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Abstract—The article deals with the publications of recent years on the formation of galls on the leaves of
flowering plants infected with four-legged mites (Acariformes, Eriophyoidea). The literature data on several
parasite—host pairs were used, since there is no universal model system for the experimental analysis of this
problem. The gallogenesis is a complex growth reaction that occurs in the leaf tissues under the influence of
mite saliva. Data on the possibility of transmission of phytohormones and symbiotic microorganisms from
parasites to gall-forming plants are considered, but an important question about the nature of agents inducing
mite galls remains open. In recent years, progress has been made in the study of gene expression during the
development of galls on strawberry leaves. The mite galls are characterized by the presence of nutritive tissue,
and comparative cytological and molecular genetic studies of its development and differentiation are of inter-
est. It is also necessary to analyze the role and dynamics of changes in cell proliferation during gallogenesis,
since the widespread ideas about the activation of cell divisions in the early stages of gall formation are based
only on a qualitative evaluation, without quantitatively taking into account dividing cells.
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INTRODUCTION

Plant galls are specialized structures that appear on
plants in response to the effects of various parasites,
such as herbivorous insects, mites and nematodes,
viruses, bacteria, fungi (Sinnott, 1960; Raman, 2011;
Chetverikov et al., 2015; de Lillo et al., 2018; Ferreira
et al., 2019; Harris and Pitzschke, 2020; etc.). Many
researchers are engaged in the analysis of galls, but
most often botanists, zoologists, entomologists, para-
sitologists, and ecologists. Despite the extensive liter-
ature on the process of gallogenesis, it rarely attracts
the attention of developmental biologists. Meanwhile,
animal-induced galls (synonym: zoocecidia) “have a
constant and specific form, size, and structure and a
very considerable amount of histological differentia-
tion... In most cases they undergo a definite period of
development, or life cycle, correlated with that of the
parasite” (Sinnott, 1960, p. 283).

This review attempts to consider the induction of
mite gallogenesis as a developmental biology problem.
For this purpose, in particular, we attract some classi-
cal publications on the study of intercellular interac-
tions in animal ontogeny (Toivonen et al., 1976; De
Robertis and Kuroda, 2004), since the greatest success
in the research of induction processes was achieved

precisely in the field of experimental embryology of
animals. This concerns such aspects as genetic control
of embryonic induction, identification of inducing
molecules, and modes of transmission of inducing
stimuli. Naturally, the processes of cell differentiation
and morphogenesis in higher plants have their own
specifics. Nevertheless, when plants and parasitic
arthropods interact, the stimuli that modify the devel-
opment program of the host plant and induce gallo-
genesis are emitted from the animal’s body.

Galls can form on a wide variety of plant parts,
however, in this article we limit ourselves to reviewing
publications on mite galls induced only on leaves. Tra-
ditionally, leaf galls developing on plants infected with
insects have been studied more often. However, epi-
sodically in review articles on this topic (for example,
Raman, 2011, 2021; Fernandes et al., 2012; Géitjens-
Boniche, 2019; Miller and Raman, 2019), the authors
consider in the same context data on galls induced not
only by insects, but also four-legged mites (harmful
species with high economic significance). Therefore,
in contrast to the above-mentioned reviews, in which
minimal attention was paid to the mite galls, we
mainly discuss the literature on gallogenesis on leaves
infected with four-legged mites, but at the same time
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Fig. 1. Lateral view of a gall mite exemplified by Phyllocoptes bilobospinosus Chetverikov et al., 2019 (female, confocal laser scan-
ning microscopy). Notations: AL—anal lobe, G—gnathosoma (stylet-like chelicerae are everted), GC—genital coverflap, PSh—pro-
dorsal shield, OP—opisthosoma with opisthosomal cuticular annuli.

we also use some important data of recent years on the
development of insect-induced galls. On the other
hand, in reviews on plant interactions with the four-
legged mites (Petanovi¢ and Kielkiewicz, 2010a,
2010b; Chetverikov et al., 2015; de Lillo et al., 2018),
the authors tried to cover all aspects of mite gallogen-
esis and, perhaps, for this reason, they actually did not
use the literature on gall-forming insects.

