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Abstract

Leaf-dwelling mites often prefer to feed on young leaves and also are more likely to inhabit
the abaxial leaf side. The aim of our study was to examine whether leaf age may affect pro-
duction and distribution of eggs on black locust leaves by females of Aculops allotrichus.
The eriophyoids were tested for 2.5 days on ‘trimmed’ compound leaves (with only two
opposite leaflets left), which were maintained in vials filled with water. For the experiments
we used leaves of three categories: (1) the ‘youngest’, in which both halves of the adaxial
side of leaflets still adhered to each other (and usually remained folded for the next few
hours), (2) ‘young’ with already unfolded leaflets, and (3) ‘mature’ with fully expanded
leaflets. The tested females laid significantly more eggs on developing leaves than on
‘mature’ ones, although they deposited the highest number of eggs on the ‘young’ leaves.
The distribution of eggs on adaxial or abaxial leaf sides also depended on leaf age. On the
‘youngest’ leaves, eriophyoids placed similar numbers of eggs on both sides of a blade.
However, the older the leaf, the more willingly females deposited eggs on the abaxial side.
Our biochemical and morphometrical analyses of black locust leaves indicated significant
changes in the contents of nutrients and phenols within leaf tissue, and in the density of
trichomes and thickness of the outer epidermal cell walls, correlated with leaf age. Their
possible effects on the production and distribution of eggs on leaves by A. allotrichus are
discussed.
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Introduction

For an egg-laying animal, the choice of oviposition site can be a significant component
of fitness (Resetarits and Wilbur 1989). This also applies to many phytophagous insects
whose juveniles have little chance of changing their place of development. Females are
expected to choose the habitat whose features are suitable not only for her, but also
those which favour offspring growth and survival (Thomson 1988; Mayhew 1997; Putra
et al. 2009; Gall et al. 2012).

For insects and mites that inhabit leaves, decisions regarding oviposition may be
influenced by several factors, including (1) the quality and quantity of nutrients, (2) the
presence of feeding deterrents (e.g. phenols and tannis) and toxins in leaves (Dabrowski
and Bielak 1978; Awmack and Leather 2002; Bauerfeind and Fisher 2005), and (3) leaf
architecture, e.g. thickness of the epidermal cell wall, and the presence of acarodomatia,
stomata or trichomes, which may affect food availability for herbivores and also create a
specific habitat for them (Hanley et al. 2007; Sudo and Osakabe 2011).

Eriophyoids are tiny (0.1-0.3 mm long) herbivorous mites that are highly special-
ized in relation to their host plants (Keifer 1975; Lindquist et al. 1996; Petanovié¢ and
Kietkiewicz 2010b). They often inhabit narrow spaces on plants or induce the growth
of galls within which they live. Vagrants are well adapted to living freely on leaves,
though they can also seek various leaf depressions or hairs for protection (Keifer 1975;
Lindquist et al. 1996; Michalska et al. 2010). In contrast to many leaf-dwelling mites,
which clearly prefer the abaxial leaf side, eriophyoids occur either on the abaxial or
adaxial or on both sides of a blade and this phenomenon is also species-specific (Keifer
1975; Lindquist et al. 1996; Sudo and Osakabe 2011).

Most eriophyoids have short mouthparts (e.g. Eriophyidae and Phytoptidae), which
limit their penetration of plant tissue to the epidermal layers (Keifer 1975; Lindquist
and Oldfield 1996). The mites pierce with their stylets through the outer epidermal cell
wall, inject saliva and finally suck out the externally digested cell content (Nuzzaci and
Alberi 1996). However, gall-formers and some vagrant species can also derive food
from deeper layers, via the nutritive tissues that originate from epidermal and mesophyll
cells during feeding (Westphal and Manson 1996; Petanovi¢ and Kietkiewicz 2010a).

In contrast to the inner periclinal and anticlinal walls, the outer epidermal cell wall
is especially thick and it becomes even thicker with leaf age (Segado et al. 2016). The
cuticle, the hydrophobic region of the outer epidermal cell wall (Fernandez et al. 2016),
together with epicuticular waxes, can considerably hinder the feeding of insects and
mites as well as their movement and attachment to the leaf surface (Gibson 1974; Guts-
chick 1999; Ochoa et al. 2011; Bensoussan et al. 2016; Gorb and Gorb 2017; Wdjcicka
2016).

