shaped, large, 9-12, 5-7 wide; spermath-
ecal tube sausage-like, 34, longitudinal bridge 5-8, anterior genital apodeme, 11-12 wide,
situated in transverse plane.

Opisthosoma vermiform, slightly expanded caudally, widest at level of tubercles f,
with 88 (83-90) dorsal and 76 (72-85) ventral annuli with elongated microtubercles; last
4-5 dorsal annuli with less numerous and smaller microtubercles. Lateral surface of caudal
lobe with group of small round microtubercles, 4-5 short thin longitudinal ridges between
h1. Setal lengths: c2 21 (19-24), d 11 (9-12), e 12 (10-13), f 15 (13-17), h1 3 (2-4), h2 56 (51-71);
9 (9-10) annuli from rear shield margin to ¢2; 14 (13-16) annuli between c2 and 4; 18 (17-21)
annuli between d and e; 29 (26-32) annuli between e and f; 6 (6-7) annuli between f and h1.

Male (n = 3). Body elongate, 209-220, 38-42 wide, leg I 23-25, leg II 21-22, empodia
I and II uniform, symmetrical, 4/4-rayed, 34, notably smaller than in females mainly
because of the shorter terminal rays. Genital area 7-8, 10-12 wide, setae 32 9-11, 12-14 apart,
setae eu not visible. Opisthosoma with 78-84 dorsal and 76-79 ventral annuli.

GenBank data. OP730707 (Cox1, 1152 bp).

Host plant. Carex spicatopaniculata Boeckeler ex C.B.Clarke (Cyperaceae).

Remarks. The host plant, C. spicatopaniculata, is a slender perennial caespitose herb
30-120 (140) cm tall with short thick rhizome, glabrous, leafy stems, dark green leaves,
20-50 cm long and 0.5-1.3 cm wide, with scabrid margins and veins, and paniculate
inflorescence, with densely pubescent axes and branches. This sedge is common in South
Africa, Lesotho, Kingdom of Eswatini, also found in Zimbabwe, Malawi, Tanzania, Ethiopia,
Cameroon, and Comoros (Figure 5). It grows at an altitude of 900-3000 m. Typical
habitats are forest margins. Flowering period June-July [38—40]. Botanists report that
in herbaria, C. spicatopaniculata (the host of N. limpopoensis n. sp.) is often confused
with C. zuluensis (the host of N. zuluensis n. sp.), C. chlorosaccus, Schoenoxiphium rufum
Nees, and S. ludwigii [23,38]. Unverified old data suggest possible hybridization between
C. spicatopaniculata and C. zuluensis [41] although later authors question this [23].

Relation to the host. Mites live under the leaf epidermis within spaces (air-cavities)
of parenchyma, where they feed on parenchymatous cells and cause necrosis of tissues,
resulting in a brownish color of the parenchyma and the inner surface of the epidermis of
the infested leaf area.

Type locality. SOUTH AFRICA: Limpopo, Lekgalameetse National Reserve, near
pools, 10 November 2017, 24°12/00.4” S, 30°20'19.2" E.

Type material. Female holotype on slide E4713, 9 paratype females and 6 males in
slides E4714-E4718 recovered from vial M65a containing about 50 mites in 96% ethanol. All
specimens from SOUTH AFRICA (type locality), 10 November 2017, coll. P. Chetverikov,
S. Neser, C. Craemer.

Etymology. The specific epithet, limpopoensis, is an adjective of masculine gender,
corresponding to the Limpopo province of South Africa, where the type locality of the new
species is situated.

Differential diagnosis. Novophytoptus limpopoensis n. sp. is close to N. zuluensis n.
sp. (see above). The main differences are in the ornamentation of the prodorsal shield and
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South Africa

Eurasia

coxae, number of opisthosomal annuli, and length of opisthosomal seta d. Novophytoptus
limpopoensis n. sp. has longer median line that extends along the posterior half of the
prodorsal shield, lacks the oblique line lateral to tubercles of ve, has thin arc-shaped line
near posterior margin of prodorsal shield, two thick lateral ridges on coxae II, fewer dorsal
(83-90) and ventral (72-85) annuli, and shorter opisthosomal seta d (9-12). Novophytoptus
zuluensis n. sp. has very short median line, distinct oblique line lateral to tubercles of ve,
two short converging ridges near posterior margin of prodorsal shield, no paired thick
lateral ridges on coxae II, greater number of dorsal (104-116) and ventral (84-100) annuli,
and longer seta d (18-24). Novophytoptus limpopoensis n. sp. is also close to N. rostratae,
but can be easily distinguished from that by microtuberculate dorsal opisthosomal annuli
(smooth in N. rostratae), indistinct lateral margin of prodorsal shield (delimited by distinct
ridge in N. rostratae), and notably more elongate body (Figure 3B vs. Figure 8A,B).