BRIEF CHARACTERIZATION
OF THE FOUR-LEGGED MITES

Gall mites or eriophyoids (Acariformes: Eriophy-
oidea) are an aberrant group of microscopic acariform
mites (Fig. 1). They have an elongated worm-like body
covered with annular folds, a piercing-sucking mouth
apparatus and only two pairs of walking limbs, there-
fore they are often called “four-legged mites.” These
structural features of eriophyoids are associated with
adaptation to phytoparasitism and miniaturization
(Nuzzaci and Alberti, 1996). The size of eriophyoids
on average ranges from 200 to 300 um, and the small-
est representatives do not exceed 90 pum in length
(Polilov, 2015). Despite their microscopic size, four-
legged mites play an important role in ecosystems,
making a significant contribution to the regulation of
the quantitative and qualitative (structural) composi-
tion of phytocoenoses due to the ability of eriophyoids
to inhibit plant growth and induce gallogenesis
(Sukhareva, 1992; de Lillo et al., 2018). Recent works
on the phylogeny of Acariformes (Bolton et al., 2017,
2018; Klimov et al., 2018) showed that eriophyoids
have common ancestors with the ancient group of soil
worm-like nematalycide mites (Nematalycidae) and,
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probably, passed to phytophagy through an intermedi-
ate association with the mycorrhiza of higher plants.

Currently, about 5 thousand species of gall mites
are known, but it is assumed that most of the world
diversity of eriophyoids has not yet been described,
and the total number of species is estimated at about
50 thousand (Amrine et al., 2003). However, only
about 500 species (about 10% of the total number)
induce the formation of galls, while other species of
eriophyoids do not possess this ability and often live
on plants openly (Michalska et al., 2010; Chetverikov
etal., 2015; de Lillo et al., 2018). Mites are able to form
galls on all above ground unbarked parts of plants, but
most often infect leaves. Although attempts to classify
various types of leaf galls have been made many times
(Nalepa, 1929; Keifer, 1975; Westphal, 1992; West-
phal and Manson, 1996; Chetverikov et al., 2015), at
the moment there is no single classification accepted
by all experts. As the main classification criteria, such
traits of galls as their appearance and shape, color, and
localization on the plant are usually considered. Since
many eriophyoid galls mites are characterized by the
presence of a variety of trichomes formed under the
influence of mite saliva in the gall, the form of tri-
chomes (hairy, capitate, clavate, etc.) is often used to
distinguish the types of galls. On the leaves of woody
plants, mites cause the following main types of galls
(Fig. 2): pouch and nail galls, erinea (open galls, char-
acterized by the formation of a leaf area densely cov-
ered with trichomes, a kind of “trichome rug”), mar-
ginal leaf rolling, vein galls, and parenchymatous galls
(in this case, mites penetrate under the epidermis and
cause necrotic changes in the parenchyma).
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Fig. 2. Some common types of leaf galls caused by eriophyoid mites. (a) Marginal leaf rolling on the beech Fagus sylvatica caused
by the mite Acalitus stenaspis Nalepa; (b) pouch galls on the alder A/nus incana caused by the mite Eriophyes laevis Nalepa; (c) vein
(“serpentine”) galls on the leaf of the hornbeam Carpinus orientalis caused by the mite Aculops macrotricus Nalepa; (d) parenchy-
matous (blister) galls on the rowan Sorbus torminalis caused by the mite Eriophyes sorbi Canestrini; (e) nail galls on the linden
Tilia cordata caused by the mite Eriophyes tiliae Pagenstecher; (f) schematic structure of the pouch gall (modified after Fereira
et al., 2019). Notations: GC—gall chamber, LL—Ileaf lamina, NT—nutritive tissue, CB—conductive bundle, E—entrance to the

gall chamber.

It is pertinent to note that in the class of insects
(Insecta), which includes over a million species, there
are, according to various authors, from 13 thousand to
211 thousand gall-forming species (Stone and Schon-
rogge, 2003; Hardy and Cook, 2010; Takeda et al.,

2021). Such insects are found in six orders, most often
in the order Diptera (in the family Cecidomyiidae)
and in the order Hymenoptera (in the family Cynipidae).
The ability to induce gallogenesis appeared in the class
of insects repeatedly and independently (Hardy and
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Cook, 2010; Miller and Raman, 2019; de Aratjo et al.,
2019; Takeda et al., 2021), as well as in different phy-
logenetic lineages of gall mites (Chetverikov et al.,
2021).