As shown by the survey of 36 angiosperm species, including herbaceous, woody decid-
uous or woody evergreen plants (Onoda et al. 2015), the thickness of the outer epidermal
cell wall (including a cuticle layer) of leaves ranges from a few up to 30 um, depending on
the plant species. For comparison, in most species of eriophyoid mites, the length of cheli-
cerae lies between 15 and 40 um (except for some eriophyoids from Nalepellidae and most
species from Rhyncaphytoptidae in which the length of chelicerae can reach 60-70 um)
(Keifer 1975). This suggests that the outer epidermal cell wall may be a significant barrier
to eriophyoid feeding, and further investigations are needed to determine how long erio-
phyoid chelicerae are in relation to the thickness of the outer epidermal cell wall of their
host plants, and whether these parameters are correlated.
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Apart from the outer cell wall of epidermis or epicuticular waxes, leaf trichomes
can also substantially impede herbivore feeding (Gutschick 1999; Hanley et al. 2007;
Dalin et al. 2008), mechanically affecting herbivore attachment to the leaf surface, or
being an irritant to their bodies. Glandular trichomes, on the other hand, produce sticky
and/or toxic substances that can act lethally or sub-lethally on herbivorous insects and
mites (Stipanovic 1983; Chatzivasileiadis and Sabelis 1997; Gutschick 1999; Xiao
et al. 2017). However, for many tiny arthropods, such as mites, leaf pubescence can
also be beneficial; leaf trichomes can protect them against predators, create a favour-
able microclimate, and catch pollen and hyphae for fungi and pollen-feeders (Kreiter
et al. 2002; Sudo and Osakabe 2011).

Leaf architecture can differ considerably between adaxial (upper) and abaxial (lower)
leaf sides (Sudo and Osakabe 2011). It can also change with leaf age (Coetzee et al.
2009; Fernandez et al. 2014), so does the content of nutrients and secondary compounds
within a single leaf (Gutshick 1999). Thus, the environment within the same leaf can
be diverse and will vary with time, which may also affect the behaviour of arthropods
inhabiting leaves in different ways (Sudo and Osakabe 2011).

Eriophyoid mites have been recorded on both young and old leaves. Many eriophy-
oid species clearly prefer to colonize young leaves rather than old ones (Keifer 1975;
Lindquist et al. 1996). Gall formers require meristem tissue to induce the growth of
galls (Nalepa 1928; Keifer 1975). Several free-living species, e.g. Acaphylla cajani
(Channabasavanna 1996), Calepitrimerus vitis (Duso and de Lillo 1996), Aculus fockeui
(Castagnoli and Oldfield 1996) and Abacarus hystrix (Keifer 1975), are also reported as
preferring to build up populations on plant’s new growth. Other eriophyoids, however,
such as Phyllocoptruta oleivora (Keifer 1975), Acaphyllisa parindiae or Calacarus car-
inatus (ChannaBasavanna 1996) clearly favour mature leaves to developing leaves. It
is still not clear what effects leaf architecture, as well as different nutrients and feeding
deterrents in young vs. old leaves, might have on eriophyoid decisions about settlement
and egg laying on leaves.

The aim of our study was to examine the effect of leaf age on oviposition by Acu-
lops allotrichus Nalepa, a vagrant eriophyoid that inhabits compound leaves of the black
locust tree, Robinia pseudoacacia L. (Castagnoli and Laffi 1985; Amrine and Stasny
1994). The eriophyoid and its host plant constitute an interesting study system. Acu-
lops allotrichus can be noted on both abaxial and adaxial sides of leaflets, although on
mature leaves it markedly prefers the abaxial side. The leaves of the black locust tree are
reported to contain various secondary compounds, including phenols, terpenoids and
steroids (Hosseinihashemi et al. 2016; Madanat et al. 2018; Kaloo et al. 2018), as well
as two toxins, robin and robitin (present mostly in young leaves), which are known to
be poisonous to humans and livestock (Levis and Elivin-Lewis 2003). Both sides of the
leaves are covered by non-glandular, uniseriate, one or three-cellular trichomes (Orlovié
et al. 2004; Cilina et al. 2011).

Apart from the production and distribution of eggs by A. allortrichus females, we
also analysed some factors that could affect their oviposition on leaves of different ages.
(1) We estimated the content of some essential nutrients and secondary compounds in
the leaf tissue i.e. soluble proteins, sugars, and amino acids as well as phenols. (2) We
compared the length of stylets of females and larvae and the thickness of the outer epi-
dermal cell wall of the abaxial and adaxial leaf sides, which could be a potential feeding
barrier for females and their offspring. (3) As leaf pubescence could favour the sur-
vival of eriophyoids, we also compared the density of those trichomes on both sides of
leaflets.
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Materials and methods

Aculops allotrichus females were collected from an infested tree of black locust, R. pseudo-
acacia grown on the campus of the Warsaw University of Life Science. All tests, including
morphometric and biochemical analysis, were carried out using ‘clean’ compound leaves.
These were obtained from a group of six non-infested black locust shrubs grown in full
sunshine, at a distance of 1-2 m from each other in the Ursynow district, Warsaw. We used
‘clean’ leaves of three categories: (1) the ‘youngest’, 4th-9th top compound leaves in which
the adaxial blades of both halves of leaflets adhered to each other along the main vein and
became unfolded within a few hours of the test, (2) ‘young’, 5th—11th top compound leaves
with already unfolded leaflets, and (3) ‘mature’, 6th—15th top compound leaves with fully
expanded leaflets. From each black locust shrub we collected 3—4 compound leaves of each
category. The sampled leaves were transported to the laboratory in a portable refrigera-
tor at a temperature of 5-10 °C. Handling eriophyoids, counting eriophyoid eggs and leaf
trichomes were carried out at X 25-50 magnifications, under an Olympus SZX zoom ster-
eomicroscope equipped with a source of cool light, Olympus Highlight 3100. Eriophyoids
were manipulated using an eye-lash glued to a wooden stick.