Blast search results and Cox1 sequence diversity. Blast searches for sequences OP730707
and OP730708 of the two new species return as the best hits the same three sequences KY922365
(N. rostratae), MT712729 (N. longissimus), and MT712730 (N. luzulis) with 82.32-83.45% identity
when using the blastn algorithm and sequences ATY50385 (N. rostratae), QLD94603 (N. longis-
simus), and QLD94603 (N. Iuzulis) with 91.08-95.60% identity when using the blastx algorithm.

Pairwise K2P genetic distances for all analyzed Cox1 sequences of Novophytoptus
ranged from 0.20 to 0.35 (Table S1). The average K2P value between specimens of Novophy-
toptus included in the analysis was 0.23 £ 0.0.02 and that between specimens identified as
N. rostratae was 0.21 £ 0.02. The lowest K2P distances between Cox1 sequences of the two
new species and other Cox1 Novophytoptus sequences were equal to 0.22 and were found in
pairs with sequence KY922365 of N. rostratae.

4. Molecular Phylogenetic Analyses

Maximum likelihood analyses of Cox1 sequences treated as nucleotides, codons, or
amino acids produced similar topologies with most nodes having low support, indicating
poor resolution of the obtained phylogenetic tree of Novophytoptus. Support values overall
were slightly lower when treating Cox1 as nucleotides or codons (not shown). In accordance
with our previous study on the phylogeny of Phytoptidae [42], the genus Novophytoptus
was inferred monophyletic (Figure 9). In all analyses, we observed the same pattern with
sequences of the African Novophytoptus species forming a poorly supported clade and
those of the Eurasian species forming a basal grade. Novophytoptus spp. associated with
host—plant families Cyperaceae and Juncaceae were mixed in all trees and did not form
host-family-specific clades.

OP730707* N. limpopoensis n. sp.

MT712731 Novophytoptus sp.

76.8/53
OP730708* N. zuluensis n. sp.

JUNCACEAE

73.1/57

out-group

75.9/58 KT070241 N. cf rostratae

MT712729 N. longissimus CYPERACEAE

— KY922365 N. rostratae THURNIACEAE
74.5/78 .
2630% L KT070240 N. cf rostratae Gyperids
W MT712730 N. luzulis RAPATACEAE
L KT070242 N. of luzulis
out-group .
KY922364 Oziella atherodes MAYACACEAE

MNO905325 Pentasetacus araucariae

Figure 9. Maximum likelihood tree based on a 388-amino-acid alignment of the translated Cox1 gene
showing phylogeny of Novophytoptus. Nodes are labeled by values of SH-aLRT single branch test/UF
bootstrap support (UFBS). Mite species associated with Cyperaceae and Juncaceae are colored blue
and red, respectively. Two geographical groups of Novophytoptus species recorded from Africa and
Eurasia are highlighted yellow and gray. Phylogeny of cyperids (simplified from [19]) is shown on the
right. New sequences of Novophytoptus obtained in this study are indicated by asterisks.
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5. Discussion

In this study, we described two new species of the endoparasitic genus Novophytoptus
from South Africa, N. limpopoensis n. sp. and N. zuluensis n. sp., and investigated the
phylogeny of Novophytoptus through sequence analyses of the mitochondrial Cox1 gene.
Differentiating these new species required investigating the comparative material of three
Novophytoptus spp. (N. ammophillae, N. rostratae, and N. silvai), which allowed us (1) to
find characteristics for separating these Novophytoptus species and (2) observe that the
~20-years-old-type material of N. silvai from Brazil and of N. ammophillae from Poland are
in very poor condition.