BRIEF DESCRIPTION OF GALLOGENESIS
INDUCED BY FOUR-LEGED MITES
ON THE LEAVES OF FLOWERING PLANTS

There is no universal model system for the analysis
of mite gallogenesis on leaves. Different authors stud-
ied different parasite—host pairs from different cli-
matic zones of the globe: temperate climate (Kendall,
1930; Kane et al., 1997), subtropics (de Lillo et al.,
2020), tropics (Moura et al., 2009).

Gallogenesis induced by the mite Eriophyes laevis
Nalepa on two species of European alder Alnus gluti-
nosa (L.) Gaertn. and Alnus incana (L.) Moench.
(Betulaceae) (Kane et al., 1997), as well as induced by
the mite Aceria lantanae Cook on the neotropical
evergreen shrub Lantana camara L. (Verbenaceae)
(Moura et al., 2009) is described in relative detail. In
both cases, the initial stages of gallogenesis are associ-
ated with active cell division in the epidermis and
parenchyma of the leaf. Invagination occurs on the
abaxial side of the leaf lamina, resulting in the forma-
tion of a pouch gall (Kane et al., 1997). The gall cham-
ber, in which mites reproduce and develop, is lined
with nutritive tissue that serves as a direct food source
for parasites (Moura et al., 2009). However, it should
be noted that in the aforementioned articles (as, inci-
dentally, in the works on the analysis of insect-
induced gallogenesis), no quantitative accounting of
dividing cells was made during the formation of leaf
galls. Therefore, unfortunately, at present nothing can
be said about the duration of cell cycles (and possibly
also about the dynamics of their changes) during the
development of leaf galls induced by the eriophyoid
mites.

About 50 years ago, polyploidization of the nuclei
of nutritive tissue cells in the leaf galls of host plants
(plants of the genera Alnus, Campanula, Prunus,
Ulmus, etc.; mites of the genera Aceria, Eriophyes,
Phytoptus) was shown on several systems for the study
of mite gallogenesis (Hesse, 1968, 1971a; Westphal,
1974). At the same time, polyploid nuclei were also
found in the cells of the nutritive tissue of leaf galls
induced by insects (Hesse, 1968, 1971b, 1972). How-
ever, out of 60 pairs “flowering plant—parasitic
arthropod” studied in the works of M. Hesse, poly-
ploid nuclei in the cells of galls were clearly identified
only in the case of 26 pairs. In 25 pairs, the result was
unequivocally negative, and in 9 pairs it was presum-
ably negative (Hesse, 1968). Unfortunately, in subse-
quent years, the perspective of further study of poly-
ploidy in gall cells induced by mites or insects did not
attract the attention of researchers.
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The most detailed analysis of mite gallogenesis is
still a long-term series of studies conducted in France
by E. Westphal and her colleagues (Westphal et al.,
1981, 1990; Westphal, 1982, 1983, 1992; Bronner et al.,
1989; Westphal and Manson, 1996; etc.). These
authors cultivated the perennial bittersweet shrub
Solanum dulcamara L. (Solanaceae) in a laboratory or
greenhouse and infected the plants with the eriophy-
oid mite Aceria cladophthirus Nalepa. An experimental
study using 240 young plants at the age of 3—4 weeks,
each infested with 20—50 gall mites, revealed two
completely different responses of the host organism to
the action of parasites (Westphal et al., 1981). Only
36% of plants were susceptible to gallogenic effects of
mite bites, in which leaf galls were formed as a result.
Already within the first hour after the mite pierced the
wall of the epidermal cell of the bittersweet leaf with
chelicerae, the plant polysaccharide callose began to
accumulate near the puncture site. The nuclei and
nucleoli of epidermal cells around the puncture site
increased in size and chromatin dispersion occurred.
In the following hours, the division of these cells was
noted and the gradual formation of the gall began. The
epidermal cell damaged by the mite died. However,
the surrounding epidermal cells, apparently, somehow
received a signal from this cell to differentiate into the
nutritive tissue of the gall, whose cells were character-
ized by slightly increased size and larger nuclei and
nucleoli, although ploidy analysis was not performed
in this case (Westphal et al., 1981; Westphal, 1982;
Westphal and Manson, 1996). Thus, in this series of
works, it was shown that the mite acts on a single plant
cell (injecting saliva), but the gall-forming effect cap-
tures an entire section of the leaf.