Effect of leaf age and leaf side on eriophyoid oviposition

For the test, we collected N=19 ‘clean’ compound leaves of each category that were then
‘trimmed’, i.e., only two, the lowest and opposite bottom-leaflets were left, whereas the
other leaflets, together with the rachis, were cut off. Each ‘trimmed’ leaf was placed in a
vial filled with water and sealed from above with a plasticine cap, which secured the vials
from water loss.

Tests were conducted at 26 °C and 16/8 L/D photoperiod. On each trimmed compound
leaf, three randomly selected eriophyoid females of A. allotrichus were placed. Females
were put on the adaxial side of any of two leaflets except for the youngest leaves, which
were folded at the beginning of the test, therefore females were placed on their abax-
ial sides. Eriophyoids were placed on leaves in the afternoon. After 2.5 days they were
removed and the eggs on both sides of the leaflets were counted.

Eriophyoid stylets and body lengths

The following measurements were carried out in order to compare the length of stylets of
females of A. allotrichus and their youngest offspring in relation to their body length. Erio-
phyoid larvae and females were randomly chosen from infested leaves of the black locust,
placed laterally in a drop of Heinze-PVA medium (Evans 1992) and then covered by a cov-
erslip and cleared. For the measurement of chelicerae, larvae (N=69) and females (N="71)
were put laterally on microscopic slides, whereas for the measurement of body length lar-
vae (N=53) and females (N=60) were placed dorso-ventrally on slides. Measurements
were conducted under a phase-contrast microscope (Olympus CX41) with the aid of Color
View III CCD Camera and Olympus Soft Imaging System (SIS), Cell®.

The gnathosoma of eriophyoids forms a set of stylets, which are enclosed within
the longitudinal groove of the rostrum, the so-called rostral gutter (Lindquist 1996).
The stylet complex consists of a pair of chelicerae, a pair of auxiliary stylets, which
are as long as chelicerae, and a much shorter, oral stylet. At the bases of the cheli-
cerae, there is a small, knob-like structure, a so-called motivator, which enables the
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movement of chelicerae during feeding (Lindquist 1996). On microscopic slides, erio-
phyoid stylets came out from the rostral gutter and often remained stuck together. The
chelicerae were enlarged at their bases and together with the motivator formed a clear
protrusion at the basal part. For each eriophyoid, the total length of the complex of
stylets was measured once, starting from the end of the protrusion at their basal part
(together with the motivator) up to their sharply ended tips. Similarly, to estimate erio-
phyoid body length, sampled larvae and females were measured once, beginning from
the ends of their opististosomae to the tips of their rostra.

Effect of leaf age and side on trichome density and outer wall thickness
of epidermal cells

For each measurement, 20 bottom-leaflets of each leaf category were sampled from
collected compound leaves, and a rectangular leaf piece was cut off from the middle
part of each leaflet using a razor blade. The leaf strip was either 4 mm (measurement
of leaf trichome density) or 2 mm (measurement of wall thickness of epidermis cells)
wide and included the blade of one half of a leaflet, the main vein and a small fragment
of a blade of the other half of the leaflet. The measurements were carried out for both
the adaxial and abaxial leaf sides.

To estimate leaf trichome density, the vein was cut from the blade and the contour
of the rectangular piece of a blade was drawn on graph paper. After surface measure-
ment, both a blade strip and a piece of the vein were placed in a vial with 50% ethanol,
in which they were stored for the time of trichome counting. The density of trichomes
was then estimated per 1 mm? of a blade and for a 4-mm-long segment of the vein.

The ‘wall thickness’ of epidermal cells was measured as the total thickness of the
outer wall and cuticle layer. For this measurement, leaf strips were individually fixed
in a mixture of 5% glutaraldehyde and 4% paraformaldehyde in a 0.1 M Na-cacodylate
buffer, pH 7.2, for 12 h under an air pressure of —0.06 MPa at room temperature. Sam-
ples were rinsed in the same buffer repeatedly during the next few days, dehydrated in
a graded ethanol series and stored in ethanol 50% until embedding. Next, the samples
were embedded in a glycid ether 100 epoxy resin (SERVA) grade hard, which was pre-
pared and polymerized according to the manufacturer’s formula.

Ultra-thin sections were cut using Ultracut E microtome (Reichert), placed on slot-
grids coated with Formvar (SERVA), and contrasted with 1.2% uranyl acetate in 70%
methanol for 20 min followed by Reynolds’s lead citrate for 30 min. The ultrastruc-
ture was observed by means of a Morgagni 268D transmission electron microscope
(TEM) (FEI Company) operating at 80 kV. Images of the epidermal cells were saved
as 3241 x 2588 pixel tiff files using digital camera Morada (SIS) operating under iTEM
software (SIS).