Similar to most eriophyoid genera, identification keys for species of Novophytoptus
are lacking in the literature [43]. Although the total number of Novophytoptus species is
relatively low (13), correct species identification is impeded by the great morphological
similarity of Novophytoptus species and requires defining a set of reliable characteristics
for species delimitation. Our study suggests the following morphological traits to be
the most effective for this purpose and can be used in the future for preparing a key
for Novophytoptus species: (a) ornamentation of coxae and prodorsal shield, especially
presence of clusters of microtubercles and lengths of median, oblique, and L-shaped lines;
(b) empodial morphology; (c) thickness of opisthosomal setae, especially setae c2, d, e, and
h1; (d) presence/absence of microtubercles on dorsal telosomal annuli; (e) striation on
ventral surface of leg segments, especially on tibiae; (f) some morphometrics, including
lengths of body and setae sc, number of dorsal opisthosomal annuli, and the relative
dimensions (width/length) of the body.

Barcode gene sequence comparison is a powerful contemporary method for testing
conspecificity and species delimitation, and Cox1 and 28S genes are the most often and
successfully used genes for Eriophyoidea [44—47]. In this study, we compared all available
Cox1 sequences of Novophytoptus and revealed that the high overall intergeneric sequence
diversity averaged about 23%. We also found a pairwise sequence dissimilarity of 20-25%
between members of morphologically distinct species (e.g., N. longissimus and N. luzulis)
and between sequences of morphologically very similar mites from different populations of
the same species (N. rostratae), suggesting cryptic speciation in Novophytoptus. A similarly
high Cox1 sequence diversity was observed in various eriophyoid genera and is common
for complexes of cryptic species that evolved within different phylogenetically remote and
ecologically diverse host plant groups [48-51].

Endoparasites have more intimate relationships with their hosts and are expected
to show patterns of codivergence with hosts, more than ectoparasites [8]. In this study,
we investigated the system “Novophytoptus—monocots” and expected to recover the codi-
vergence of Novophytoptus with different families of Poales. Our molecular phylogenetic
analyses included sequences of mite species from only two of the three monocot families
reported to be hosts of Novophytoptus, namely Cyperaceae and Juncaceae (both from cyper-
ids), while sequences of those from Poaceae (graminids) were unavailable. This limitation
did not allow for testing the hypothesis on the codivergence of novophytoptines with
higher lineages of Poales (bromeliads, cyperids, graminids, restiids, and xyrids) [19], yet the
Cyperaceae/Juncaceae codivergence within cyperids was available for evaluation. Morpho-
logically, Novophytoptus species from these two plant families are very similar; however, in
general, Novophytoptus species from Juncaceae have prodorsal shields with more developed
ornamentation, including more ridges and microtubercles.

Contrary to expectations, molecular phylogenetics has not shown family-host-specific
clades of Novophytoptus but revealed geographic groups of Novophytoptus species collected
from different continents (Africa and Eurasia) (Figure 9). A similar geographical lineage sep-
aration and absence of codiversification with hosts were obtained in a system comprising
endoparasitic mermithid nematodes and stick insects Timema (Phasmatodea, Timematidae)
and in some other, mostly aquatic, systems including flatworms and copepods associated
with fish hosts [52]. The factors possibly contributing to the noncongruence of host and
parasite trees include various traits of the parasite ecologies, higher mutation rates, smaller
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effective population sizes, and limited dispersal abilities of endoparasites relative to their
hosts [52]. Some of these factors, e.g., those related to dispersal and genetic drift, may
be highly relevant to eriophyoids, especially to gall-forming and endoparasitic taxa such
as Novophytoptus [53]. The latter is a rare example of an undoubtedly monophyletic erio-
phyoid taxon distinctly contrasting to most other eriophyoid genera morphologically and
ecologically. We predict that dozens of new Novophytoptus species will be described in the
future when more monocot hosts are examined for the presence of eriophyoids under the
epidermis. The tentative results of the CoxI sequence phylogenetic analyses presented
herein provide a basis for further coevolutionary studies on novophytoptines, which will
be possible after more species and sequences of Novophytoptus from geographically remote
regions and from phylogenetically distant hosts, representing all major clades of Poales,
become available for analyses.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/d15030416/s1, Table S1: Pairwise K2P genetic distances between Cox1 se-
quences involved in the analyses.
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