On the other hand, almost 2/3 of the mite-infected
bittersweet plants (64%) did not form galls (Westphal
et al., 1981; Westphal, 1982). Nevertheless, in these
plants, mites within a few hours induced a hypersensi-
tivity reaction in the leaf epidermis. Around the punc-
ture sites, cell death began within the first hour, no
callose deposition occurred, and after 4 hours, poly-
phenolic compounds were found in necrotic areas,
which were clearly delimited from normal (intact) tis-
sue. After about 3 weeks, the spots of necrotic lesions
on slightly deformed leaves of resistant plants were
300—400 um in diameter. The survival time of mites
on these resistant plants did not exceed 2—3 weeks
from the moment of infection of the bittersweet
(Westphal et al., 1990). According to the works of
recent years (Golan et al., 2017; Wallis and Galarneau,
2020; Singh et al., 2021), polyphenols, widespread
metabolites of flowering plants, provide their chemi-
cal protection against a variety of pests, including par-
asitic arthropods.

Of particular interest are the data of Westphal
(1992) obtained in the study of another parasite—host
system: the eriophyoid mite Eriophyes eupadi Newkirk
and the common bird cherry Prunus padus L. (Rosa-
ceae). The analysis of the dependence of the start of
Vol. 53
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gallogenesis on the duration of mite feeding was car-
ried out. For this purpose, mites were removed from
the leaves at various intervals after the start of the
experiment, which lasted 10 days. By the end of the
ten-day period, full-fledged young galls with differen-
tiated nutritive tissue were formed on the control
leaves. The minimum time of contact of the parasite
with the plant, necessary for the appearance of only
small primary protrusions of the leaf lamina area
(“abortive galls”), ranged from 8 to 24 hours, and fur-
ther gallogenesis did not continue after the removal of
mites. In order to form a small pouch gall, which does
not yet have nutritive tissue (“defective gall”), the
presence of a feeding mite on the bird cherry leaf was
required for 48 hours.

Thus, the experiments carried out in the Westphal
laboratory show that (1) the degree of development of
a gall depends on the duration of exposure to the mite;
perhaps the determining factor is the minimum criti-
cal amount of saliva that the mite injects into the plant
cell in order to start gallogenesis; (2) plants differ in
the degree of resistance to mites and are capable of one
of two types of reactions: either the formation of galls,
or the hypersensitivity reaction, accompanied by tis-
Sue necrosis.

BRIEF OVERVIEW OF RECENT RESEARCH
ON MITE GALLOGENESIS

There are several lines of research related to the
induction of gallogenesis. First, in special experiments
(de Lillo and Monfreda, 2004), it was found that the
saliva of four-legged mites acts on wheat coleoptiles in
a similar way to how auxins and cytokinins act on cole-
optiles (enhancing their growth). These phytohor-
mones play an important role in the process of normal
plant development, participating in the control of cell
division, differentiation, and morphogenesis (see, for
example: Fambrini and Pugliesi, 2013; van Berkel
et al., 2013). Subsequently, data on the presence of
auxins and cytokinins (mainly in the salivary glands)
were obtained in the immunochemical analysis of a
large number of insect species (Yamaguchi et al., 2012;
Andreas et al., 2020; Ponce et al., 2021). Thus, a
hypothesis arose that these phytohormones (or their
analogs) are synthesized in the salivary glands of gall-
forming arthropods and, entering the tissues of the
host plant, modify the program of its normal develop-
ment.