The measurements of thickness of the epidermal cell walls were made on epidermis
TEM images using Cell® software (Olympus SIS). For each leaf category, images from
N =4 leaf strips were taken. The outer wall thickness of both adaxial and abaxial epi-
dermis cells was measured in, in total, 1091 cells per leaf blade, and 572 cells per main
vein. Due to high variation in outer wall thickness of a single cell, two measurements
were made close to the mid-point of the outer cell wall, and the averaged values were
taken for statistical analysis.
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Effect of leaf age on the content of nutritive compounds and phenols in leaves

Two samples of compound leaves of each category (N=20) were collected for analysis.
In the first leaf sample the content of amino acids was estimated, whereas in the second
one, the content of proteins, carbohydrates, dry matter and phenols was measured. Leaf
samples were put into foil bags and soon after arrival in the laboratory they were placed
into a freezer at —70 °C where they were stored until the analysis started. The concentra-
tion of all compounds was estimated in mg per g fresh weight using the spectrophotometric
method. The analysis of amino acids was done in four replications, and proteins, carbohy-
drates and phenols in five replications.

Measurement of the content of amino acids

The measurement of the content of amino acids was carried out according to the Lie (1973)
method. A total of 100 mg leaf tissue was ground with 1 ml deionized water using a mortar
and pestle. The mortar was washed with another 1 ml of deionized water, which was added
to the triturated tissue. The obtained crude extract was vortexed (200 rpm) for 30 min at
room temperature. Then samples were centrifuged for 20 min at 10,000 rpm at room tem-
perature. Next the supernatants were collected in new tubes precooled on ice. 250 ul of
such an obtained leaf sample (or 10X diluted 0.1% glycine standard solution in deionized
water) was mixed with 750 pl deionized water and 500 ul of ninhydrin solution (0.5% nin-
hydrin in 0.1 M potassium-phosphate buffer pH 6.8, solution was stored in a dark bottle at
4 °C for no longer than 1 week). The colour solution was mixed for 10 s, heated at 100 °C
for 16 min, and cooled for 2 min in an ice-bath. Then, the samples were centrifuged for
10 min at 10,000 rpm at room temperature. After centrifugation 2.5 ml of ethyl alcohol was
added, the samples were vortexed for 10 s, then incubated for 15 min at room temperature.
Absorbance was read at 570 nm against a reference sample made from the reagents and
deionized water using Spectroquant Pharo 300 (Merck, Germany). The content of amino
acids was calculated using glycine (cat. no. 3187.1, Carl Roth, Germany) as a standard.

Measurement of the content of proteins, carbohydrates, dry matter and phenols

For estimation of the content of soluble proteins, reducing sugars, total soluble sugars
and phenols from each leaf age category, samples of 50 mg plant material were taken.
The analysis of each compound was performed in five replications. The plant material
was grounded in solutions suitable for the determination of the analyzed substances. The
homogenates were centrifuged for 15 min at 6000 rpm for proteins or at 10,000 rpm for
sugars and phenols. The measurements were carried out using a UV-1202 Shimadzu spec-
trophotometer UV-VIS.

The amount of soluble proteins was estimated according to the Bradford method (Brad-
ford 1976). Leaves were homogenized with a 0.1 M phosphoric buffer, pH 7.0. The phos-
phoric buffer extract (0.1 ml) was mixed with 5 ml of Bradford reagent (Sigma B 6916)
and left for 10 min before measurements. The extinction was read at 595 nm. Bovine albu-
min (Sigma A 2153) was used to prepare a standard curve.

For estimation of the total amount of soluble sugars, leaf samples were homogenized
with distilled water. The supernatants (1 ml) were used for reaction with Antrone Reagent
(Sigma 319899), according to the antron method described by Yemen and Willis (1954).
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The sugar solution was kept for 10 min at 90 °C with 5 ml of Antrone Reagent. The extinc-
tion of the mixture after reaction was read at 620 nm. The content of total soluble sugars
was calculated using glucose (Sigma G 8270) as a standard.

The concentration of reducing sugars was estimated according to the Nelson (1994)
method. The supernatants that were prepared from each group of leaves were diluted
with distilled water, and 1 ml of extract was taken for reaction with cupric and arseno-
molibdenic reagents according to the Nelson procedure. After 20 min of reaction in boiling
water, the extinction of the mixture was read at 520 nm. Reducing sugar concentration was
calculated using glucose as a standard.

Total phenol content was estimated according to the Johnson and Schaal (1957) method.
The leaf samples were homogenized in 80% methanol at a low temperature (2—4 °C) and
left in the refrigerator for 24 h. After centrifugation supernatants were taken for reaction
with Folin-Ciocalteu’s phenol reagent (Sigma-Aldrich F 9252). One h after reaction the
extinctions of the mixtures were read at 725 nm. The content of total phenols was esti-
mated on the basis of a standard curve prepared for chlorogenic acid (Sigma C 3878).

To estimate dry matter content in the leaves, leaf samples were placed in glass weigh-
ing vessels, weighed and transferred to a dryer at 105 °C for 24 h. Then the sample vessels
were re-weighed. From the ratio between dry and fresh leaf mass, the percentage of dry
matter content in the leaf samples was calculated.

Statistical analysis

For analysis of the effects of a leaf side (adaxial or abaxial) and leaf age (‘youngest’,
‘young’ or ‘mature’) on the number of eggs, generalized linear model (GLM) with Poisson
error distribution and log link function was used. To test pairwise comparisons between
treatments, Tukey contrasts were applied. Observations of the length of A. allotrichus
chelicerae were analysed using Student’s t-test. The wall thickness of epidermis cells and
trichome densities were analysed using two-way ANOVA, whereas the effect of leaf age
on nutrient and phenol contents was evaluated by one-way ANOVA. We determined differ-
ences among factor levels in ANOVA models using Tukey’s HSD post hoc test. Trichome
densities and wall thickness leaf effect were included, as a block, in the analysis of egg
numbers. Statistical analysis was performed using R v.3.3.2 software (R Development Core
Team 2016).

Results
Effect of leaf age on eriophyoid oviposition

The total number of eggs deposited by females on leaves was influenced by the age of
a leaf (y*=124.35, df=2, P<0.0001). The greatest number of eggs was produced on
the young leaves (Fig. 1). A significantly lower number of eggs was laid on the youngest
leaves, whereas the lowest egg number was deposited on the mature leaves.

The egg distribution was affected by leaf blade side (x*>=35.479, df=1, P<0.0001),
leaf age (X2 =122.35, df=2, P<0.0001) and their interaction (X2 =81.315, df=2,
P <0.0001). On the youngest leaves, females laid a similar number of eggs on the abaxial
and adaxial sides of the leaf blade, whereas on the older leaves (young and mature ones)
females placed significantly more eggs on the abaxial than on the adaxial side (Fig. 2).
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Fig.1 Mean (+SE) number of eggs produced by Aculops allotrichus on leaflets of ‘trimmed’ youngest,
young and mature compound leaves of Robinia pseudoacacia. Bars marked with different letters are signifi-
cantly different (Tukey’s test: P <0.05)
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Fig.2 Distribution of [mean (+SE) number of] eggs by Aculops allotrichus on the abaxial and adaxial

sides of leaflets of ‘trimmed’ youngest, young and mature compound leaves of Robinia pseudoacacia.
*P<0.05

Effect of leaf age on the content of nutritive compounds, phenols and dry matter
in leaves

Analysis of variance revealed the significant effect of leaf age on the content of amino
acids, soluble proteins, total soluble sugars, phenols and dry matter in fresh leaves
(Table 1). As shown in Table 2, only the content of reducing sugars was similar in all leaf
age classes. In contrast to the youngest and mature leaves, the young leaves contained the
highest concentration of total soluble sugars. Concentrations of soluble proteins did not
differ significantly between the young and mature leaves, though they were much higher
in the young than in the youngest leaves. Both the young and youngest leaves contained
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Table 1 One-way ANOVA for
the effect of leaf age on the

content of nutritive compounds, o oluble sugars 13795 6897 1254 0.0025
phenols and dry matter in leaves

Factor SS MS F, P

of Robinia pseudoacacia Reducing sugars 2.43 1.22 0.96 0.42
Soluble proteins 3.72 1.86 46.88 0.00002
Amino acids 40.89 20.45 18.65 0.00063
Phenols 24.51 12.26 17.25 0.00083
Dry matter 52.27 26.14 4.55 0.043

Table 2 Mean (+ SE) content of
nutritive compounds and phenols

(mg/g fresh leaf mass) and mean o Gouble sugars 21444 1,302 26.70+130b 17.55+ 1.30a
% dry matter in the youngest,

Compounds Youngest leaves Young leaves Mature leaves

young and mature leaves of Reducing sugars 6.30+0.46a 5.75+0.46a 6.90+0.46a
Robinia pseudoacacia Soluble proteins 1.32+0.09a 244+0.090 2.48+0.09b
Amino acids 8.16+£0.52a 6.78+0.52a  3.74+0.52b
Phenols 8.04+£0.50a 8.68+0.50a 4.94+0.50b
Dry matter 28.50+1.20a 24.68+1.20b 23.65+1.20b

Means within a row marked with different letters are significantly dif-
ferent at P<0.05

significantly higher concentrations of amino acids and phenols than the mature leaves,
whereas the contents of these compounds did not differ significantly between the young
and the youngest leaves. The young leaves had a similar percentage of dry mass to the
mature leaves. The percentage of dry mass in these leaves, however, was significantly
lower than in the youngest leaves.

Effect of leaf age and side of leaf blade on trichome density and the wall thickness
of epidermal cells

On a leaf blade, trichome density was influenced by the age of a leaf (F,, = 38.910,
P <0.0001) and leaf side (F; oy = 1.274, P=0.032), whereas the interaction between leaf
age and leaf side was non-significant (F,¢ = 0.263, P=0.31). Similarly, leaf age (F,o =
156.3979, P<0.0001) and leaf side (F, o = 7.275, P<0.0001) affected trichome density
on a main vein, whereas the interaction between leaf age and leaf side was non-significant
(Fy9=0.482, P=0.10).