Second, it is well known that many species of
arthropods (both mites and insects) are often in sym-
biotic relationships with various bacteria (see, for
example: Zhang et al., 2016; Gétjens-Boniche, 2019;
Hammer and Moran, 2019), and such bacterial symbi-
onts are both intracellular and intracavitary. On this
basis, one could assume that, together with the saliva
of a parasitic animal, the host plant also receives bac-
teria that stimulate the formation of galls. Nonethe-
less, a recent study of 12 insect species (which included
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both gall-inducing species and closely related non-
gall-inducing species) did not support this hypothesis.
As the authors pointed out (Hammer et al., 2021, p. 1),
“there were no specific bacterial taxa that were consis-
tently associated with gall induction.” However, the
number of species studied in this work was small.
Besides, a number of characteristic gall-forming insects
from the families Cynipidae and Cecidomyiidae were not
analyzed. Hammer et al. (2021) studied mainly represen-
tatives of the families Aphididae (Hemiptera), Gelechii-
dae (Lepidoptera), and Tephritidae (Diptera). No
mites were included in their analysis. Finally, some
species of eriophyoid mites can be vectors of phyto-
pathogenic viruses (de Lillo et al., 2018; Mansouri
et al., 2021; Trzmiel et al., 2021; etc.). However, even
in this case, nothing is known about ability of the sym-
biotic viruses of mites to cause the formation of galls.
Thus, it seems premature to speak about the emer-
gence of a clearly formulated “symbiotic” (or “infec-
tious™) hypothesis of the induction of gallogenesis.

In recent years, a system consisting of the eriophy-
oid mite Fragariocoptes setiger Nalepa and the green
strawberry Fragaria viridis Weston (Rosaceae) has
become a promising model for the analysis of leaf gal-
logenesis (Pautov et al., 2016; Paponova et al., 2018).
It is assumed that “morphologically, gall formation is
a bending of cell sheets that compose the leaf lamina,
accompanied by a change in the direction of differen-
tiation of their cells” (Pautov et al., 2016, p. 1406).
Discussing a hypothetical scheme for the formation of
leaf galls, these authors attempt to attract ideas from
the experimental embryology of multicellular animals
(Beloussov, 2005), according to which mechanical
stress plays an important role in the morphogenesis of
cell sheets. However, it seems that such an attempt is
not entirely correct due to the well-known differences
in morphogenetic mechanisms between multicellular
animals and higher plants (Ivanov, 2011). In particu-
lar, due to the presence of cell walls in the plant organ-
ism during its development, there is neither migration
of individual cells, nor movements of cell layers. Any-
way, a detailed analysis of the possible role of mechan-
ical stress in the morphogenesis of mite galls on the
leaves of strawberries (or any other plants) has not yet
been published.

Subsequently, the same group of authors (Papon-
ova et al., 2018) performed a complex morphological
(histological) and molecular genetic analysis of galls
on strawberries. Four stages of gall growth have been
identified: the first stage roughly corresponds to the
“abortive gall” of Westphal (1992), the second stage
roughly corresponds to the “defective gall” of West-
phal, while the third and fourth stages correspond to
full-fledged young and mature galls of Westphal. Gall
ontogenesis begins with the activation of anticlinal cell
divisions in the mesophyll and epidermis (at the stage 1).
Later, both anticlinal and periclinal divisions take
place; gall cell proliferation continues at the develop-
mental stages 2 and 3. The discovery of the inversion
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of the adaxial-abaxial polarity of the epidermis during
the growth of galls can be considered a very interesting
finding of these authors. Finally, the same publication
(Paponova et al., 2018) provides detailed data on
changes of the expression of the CYCD3 and CYCBI
cell cycle genes, as well as genes encoding home-
odomain transcription factors from the KNOX and
WOX families, during the process of gallogenesis. The
expression intensity of all mentioned genes increased
during the stage 2, remained at a high level at the stage 3,
and dropped sharply by the stage 4. It is known from
the literature that homeobox genes KNOX and WOX
are universal regulators of normal plant development and
diversity (Hake et al., 2004; Hay and Tsiantis, 2010; Gao
et al., 2015; Radoeva et al., 2019; Conklin et al., 2020).

Thus, in the example of mite gallogenesis consid-
ered above (Paponova et al., 2018), there is a change
(modification) of the normal genetic program of a
young leaf development in the host plant. Similar data
on changes in the genetic program of development of
the host plant were recently obtained in the study of
insect-induced leaf gallogenesis (Hirano et al., 2020).
The parasite—host system included the aphid Schlech-
tendalia chinensis Bell (Aphididae, Hemiptera,
Insecta) and sumac Rhus javanica L. (Anacardiaceae).
In the early stages of gall development, an increase in
the expression of KNOX genes and a suppression of the
expression of genes associated with the regulation of
photosynthesis were shown. The suppression of pho-
tosynthesis during gallogenesis under the influence of
insects and mites has been shown in many works
(Patankar et al., 2011; Carneiro et al., 2014; Kmieé
et al., 2018; Takeda et al., 2019; Pestov and Ogorod-
nikova, 2020; Shih et al., 2020).