As shown in Fig. 3a, b, the density of trichomes was the greatest on the youngest leaves
and decreased significantly in young and mature leaves both on a blade and main vein.
Trichome density was also significantly greater on the abaxial than adaxial side of a leaf
except for the blade of the mature leaves (Fig. 3a), on which there were no significant dif-
ferences between trichome densities on either side.

The analysis of variance revealed that outer wall thickness of leaf epidermal cells
also strongly depended on leaf age and adaxial or abaxial leaf side. In the cells of a leaf
blade, wall thickness was affected by the age of a leaf (F, = 46.656, P<0.0001), leaf
side (F, o = 40.334, P<0.001) and their interaction (F, ¢ = 4.919, P=0.036). Similarly,
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the effect of leaf age (F, ¢ = 145.994, P <0.0001), leaf side (F, ¢ = 94.574, P <0.0001)
and their interaction (F, g = 15.587, P=0.001) were significant in main veins.

On average, the cells of a blade epidermis possessed much thinner outer walls
than the epidermis cells of a main vein, and were 0.58+0.07 um (mean+ SE;
min-max =0.24-1.26) and 1.21+0.20 pm (min-max=0.45-2.71), respectively (F, 4
= 6.05, P=0.0002). Both in veins and blades the cell wall thickness of the abaxial or
adaxial epidermis differed significantly among all leaf classes and clearly increased with
leaf age (Figs. 4, 5). In a vein, the cell wall was thicker in the abaxial than in the adaxial
epidermis; however, the magnitude of these differences also depended on leaf age. In
the youngest leaves, there were no differences in wall thickness (Fig. 4a). However, as
the leaf age increased, the cell wall of the abaxial epidermis of the vein became thicker
than that of the adaxial one (Fig. Se, f). In contrast to the vein, the outer cell wall of the
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Fig.4 Mean (+SE) thickness (nm) of the outer epidermal cell wall of the adaxial and abaxial side of leaf-
lets of the youngest, young and mature compound leaves of Robinia pseudoacacia. *P <0.05

blade adaxial epidermis was thicker than that in the abaxial epidermis, and the differ-
ence was greatest in the mature leaves (Figs. 4b, 5a—d).

Stylets and body lengths in females and larvae

Females and larvae differed in their body lengths (Student’s t-test: t=93.259) and the
lengths of stylets (t=27.348, both P <0.0001). Nonetheless, in contrast to body length, dif-
ferences in stylet length between larvae and females were quite small (Table 3; Fig. 6). This
was also reflected in a much lower proportion of stylet length to body length in larvae than
in females.
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Fig.5 TEM pictures of the epidermal outer cell wall cross sections of Robinia pseutoacacia leaf blade (a—
d) and vein (e-f) (x14,000). Abaxial (a, ¢) and adaxial (b, d) side of the blade epidermis of the youngest
leaves (a, b) and mature leaves (c, d). Abaxial side of the vein epidermis of the youngest (e) and mature (f)
leaves

Table 3 Mean (+ SE) stylet and

body lengths (um) and their Eriophyoid stage Stylet length Body length Proportion of stylets

proportions in females and larvae length to body length
of Aculops allotrichus Larva 17284012 88.58+0.73 1:5
Female 23.45+0.19 2053+1.02 1:9
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Fig.6 Microscopic pictures of the lateral view of a larva and b female of Aculops allotrichus. st stylets

Discussion

Our tests showed that both the production of eggs and their distribution by A. allotri-
chus females on black locust leaflets were strongly dependent on leaf age. Females laid
significantly more eggs on developing leaves (the youngest leaflets, which were folded at
the beginning of the test and the young, already unfolded leaflets) than on mature, fully
expanded leaves, whereas the greatest number of eggs was deposited on young leaves. The
tendency of females to oviposit on the abaxial side of leaflets also increased with leaf age.
On the youngest leaves, females distributed similar numbers of eggs on the adaxial and
abaxial sides of leaflets, whereas on the fully expanded leaves almost all eggs were placed
on their abaxial side.

The preference of herbivorous insects and mites to feed and oviposit on young leaves
is often correlated with the relatively high nutritious value and softness of young tissue
in comparison with older leaves (Coley 1980; Dabrowski and Bielak 1978; Wilson 1994;
Awmack and Leather 2002; Cizek 2005; Chen et al. 2007). The results of our biochemical
and morphometric analysis confirm such a tendency in A. allotrichus. Developing leaflets
of black locust had elevated levels of free amino acids and total soluble sugars, which are
regarded as primary nutritive compounds for insect egg production (Awmack and Leather
2002; Levin et al. 2017). They also had positive effects on mites but this also depended
on the mite species and the type of compound and its concentration within the host plant
(Dabrowski and Bielak 1978, Armellsa and Ridsdill-Smith 1994; HuaCai et al. 2000;
Ximénez-Embin et al. 2016). From studies on the interactions between three species of
Tilia and gall-inducing eriophyoid mites, it was concluded that 7. cordata leaves create the
worst conditions for these mites due to their low content of nutrients (proteins and sugars)
in comparison with 7. platyphyllos and T. tomentosa (Soika et al. 2017). In our study, the
youngest leaves had a similar content of total soluble sugars as the fully expanded leaves.
Nonetheless, the concentration of free amino acids was almost twice as high, which, alone,
could be responsible for much higher egg production on the youngest leaves in comparison
with the mature ones.