In the latest literature, data have appeared on the
participation of elements of reproductive development
programs in the implementation of gallogenesis: the
activation of genes that ensure the formation of repro-
ductive organs has been found (Schultz et al., 2019;
Takeda et al., 2019). An illustrative example is the
grape phylloxera Daktulosphaira vitifoliae Fitch (Phyl-
loxeridae, Hemiptera, Insecta) and the coastal grape
Vitis riparia Michx (Vitaceae) (Schultz et al., 2019).
Some leaf galls of grape resemble flowers and fruits in
appearance. Similar data are not yet available for gall-
forming eriophyoid mites.

Westphal (1983) claimed that the nutritive tissue
lining the gall chambers (with large cells and polyploid
nuclei) is present only in the mite galls, while it is
absent in the galls induced by insects. Such a point of
view turned out to be erroneous, and the presence of
typical nutritive tissue was recently shown also in galls
induced by representatives of insects from the orders
Diptera, Hymenoptera, and Lepidoptera (Ferreira
et al., 2017, 2019). However, these authors suggest that
nutritive tissue is absent in galls induced by insects
from the order Hemiptera (for example, aphids). The
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latter seem to feed directly on phloem sap, sucking
nutrients from the conductive bundles.

In publications of the Westphal laboratory (West-
phal et al., 1981; Westphal, 1982, 1992), it was empha-
sized that the cells of the nutritive tissue in mite-
induced leaf galls differentiate from epidermal cells.
Modern researchers (Ferreira et al., 2017, 2019, 2020)
argue that the nutritive tissue in mite galls can differ-
entiate not only from the leaf epidermis, but also from
parenchymal cells. Speaking about these transforma-
tions of cell types during gallogenesis, the authors
(Ferreira et al., 2019) use the term “redifferentiation.”
However, in developmental biology and cell biology,
the term “transdifferentiation” is usually preferred to
denote changes in differentiation at the cellular level
(e.g., Eguchi and Kodama, 1993). Neither a compar-
ative study of the nutritive tissue of mite galls, nor a
molecular-genetic analysis of its development has yet
been carried out.

CONCLUSIONS

Leaf gall formation is a complex growth reaction
that occurs in plant leaf tissues in response to an injec-
tion of saliva from four-legged mites. Analyzing gallo-
genesis, researchers are faced with a number of phe-
nomena and processes that are traditionally in the
field of developmental biology: changes in gene
expression and cell proliferation activity, the search for
factors that induce morphogenesis, and transdifferen-
tiation of cells and tissues.

To date, the greatest progress has been achieved in
the study of changes in gene expression during gallo-
genesis induced by mites on leaves (genes from the
KNOX and WOX families, as well as the CYCD3 and
CYCBI cell cycle genes). However, the analysis of pro-
liferation in works on gallogenesis is based only on a
qualitative assessment, without a quantitative account
of dividing cells.

The nature of agents inducing mite gallogenesis
and the specific mechanisms of their transmission to
the plant have not been fully elucidated despite inten-
sive research in this direction. It cannot be excluded
that in different interacting parasite—host systems, the
details of the “cellular and molecular dialogue” of
these two participants differ. This idea resonates with
the concepts of classical experimental animal embry-
ology, according to which various interacting systems
have a number of common features, but the method of
transmission of the inducing stimulus is not universal
(Toivonen et al., 1976). In addition, the molecules
that induce the differentiation of the same structure in
the early development of an animal can be very diverse
(see, for example: De Robertis and Kuroda, 2004).

Special attention should be paid to the comparative
cytological and molecular genetic analysis of the
development of the nutritive tissue of mite galls, since
it is not yet unequivocally clear from which source
Vol. 53
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(cells of the parenchyma or the leaf epidermis) it orig-
inates.

Thus, despite a significant number of publications
on the induction of leaf gallogenesis by the four-
legged mites, progress in the development of this prob-
lem from the point of view of a developmental biolo-
gist has been relatively small to date. In our opinion, in
the future it is necessary to use several (at least 2 or 3)
parasite—host model systems, and it is desirable that
several groups of researchers work in parallel on each
of these systems. Main discoveries in the study of
developmental biology of the mite galls have not yet
been made.
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