Interestingly, the youngest leaves also had a much higher percentage of dry matter in
comparison with the young and mature leaves. As shown in the investigation of T. urticae
from strawberry and rose (Dabrowski and Bielak 1978), the effect of higher dry mass on
mite fecundity can be positive or negative according to the plant species. A higher content
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of dry biomass (related to lower water content) may make the tissue more suitable for her-
bivore feeding due to the higher concentration of nutrients per unit of the consumed plant
area (Showler 2013). However, the reduced content of water (indispensible for many physi-
ological processes) may also negatively affect the performance of the herbivore arthropod,
and make the cell cytoplasm more viscous, and it may also impede its food ingestion using
stylets (Showler 2013).

In our study, the youngest and young leaves had similarly high contents of free amino
acids. However, the young leaves had significantly greater concentrations of total soluble
sugars, which could have, additionally, positive effects on the oviposition of A. allotrichus
on that leaf category. As the level of reducing sugars in the present study did not differ
among all tested leaves, the other soluble sugars, e.g., sucrose or maltose, or oligosaccha-
rides, apart from free amino acids, could have been responsible for the fact that the highest
egg production was on young leaves. Carbohydrates are important sources of energy for
herbivore arthropods and both hexoses and disaccharides, e.g., sucrose and maltose, are
important phagostimulants (Showler 2013).

The developing leaves of R. pseudoacacia also had a significantly higher concentration
of phenols than the mature leaves. Phenols play an essential role in plant defence against
both biotic and abiotic stress. Many of them act as deterrents, antifeedants or toxins for
herbivorous arthropods, negatively affecting their growth and ovipostion (Dgbrowski and
Bielak 1978; Schultz 1989; Awmack and Leather 2002; Petanovi¢ and Kietkiewicz 2010a;
War et al. 2012). Thus, it remains to be clarified how A. allotrichus females, coupled with
phenols and in spite of their increased content in developing leaves, laid a higher number
of eggs than on the fully expanded leaves. Similarly, Wilson (1994) did not detect any del-
eterious effect of increased levels of condensed tannins on the fecundity of two-spotted
spider mites on young cotton leaves. Interestingly, some eriophyoid species are reported
to tolerate some level of phenols that are induced in plant tissue after their feeding (Soika
etal. 2017).

Undoubtedly, more investigations are needed on the interactions between eriophyoid
mites and phenols, as well as other toxins within plant tissue. Some herbivorous insects
can tolerate the presence of tannins through their absorption by peritrophic membrane in
the midgut and the action of sulfactans that reduce the formation of tannin complexes with
proteins. Moreover, tannins and other phenolics can also act as phagostimulants for some
insects (Schultz 1989; Bernays and Chapman 2000). It must be stressed that we analysed
the content of phenols within whole black locust leaves, whereas A. allotrichus feeding is
restricted to the epidermal cells of the leaves. Phenols can be present elsewhere in plant
tissue including epicuticular waxes, cuticle and cell walls (Hunt and Baker 1980; Weber
et al. 1995; Wojcicka 2016). They are produced and frequently stored in the vacuoles of
specialized cells whose distribution within plant tissues can differ greatly according to the
plant species (Beckman 2000; Chalker-Scott and Krahmer 1989). In R. pseudoacacia, the
specialized cells filled with tanniferous content are numerous and they are located sub-
epidermally in the mesophyll (Orlovi¢ et al. 2004, Michalska and Lotocka unpubl.), which
suggests that A. allotrichus may not, or rarely, come into contact with phenols when feed-
ing on leaf epidermis.

A thick outer epidermal cell wall can considerably hamper penetration of leaf tissue by
the mouth-parts of herbivorous insects and mites (Tibebu 2018; Ochoa et al. 2011). Thus,
herbivores often avoid toughened leaves (Hanley et al. 2007) or, like the tenuipalpid mite
Raoiella sp. on palm or Tetranychus urticae (Bensoussan et al. 2016), use stomata to insert
their stylets into a leaf. To get through the epidermal cell wall eriophyoids have to exert
physical strength (Westphal and Manson 1996; but see also Glas 2014), which may limit
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their feeding on tough leaves or their tougher parts. This may especially refer to the young-
est stages of eriophyoids, such as larvae newly hatched from eggs. As our study showed,
A. allotrichus females are equipped with stylets that are several times longer than the thick-
ness of epidermal walls of mature leaf blades. Interestingly, the stylets of larvae are only
slightly shorter, and appear to be disproportionally long in relation to their body length.
However, as the larvae are much smaller than adults, they probably have to expend much
more energy and time to insert stylets, especially into tougher leaves. Thus, it could be in
the interest of eriophyoid females to secure availability of food for their offspring and delib-
erately lay eggs avoiding epidermal sites with thicker cell walls. Such a tendency appears
to be supported by the data of our morphometric analysis of the black locust leaves. It has
revealed that the thickness of the outer epidermal wall not only increased with leaf age but
also differed between leaf sides and between main veins and a blade. In the fully expanded
leaves of the black locust, on which A. allotrichus reluctantly laid their eggs, the outer epi-
dermal cell walls were ca. twice as thick as on younger leaves. Moreover, leaf blades had
much thicker outer cell walls on the adaxial than the abaxial sides, which could also have
forced females to lay more eggs on the abaxial sides. Only on the youngest leaves, in which
the outer cell walls were generally very thin (for comparison see, e.g., Lees 1984; Onoda
et al. 2015), did the eriophyoids accept slightly thicker walls on the adaxial leaf side.

In our study, the outer epidermal cell walls of main veins were much thicker than those
of blades. Interestingly, A. allotrichus was observed to feed and lay eggs on main veins,
although mostly on the adaxial side of younger leaves (K Michalska, pers. obs.). Adax-
ial main veins possess shallow depressions, which seem to serve as a sort of protection
for eriophyoids. On their adaxial side, the outer epidermal cell walls were much thinner
than those on the abaxial side. Thus, the costs connected with drilling through the walls of
adaxial veins might have been still lower than the protection benefits served by those veins.
In contrast, abaxial main veins were very prominent and had very thick outer epidermal
cell walls, which also seemed to limit eriophyoid feeding on them. However, as in other
eriophyoid species, e.g., Aculops lycopersici (Massee) or Acaphylla theae (Watt.) (Keifer
1975), females of A. allotrichus preferentially deposited eggs along such veins, using the
narrow space between the vein and blade to insert their eggs (K Michalska, pers. obs.).

Similar to the various depressions or crevices on leaves, leaf trichomes also appear to
be of special value to eriophyoids. Many species prefer leaf pubescence or even stimulate
growth of the leaf trichomes (so-called erinea) among which they live (Keifer 1975). In
dense leaf trichomes eriophyoids may avoid predation and herbivore competition (Krips
et al. 1999; Glas 2014); trichomes may also screen biologically harmful UV-B radiation
(Suzuki et al. 2009; Xiao et al. 2017) and keep water droplets off the leaf surface (Guts-
chick 1999), lowering the chance that eriophyoids will drown or be washed off the leaf sur-
face by rain. Protection against adverse abiotic conditions appears to be especially impor-
tant on the adaxial side of leaves, and the absence of such protection may explain why
many leaf dwelling mites mostly inhabit the abaxial side (Sudo and Osakabe 2011).

As our studies showed, developing leaflets of the black locust tree have very dense tri-
chomes on both sides of blades and veins, which may also provide protection for A. allotri-
chus females and their eggs. However, the density of trichomes significantly decreases
with leaf age. Thus, similarly to the thickening of outer epidermal cell walls, decreasing
trichome density may also worsen living conditions on the adaxial leaf surface and force
females to deposit more eggs on the abaxial side of leaflets.

In conclusion, leaf age had a significant impact on the production and distribution of
eggs by A. allotrichus. The high fecundity of this eriophyoid on still developing leaves
seems to be connected with the high content of amino acids and sugars in those leaves,
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although a high density of leaf hairs and thin epidermal cell walls may also favour eriophy-
oid oviposition.

Along with the development of leaves, females also increased their preference for plac-
ing eggs on the abaxial side of leaflets. This preference appears to be connected with exac-
erbating conditions on the adaxial side: (1) decrease in trichome density which could pro-
vide protection for eriophyoid eggs, and (2) a significant thickening of the outer epidermal
cell wall (much higher on the adaxial than abaxial side) which may impede the feeding of
eriophyoid females and their offspring.

It must be stressed that the eriophoids we tested were collected from a population that
developed on only one black locust tree. Similarly, the black locust leaves we used in our
experiments and analysis came from only one location. However, both the chemical com-
position of leaves as well as their pubescence or toughness may depend on many environ-
mental factors, e.g., UV-B radiation, exposure to sunlight, elevation, availability of nutri-
ents in soils and humidity can all affect leaf toughness or pubescence (Osborn and Taylor
1990; Hanley et al. 2007; War et al. 2012; Ximénez-Embun et al. 2016; Xiao et al. 2017).
Also, differences in structural traits (e.g., thickness of epidermal cell walls) between abax-
ial and adaxial sides of R. pseudoacacia leaflets may vary according to climate conditions
(Rashidi et al. 2012). Therefore, depending on the origin of the eriopyoid population and
the site on which the black locust tree grows, egg production and their distribution by A.
allotrichus on leaflets may differ, and undoubtedly more comparative studies on this aspect
of eriophyoid behaviour are needed.
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